


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































files to archive the
data.

o Input United States
Geological Survey (USGS)
catalog units for basin
delineation over areas to
be mapped.

o Prepare
snowfree/cloudfree
reference data bases
(masks).

o Remap GOES data
projection.

o Exactly align the mask
and GOES data.

o Adjust the brightness of
the mask to reflect the
difference in solar
illumination angle of the
GOES data.

o Composite two Images to
eliminate clouds.

o Compare each pixel in the
mask and image to produce
a snow/no snow Image.

0 Sub=-divide each sector
Into mapping scenes.

o EilIminate cloud
contamination manually
with the cursor.

o Overlay baslin boundaries
and digitally compute

percent snowcover,

o Overlay percent snowcover
tables for each basin,

o Hardcopy the snow/no snow
Image with basin
boundaries and tables.

o Archive GOES data used
for mapping on magnetic
tape. '

o Dlisseminate maps via

Into mask

first class mail and
raplfax,
Real time full resolution

GOES data are recelved directly
from satellite and stored on the
CSIS Data Base Manager (DBM). A
clock controlled scheduler then
"sectorizes" these data and sends
them to another CPU where they are
stored for real time or future
display on an Interactive terminal,
Snowcover mapping data are stored
In two seven~day rotating flles,
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one for each time period. Durling
the winter and early spring, data
are archived at 1700Z and 1800Z
(GMT). From early Spring through
July, data are archived earller at
16002 and 1700Z to reduce the
possibllity of small cloud con-
tamination., Software was written
to allow the analyst to manipulate
file parameters and display the
files with one llne keylins.,

The USGS baslin boundary tape
has 27,000 sectors representing
regions, sub-reglons, accounting
unlits, and catalog units for the
contliguous 48 states. The highly
detailed boundaries are defined by
latitude/longlitude palirs of polnts
that are |ine segments between
individual basins. Software
developed by the NWS Offlce of
Hydrology (OH) was modified to read
the data into CSIS. Additional
software was written to convert the
data to CSIS geographical format,
and display varlious configurations
of regions, sub-regions, accounting
units, and catalog units In
addition to the snowmapping baslins,

Full resolution GOES-5

visible data for September 24 and
25, 1983 were allgned and compos-
ited to create snowfree/cloudfree
Images. These Iimages were then
remapped Into a projection of the
satellite at Its winter longitude
(108°W). Navigation coordinate
data were then exactly aligned with
the Imagery using landmark
coordinates derived from 1:1000000
Lambert Conformal Operational
Navigation Charts.,

The satellite visible Images
need to be corrected for brightness
changes due to the dally and
seasonal change of the sun angle.
It has been assumed that the |and
and snow reflect sunlight In an
Isotropic manner. This Is a good
first order approximation to thess
surfaces as long as extreme sun
angles are avolded., The visible
brightness counts on the GOES



satel |l 1te have been digitized with
a square root digitization tech-
nique.The solar zenith angles @
vere calculated for the center of
the basin of Interest for the
reference image and the current
image and the entire satellite
Image was then multiplied by the
correction factor

ggs.@.,
o
coOs 2°

To reduce the amount of time
required to manually align the
GOES~Iimagery a reference mask
software was developed to align the
imagery with the mask resulting In
the alignment of the digital data
bases. The entire operation re-
quires one command and two single
letter keyins., GOES data and the
reference mask are loaded on
"opposite frames" of a terminal.
This allows the analyst to fllicker
between the two Iimages using a one
letter keyin as the toggle switch
to check thelr alignment and look
for landmarks visible on both
Images. A cursor Is placed
directly over the landmark In the

GOES imagery by moving a pen over a
date tablet connected fto the
terminal., The one letter keylin is
entered and the reference mask Is
displayed. The operation Is
repeated on the reference mask.
The GOES data are repositioned and
all pixels are now given the
navigation, satellite, and earth
coordinates of the reference mask.
The repositioned Image Is loaded
and alignment 1s checked by
flickering between the realigned
Iimage and the mask.

Compositing two images to
eliminate clouds is a combination
of the two previous steps., Bright-
ness levels of one Image are scaled
to match the I1llumination angle of
the other, Plixels on each Image
contaminated by cloud shadows are
set to zero using a cursor data
function, The two Images are
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aligned and every pixel In each
Image Is compared. The darkest
pixel value Is then selected to
produce the composited Image.

Snowcover sectors are
produced by comparing every plixel
in the sector with every pixel In
the scaled mask. |f the sector
pixel Is brighter than the mask
pixel, the sector pixel Is classli~
fled as belng snowcovered and Iits
count value Is used to build the
snowcover sector. |f the sector
pixel Is less than or equal to the
mask value, the pixel In the snow-
cover sector Is gliven a count value
equal to zero.

Each snowcover map In a
sector Is then displayed and
checked again for cloud contami-
natlion, |¥ contamination exlsts,
it Is removed Interactively using a
cursor data function which sets the
contaminated values to zero or the
threshold stripping program can be
rerun with the background Increased
by a small delta to determine the
snhow/no snow threshold. Each
catalog unit boundary Is overlayed
over the snowmap and a statistical

discrimination function Is used to
derive percent snowcover by divid=
ing the number of non-zero pixels
by the total number of pixels
inside each boundary. Percentages
are then entered Into a macro,
written to overliay a table of
percent snowcover values on each
map. An Interactive enhancement
function Is used to convert all
non-zero pixels to white and change
catalog boundaries to gray. Hard
coples are made usling a Honeywell
VGR 4000 Video Graphics Recorder,
Snowcover maps are dlsseminated via
first class mail and rapifax. GOES
Image sectors used to derlve snow-
cover maps are archived on magnetic
tape.

During 1985, the 16 basins
mapped using reduced resolution
NESDIS data were subdivided Into 68
USGS hydrologic catalog units and



service was expanded to Include 17
additional catalog units In ldaho.
The catalog units range In size
from 800 to 12,000 sq. km. and
cover 350,000 sq. km. From late
February through June 1985, the
SFSS derived and disseminated 773
snowcover analyses for 85 catalog
units In the western U.S.

CSIS Snowcover Mapping In
Perspective

Many factors affect the
accuracy of satellite areal
snowcover measurements, including
data resolution, methodology,
exactness of basIn boundarles,
precislon of registration of
boundaries to Imagery, measuring
techniques, and the skill of the
analyst applying the tools and
procedures., There are four
critical tIime components that
affect the operational utilization
of these data: frequency of
observatlon, the time between data
collection and avallability for
analysis, time required to do the
analysis, and the time requlred to
dellver the product to the users,

The principal costs of the product
are data acquisition, data process=-

Ing and product delivery.

In terms of accuracy, the
GOES interactive digital snowcover
mapping technique has many distinct
advantages over manual photointer-
pretation procedures except in the
area of data resolution. LANDSAT's
30 m resolutlion Is clearly superlior
to the NOAA polar orbiting data
(1000 m at Nadir) and GOES (1000 m
at the Equator). The digital
technique has the ability to
overcome the complexity of re-
flected light on various types of
terrain from constantly changlng
solar Illumination angles.
Navigation and geographic data
bases In CSIS enable the analyst to
register imagery and basin bound-
arles more accurately (1 km) than
a ZTS, and plixel counting Is far
more rellable than a planimeter or
denslity slicer. The digital tech-
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nique Is not affected by complex,
broken, or spotty snow flelds. The
digital technique also has consider-
ably shorter processing times per
basin than planimeter techniques.
All other factors can be consldered

equal.

"Finding the clear spots"
between cloud cover Is one of the
greatest advantages of using GOES
data, because visible Imagery is
collected every 1/2 hour durling
dayllght hours and Is avallable for
analysis within flve minutes time,
The wide range of possible collec-
tion times allows more frequent and
reliable data collectlion. Analyses
for 29 basins can be completed with-
in 40 minutes of the data collec-
tion time, Maps can be dlissemi-
nated within one hour of data
collectlion time using a raplifax and
within 24 hours using overnight
express mall service.

While the CSIS technlque has
many advantages over other proce-
dures, Its!' accuracy In heavlily
forested areas must be verified and
documented through a cooperative
program with OH and the users.

SERVICE REQUIREMENTS
Background

During the 1970's, the
National Aeronautics and Space
Administration (NASA) sponsored the
Applications Systems Veriflcation
and Transfer (ASVT) snowmappling
program. This flve year user
cooperative effort used four test
sites In Arilzona, Callfornia,
Colorado and the northwestern
United States to perform opera-
tional evaluations of the effects
of technological capabilities (In
existence at that time) on water
resources forecasting.

Study results show that
sixtyeight percent (68%) of the
surface water in the 11 western
states 1s derlved from snowmelt



runoff. The total value ¢’ snow-
melt runoff water 1s subd'rided
Into the following catego! es:
irrigation & hydrodelec
energy = 87%

Municlipal & Industrial - 9%
Flood Damage - 4%
0ther Uses - <1%

Test results show that a

minimum 6% improvement in forecast
accuracy was achieved using satel-
lite derived snowcover maps. This
six percent Improvement In fore-
casting snowmelt runoff would re-
sult in a total annual benefit of
$36.5 million (1981) dollars for
irrigated agriculture and hydro-
electric energy for the 11 western
states., Esflmaffd annual cost for
the 2,195,250 km~ area Impacted

by snowmglf forecasting was
$0.23/km“, These costs were
derived from the Colorado ASTV and
are based upon acquiring elight sets
of Landsat Imagery ($400), 16
man-days to interpret the Imagery
($800), eight man-days to Implement
the data ($600) and the cost of a
zoom transfer scope (ZTS) ($10,000)
with 25% utilization and amortized
over 10 years, CSIS snowmapplng
costs during 1985 were $0.14/km

of area mapped.

User Survey

The user community for
snowcover maps Is dlverse In
mission and, therefore, product
utilizatlion varles., Fileld and
research offlices of the National
Weather Service (NWS), Corps of
Engineers (COE), Bureau of
Reclamation (BOR), Soil
Conservation Service (SCS),
Agricultural Research Service
(ARS), and the Forest Service can
utilize these data for real-time,
medium range and seasonal stream-
flow forecastling, reservolir
regulation and a variety of other
water resources and agricultural
services at regional and local
levels. Additionally, many
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agencies will utilize these data to
develop, expand and calibrate
hydrologic models.

During the summer of 1985,
the SFSS surveyed existling and
potenttial satellite hydrology users
to prioritize expansion and develop=-
ment work on CSIS. Products and
services |Iisted for operational
testing and development were per=
cent snowcover per basin, percent
snowcover per elevation zone per
basin, solar Insolation and
precipitation, skin temperature
over snowcovered area, atmospheric
data (temperature, wind speed and
direction), and historic data sets
of all these products.

Additlonal Information was
also solicited for user require-
ments for product format, resolu-
tion, frequency of observations,
seasonal coverage, and timely
dissemination,

Survey Results = Non-Weather
Service Users

Surveys were distributed to

existing snowcover users and new
agenclies that had requested
coverage during the 1986 snowmelt
season., Therefore, the results
cannot be Interpreted as being
representative of the entire
hydrologic community. |In fact, the
results stated here will only cover
non~NWS users.

In general, percent
snowcover was requested by
operational users plus historic
data sets, while nonoperational
users engaged In mode! development
and calibration requested all or
parts of the products surveyed.

New areal snowcover mapping service
was requested for 561,000 sq. km In
the Western United States, 516,000
sq. km in the Great Lakes Basin and
176,000 sq. km in the Appalachian
mountaln range from Pennsylvanla to
Alabama, Elevation zone snow-
mapping services were generally



confined to basins above 6,000 ft.

Solar Insolation was the
most requested product In terms of
total areal coverage and regional
diversity., Data was requested for
2,823,000 sq. km, fincluding large
areas such as the Great Lakes
Basin, Great Plains, and
Appalachians, in addition to
requests on the sub-reglional and
basin levels from West Virginia to
California.

Skin temperature data was

requested for 979,000 sq. km In the

Great Lakes, Missouri headwaters,

Appalachlans, Rlo Grande headwater,

Salmon River, Death Valley, and
Salt River Project. Half of the
Interest In the data Is to see If
it will help identify those por-
tions of the snowpack where melt
has begun,

The other half is for year-round

monitoring of skin temperatures for
vegetative and soil molisture stress

on a real-time basis.

Upper alr data was requested

for 753,000 sq. km in the Great

Lakes, Missouri headwaters, Sierras
and Death Valley areas. These data

will be used to develop, calibrate
and drive operational mo>dels year-
round., These date are needed on a
real-time basis.

One of the most significant
results of the survey has been
requests by at least one office
from the ARS, BOR, COE, USFS and
USGS for all or most of the pro-
ducts surveyed. These data sets
will be utilized to develop,
calibrate and test a variety of
hydrologic models., Output from
these models will enable us to

assess the value of these data sets

and the validity of +he sclientific
principles and techniques used to
derive these data. These studies
will play an Integral role In
prioritizing and Implementing the
data operatlionally.

CURRENT SERVICE OBJECTIVES
Areal Snowcover Mappling

During the 1986 snowmelt
season, snowcover mapping services
will be expanded to Include an
additlonal 561,000 sq. km In the
Western United States and 128,000
sq. km for Lake Superior drainage.
These new areas are almost double
the 350,000 sq. km mapped during
1985, This expansion of service
area lIs made possible by new
software that will enable the
hydrologist to display, combine and .
analyze Imagery and geographical
data bases more efficiently.
Selected basins will be analyzed
under snowfree and snowcovered
conditlons to assess the combined
effects of various solar 1llumi-
nation angles, slope orientations,
and terrain on visible brightness
levels,

Snowcover Mapping by Elevation
Zones

The Rio Grande River above
Del Norte, Colorado, Salmon River
above Whitebird, Ildaho and possibly
the Boise River above Lucky Peak
Dam will be mapped by elevation
zones. Digital elevation data sets
will be remapped Into the satellite
projection of the snowfree/cloud-
free mask. Each pixel in the mask
which has a corresponding pixel in
the elevation data set will then be
level discriminated with the
elevation pixel to produce a gray
scaled elevation Image. The de-
rived snowcover I[mage, elevation
range and the hydrologic boundary
data set will be combined to
produce images of snowcover area
and the percent of snowcover by
elevation zone per hydrologic unlt,
These maps will only require one
additional step and one minute of
time to the existing procedure.

Solar Insolation

The metamorphosis of a



snowpack can be modeled by
monltoring the energy balance of
incoming solar radiation, escaping
longwave radiation, sensible heat
advection, and precipitation,
Techniques developed by Gauthier gt
at. (1980), and Gauthier (1982)
have shown the feasibility of
‘measurlng solar Insolation from
.geostationary satelllte data and
detecting mesoscale vartabllity In
‘energy balance. One of the primary
Influences on the radiation balance
s cloud cover, and one of the
‘techniques used to determine snow-
.cover was developed to Identify
cloud cover. Elevation data sets
‘will also be utilized to account
for terrain orientation (snow lasts
fonger on the north slope of a
mountain than on the south slope)
and to adjust the data sets to more
accurately estimate these parame-
ters., We plan to investigate the
possibility of monlitoring the
‘conditions on CSIS.

CONCLUSIONS

Interactive digital
snowcover mapping with 1 km vislible
GOES data Is an accurate, timely,
and cost effective means of acquir-
ing basin snowcover area to assess,
gllocate and forecast water
resources from snowmelt runoff
because:

0 It can overcome the complex-
Ities of reflected Iight on
various types of terrain
from constantly changing

solar lllumination angles.

0 Imagery and basin boundaries
can be accurately registered
(x km).,

0 Pixel counting Is a fast,

accurate and reliable measu-
ring technique.

0 Data collection is more
frequent and rellable.

0 Cloud contamination can be
minimized more effectively.

0 Up to 30 snowcover analyses

can be completed within 40
minutes of the data collec~
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tion time.

o] Digital data can be archived
easily and Inexpensively.

o Analyses only cost $140 per
1000 sq. km, per year during
1985,

Today's long and short range
snowmelt runoff forecasting systems
are dependent upon a variety of
point hydrometeorological observa-
tions which are then statistically
weighted and/or extrapolated to
derlive areally distributed data
sets. Escalating costs for data
collection have made snowpack
monitoring with an interactive geo-
stationary satelllite system the
most cost-effective means of
acquiring temporally and spatially
complete data sets to enhance the
value of all other data.
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APPLYING A SNOWMELT-RUNOFF MODEL WHICH
UTILIZES LANDSAT DATA IN UTAH’S WASATCH MOUNTAINS

Woodruff Millerl

ABSTRACT: The Martinec-Rango Snowmelt-
Runoff Model (SRM) was applied to the 130
km“ American Fork, Utah basin in order to
simulate the daily streamflow. The year
1983 was chosen to be investigated because
of the record-breaking snowpack and peak
discharges which wuniquely tested the
model. Landsat 1images were wused to
determine the snow-cover areas within the
basin zones. While all model parameters
were generally within the suggested
numerical range and temporal sequence,
some variations were necessary in order to
generate the best correspondence between
simulated and measured discharges.
Because the recession coefficient is a
function of historical streamflow data, an
extensive analysis was required in order
to approximate the all-time maximum
flowrate. The simulation accuracy was
very good as evidenced by the high
hydrograph visual . correspondence, the
large daily discharge R2 value of 0.85,
and the small runoff volume D;, value of
3.7%. These statistics are in line with
SRM average values from other basins.

(KEY TERMS: snowmelt-runoff model; snow
cover; Landsat; simulation; recession
coefficient.)

INTRODUCTION

Over the past two decades many stream-
flow models have been developed in various
countries which utilize snowmelt as the
najor runoff source. These usually

compute day-to-day flows taking advantage
also of the daily cycles of temperature
and solar radiation. The models are
generally operational in a simulation
and/or forecast mode. Simulations are
used to produce discharge in ungaged
basins or to compute snowmelt runoff for
hypothetical <climatic conditions. The
forecast mode wuses real time data to
predict the runoff into the future.
Applicability of these models has
developed and improved as they have been
tested on river basins with differing
physical characteristics and
climatological conditions.

The snowmelt-runoff model (SRM)
developed by J. Martinec and A. Rango is
one of these models. SRM is designed to
simulate and forecast daily streamflow in
mountain basins where snowmelt is a major
runoff component. A unique feature of SRM
is that Landsat imagery can be utilized to
identify snow extent (Rango and Martinec,
1979). Description and information on
application of the model are given in a
published user manual (Martinec et al.,
1983).

The model has been applied successfully
to basins ranging in size from 3 to 4000
km? but may not be as applicable to non-
mountain basins. SRM has been used for
climate conditions from humid to semi-arid
but tends to be less accurate when there
are significant amounts of rainfall during
the snowmelt period (Martinec et al.,
1983). In a recent comparison among
eleven snowmelt-runoff models conducted by
the World Meteorological Organization

lassociate Professor, Department of Civil Engineering, Brigham Young University, 368 K

Clyde Building, Provo, Utah 84602.



(WMO), SRM performed very well. The
results were consistent with earlier
tests, the statistical evaluation
parameters were good, and the potential
for forecasting and year-round simulation
were found to be promising (Rango, 1985).

BACKGROUND

The Snowmelt-Runoff Model was applied
to the American Fork, Utah basin for the
1983 runoff period in order to evaluate
the model under somewhat extreme
conditions. The American Fork River basin
is located near the center of the Wasatch
Mountain range which runs north-south
almost the entire length of Utah (Figure
1). This semi-arid basin has an area of
130 km? and ranges in elevation from 3580
m at the summit of Mount Timpanogos to
1820 m at the gaging station called
"American Fork above Upper Power-Plant".
American Fork River flows southwest into
Utah Lake which drains to the north into
Great Salt Lake through the Jordan River.

fntafes o
SALT LAKE 'Asl"

P DEER CREEX
REseRvion

Figure 1. Location of American Fork Basin
in Central Utah'’s Wasatch Mountains.

Snow depths in the American Fork bas
have been observed to be well over 300
near the summits. High-elevation sno

course maximum depths averag
approximately 180 cm and low-elevatis

snow course max imum depths average
approximately 80 cm. The  snowpack

generally lasts well into June or July an
on occasion remains throughout the summel
at the higher elevations. Snowmelt is th
major runoff component as evidenced by th
fact that the American Fork River become
almost dry in the late summer and fall.

Snow depths in the basin during th
winter of 1982-83 were among the greatest
on record and both the American Fork Rivel
volume of runoff and peak flowrate were
the all-time maxima. The flooding wa
aggravated by the rapid temperature ris
and above normal rainfall in late
along the Wasatch Mountains.
from American Fork River and othe
tributaries caused Utah Lake to rise 2
above 1its normal elevation and floo

Parameter values used in the SRM which
are based wupon historical data wer
uncertain because of the record-breakin
snowpack and runoff. This resulted in
unique wuse of the model and will
contribute to the growing set  of
applications. The results of this test
should be helpful in applying the SRM o
basins with deep snowpacks which remain
well into the summer months.

MODEL PARAMETERS

SRM is a deterministic runoff model
with all parameters to be predetermined
Four elevation zones of approximately 440
m were established and the areas of each
zone were determined. The other measured
variables are: number of degree-days (I),
ratio of snow-covered area to the totz
area (S), and precipitation contributing
to runoff (P). For the American Fork
study, T and P data were obtained from th
weather station within the basin at
Timpanogos Cave National Monument
Landsat scenes for May 30 and July 17,
1983 were used to develop S data (Figure
2). The percent of snow-covered area i




each zone on these dates was plotted and
curves were drawn to estimate the daily
percent of snow-covered area for the
simulation period (Figure 3). More
Landsat data would have been useful in
establishing these curves but no other

cloud-free scenes were available.

Figure 2. May 30 and July 17, 1983 Landsat
Scenes with the Snow-Cover on American
Fork Basin.
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The model parameters to be calculated
are: snow and rain runoff coefficients
(Cgq & Cy), degree-day factor (@)
indicating the snowmelt depth from one
degree-day, temperature 1lapse rate (7v),
critical rain/snow threshold temperature
(T.), recession coefficient (k) indicating
the decline of discharge, and the lag time
050

Typically Cg values are suggested to be
near 1.0 at the start of the snowmelt
season, decrease to 0.5 or 0.4 in
midsummer and may increase somewhat at the
end of the runoff period. The C,. values
are usually slightly lower than Cg values
and decrease similarly but without a late
season increase. (Martinec & Rango, 1986)

In the American Fork case, during April
and May, the soil profile was relatively
dry and there was significant recharge
along with snowpack retention which called
for lower than usual Cg values. There are
also two small reservoirs in the basin
which were holding a portion of the early
runoff. During June, the Cg values were
slightly higher than suggested because of
the saturated conditions. Low values
appropriate for late runoff were used for
July and August. C, values paralleled the
Cg pattern at slightly lower magnitudes.

100

(Y]

ZONAL SNOW COVERAGE

20

armiL ar June Juy

Figure BE Landsat-Derived Snow-Cover
Depletion Curves for American Fork Basin.

In SRM computations, a is determined by

the empirical relation; o = 1.1 ps/pw,
where ps and pw are snow and water
densities. Factors wusually range from

0.35 to 0.6 cm/°C-day with the lower
values earlier in the season (new snow)

and at higher elevations (Martinec &
Rango, 1986).

Values for the American Fork study
varied from 0.3 to 0.6 through the

snowmelt season, but were constant for all



elevations. The density ratios as
calculated from snow course data in the
lower two =zones were also used for the
higher two zones. Varying the a's with
elevation decreased the runoff simulation
accuracy.

Without temperature
different elevations,
be evaluated with

stations at

the lapse rate must
regard to climatic
conditions. SRM simulations in the Rocky
Mountains (of which the Wasatch are a
part) have successfully used 0.75 to 0.95
°C per 100 m which increase throughout the
season (Martinec & Rango, 1986). In the
American Fork study, v was held constant
at 0.95 except for a ten day period in
late May. During this time, there was an
unseasonal warm period which apparently
altered the temperature profile requiring
a much lower lapse rate value.

Critical threshold temperature
determines for each day of the snowmelt
period whether measured precipitation was
rain or snow. SRM retains rain in the
snowpack in the beginning of the snowmelt
season so that only the rain falling on

snow-free areas contributes to runoff.
Later, SRM allows the rain to penetrate
the snow cover and become part of the

runoff. T, is suggested to decrease from
+3°C to +0.5°C from April to August.
Values of +2°C until mid-June and +1°C
thereafter for the American Fork
simulation resulted in the best
correspondence.
The recession
particularly
SRM, but it

coefficient is a
sensitive parameter in the
can be determined quite
accurately when streamflow data are
available. The discharge of one day (Qn)
is plotted against the discharge of the
following day (Qn+l) when the hydrograph
is falling. An envelope curve is
established which includes most of the
points but not the extreme values. Then
an average line between the lower envelope
and the 1:1 line is drawn. By determining
two k values from the usual equation,

k = Qn+l/Qn, at two different discharges
on the plot and substituting into the
equations;

log kj = log x + y log Q1 and

log ky = log x + y log Qp,
values of x and y can be calculated.
(Martinec et al. 1983). SRM uses X and y
along with the current discharge to
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determine a variable recession coefficient
from the equation,

kny1 = xQY

Figure 4 shows the recession flow plot
for American Fork from 10 years of
recession data. The envelope and average
lines are shown and the values of x andy
are 0.916 & -0.026 respectively. Because
of the record-breaking streamflows, the
determination of x and y was difficult.
The final wvalues are in the appropriate
range and are the result of an extensive
calibration process involving changes in
the envelope and average recession lines,

This x and y set produced the most
accurate runoff simulation.
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Figure 4. Recession Flow Plot for American
Fork Basin with the Lines Used to Derive

Recession Coefficients.

The time lag can be determined from

characteristic daily  fluctuations of
snowmelt runoff. For example, if the
discharge begins rising at noon, it lags

behind the temperature rise by about six
hours. It was found that the appropriate
lag for the American Fork basin is twelve
hours.

RESULTS

The SRM was run many times with
different parameter values as part of the
calibration process. Each iteration
evaluation was based on three criteria
First, the graphical plot of simulated
versus observed daily discharge was



examined for overall correspondence and to
identify major simulation errors. Second,
the coefficient of determination (Rz)
value was examined for relative accuracy
of daily discharge values. Finally, the
percentage difference between the total
measured and simulated runoff (D) was
examined.

Figure 5 shows the final plot of the
simulated and observed snowmelt season
hydrographs. The temporal correspondence
of streamflow peaks is good, although the
magnitudes are not always exactly
comparable. The R2 of 0.90 and D, of 1.7%
are also very good compared to other SRM
results. In the WMO evaluation, the
average calibration R* and Dy, for the four
basin data sets analyzed were 0.85 and 5%
respectively. Rango (1985) states that
these statistics are exactly in line with
SRM average values from all the other
basine previously tested.

CONCLUSIONS

Based upon the American Fork study, the
conclusion is made that the SRM can fairly
accurately simulate streamflows and runoff
volumes from a basin of deep and long-
lasting snowpacks. A total runoff volume
which had never been accumulated before
was closely computed and a peak discharge
which had never been gaged before was
nearly reached by the model. This was
accomplished with all model parameter
values within the physically realistic
ranges and without the benefit of more
complete Landsat snow-cover area
information.

Continuation of this investigation is
ongoing. Some alternatives which are
being pursued include choosing a year with
more Landsat images, choosing a larger
basin, choosing a year with minimum
snowpack, and running the model for
several years and on a year-round basis if
data are available. Within Utah’'s Wasatch
Mountains are ideal river basin locations
for these future studies.
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Figure 5. Daily Simulated and Observed Hydrographs during the Snowmelt-Runoff Season for

American Fork Basin.
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COLD REGIONS HYDROLOGY SYMPOSIUM

JULY AMERICAN WATER RESOURCES ASSOCIATION 1986
INITIATION OF SPRING SNOWMELT OVER ARCTIC LANDS
David A. Robinson1
ABSTRACT: The springtime initiation of INTRODUCTION
snowmelt in the Tanana River Basin and over
the North Slope of Alaska was found to The impact of spring snowmelt on
correlate with daily regionally averaged hydrologic regimes in the arctic and

values of parameterized absorbed shormagi
radiation at the ground (Q) of from 6-8 MIm

and 2.5-4.5 MJm °, respectively. These
values are a function of solar insolation,
surface albedo and atmospheric screening
factors. Results are based on analyses of
satellite imagery and ground station data
from 1978-1985. During these springs, the
date melt started ranged from 3/27 to 4/23
(ave. 4/10) in the Basin and from 4/13 to
5/28 (ave. 5/10) on the Slope. An early or
late melt in the Basin was not paralleled on
the Slope. Regional albedo at the start of
melt was approximately 0.35 in the Basin and
0.75 on the Slope, As the two regions differ
by only several degrees of latitude, this
difference in albedo appears to be the
primary explanation for the considerably
later date at which melt commenced on the
Slope. In both regions, an early start of
melt appeared to be caused by abnormally warm
air advected into a region. On the Slope,
regardless of the starting date, the most
rapid interval of decreasing albedo ogiurrgg
once a secondary threshold of 6-8 MJm “day

was reached. Correlations between Q and

local and regional temperatures appeared
strongest on the Slope.
(KEY TERMS: snowmelt, absorbed shortwave

radiation, albedo, temperature, runoff)

subarctic depends on the water content of the
snowpack and on the timing and duration of
the melt period. An early, rapid, melt might
result in spring flooding, followed by
drought in summer.

While considerable effort has gone into
improving estimates of the potential runoff
from a snowpack (eg. Rango et al., 1975;
Ostrem et al., 1979; Shafer et al., 1979),
less attention has been -;aid to the
prediction of the start and duration of
snowmelt, with some notable exceptions (eg.
Carlson et al., 1974; Rasmussen and
Ffolliott, 1979). Here, using shortwave
satellite and ground data, we report on
variations of spring snowmelt in the Tanana
River Basin and on the North Slope of Alaska
from 1978 to 1985.

We found that during the study period the
initiation of melt in these regions was
related to the amount of shortwave energy
available for surface heating, which in
spring was primarily controlled by insolation
and surface albedo. The latter, in turn, is
a function of relief, the height and density
of the vegetation canopy and of the extent,
depth and physical characteristics of the
snowpack (Kung et al., 1964; Robinson and
Kukla, 1984). The latter properties depend
on the age of the upper layers of the pack.
The timing and duration of snowmelt was
monitored by observing regional changes in
surface brightness using satellite data.

lLamont-Doherty Geological Observatory of Columbia University, Palisades, New York 10964.
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DATA

Imagery from NOAA TIROS and Defense
Meteorological Satellite Program (DMSP)
near-polar orbiting satellites was examined.
The Advanced Very High Resolution Radiometer
onboard the NOAA satellites provided imagery
with a resolution of 1 km in both visible
(0.55~0.68um) and infrared (10.5-11,5um)
channels. Daily data covering Alaska were
available throughout the study period.
Direct readout DMSP imagery was used for
scattered intervals during the period.
Spectral ranges are 0.4~1.1lum and
10.5-12.5um. Resolution is 0.6 km.

Daily data of surface air temperature and
snow depth were taken from Climatological
Data for Alaska (NOAA, 1978-85).

METHOD

Daily sets of surface albedo,
temperature, snow depth, cloudiness and
absorbed shortwave radiation at the surface
were assembled for the Tanana Basin and North
Slope regions (Figure 1) from March 15 to May
15 and April 15 to June 15 of each study

Figure 1. State of Alaska, showing the
locations of the North Slope (NS) and Tanana
Basin (TB) study regions. The locations of
climate stations used in the study are marked
with dots.
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year, respectively, as follows:

1. Surface albedo: Clear-sky shortwave
AVHRR scenes close to the satellite subtract
and showing different stages of progressing
snowmelt were selected from the eight year
data base to create a “master melt
progression set" for each region. The
average surface brightness of each scene of
the sequential set was measured on an image
processor. Specular reflectance is minimal
over the surfaces measured at spring solar
zenith angles in Alaska and at the satellite
viewing angle (Taylor and Stowe, 1984).
Surface albedo was computed from brightness
data by 1linear interpolation between
homogeneous bright and dark snow-covered or
snow—-free targets 1in each scene, whose
surface albedos were estimated from data
gathered in Alaska and elsewhere (eg. Larsson
and Orvig, 1962; McFadden and Ragotzkie,
1967; Weller et al., 1972; Maykut and Church,
1973; Robinson and Kukla, 1984)., This method
effectively eliminates differences in
brightness between images resulting from
variations in image production. Shine and
Hendersom-Sellers (1983), using a radiative
transfer scheme, showed that this approach
works well with satellite imagery, regardless
of channel width. Albedos so calculated on
an independent image may be up to 0.10 too
low or 0.05 too high (Robinson and Kukla,
1985). However, monitoring the time
progression of brightness histogram
statistics throughout the melt period, such
as standard deviation, skewness and kurtosis,
narrowed the error range.

The albedo of a study region on a
specific day during the eight year period was
obtained by visual comparison of a clear—sky
image for that day with the measured "master
melt progression set”. Where clouds
prevented analysis, albedo was estimated by
linear interpolation from the closest
clear-sky dates.

2, Temperature and snow depth: Daily
regional averages of high and low temperature
and snow depth were calculated by averaging
reports from stations evenly distributed
within the study regions (Figure 1). The
Tanana Basin stations included Big Delta,
Fairbanks, McKinley Park and Tanana. Barrow,
Barter Island and Umiat comprised the North
Slope network,

3. Absorbed radiation: Daily parameter-
jzed shortwave radiation available for
surface heating or evaporation was computed



from a simple model, whose inputs were
regional surface albedo (a), insolation at
the top of the atmosphere (I) and a
parameterized regional atmospheric screening
factor (S) (equation 1).
Q=(1-a) IS (1)
Since an analysis of cloud cover from the
polar orbiter imagery showed no seasonal
trends in either region, the average observed
cloud coverage during the eight melt seasons
was used to derive a mean atmospheric
screening factor of 0.47 in the Basin and
0.44 on the Slope, The preceding values were
obtained from once-a-day visual estimates of
areal cloud cover in each study region,
following a method previously employed over
arctic sea ice (Robinson et al., 1985). This
involved a visual inspection and charting of
clouds 1in shortwave and infrared imagery,
determining a fraction of cloud-covered area
in the study region and estimating relative
cloud thickness from the degree to which the
clouds obscured the underlying surface
contrast, Clouds were classified as thin,
moderately thick or thick. Features under
thin clouds were clearly recognizable but
with reduced contrast. Features were
marginally recognizable through moderately
thick clouds and fully obscured under thick
clouds. Cloud-class screening factors used
in calculating regional screening factors
were 0.6 (thin clouds), 0.4 (moderate) and
0.2 (thick) and clear skies 0.7. These
highly approximate values were based on
measurements in other réegions ato solar zenith
angles of between 40 and 70 (Robinson,
unpublished), the range of spring widday
angles in the study reglons. As only one
morning or midday image per day was available
for analysis, the cloudiness statistics do
not take into account any potential diurnal
cycle of cloud cover.

RESULTS

North Slope

In the early spring each year, regional
surface brightness was homogeneous, with
surface albedo close to 0.80. Subsequently,
rivers began to appear as dark ribbons
through the snow—covered region, as snowmelt
runoff from the foothills of the Brooks Range
reached the area (cf. Holmgren et al. (1975)
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for a detailed description of breakup on the
North Slope). As a result, regionmal albedo
decreased to about 0.75. Once the paths of
streams originating in the tundra began to
appear, albedo fell below 0.75. At this time
we considered regional melt to be underway.
When albedo reached approximately 0.25, only
a few patches of snow and numerous frozen
ponds were recognized on the imagery as being
brighter than the surrounding snow-free
tundra. At this point the major period of
melt was considered over.

The timing and duration of the North
Slope melt varied by up to 45 and 38 days,
respectively, during the 1978-1985 period
(Table 1). When melt began in late April to
mid-May (Figure 2) it tended to last longer
than when it commenced later in May (Figure
3).

TABLE 1. Dates on which the major period of
snowmelt started (albedo fell below 0.75) and
ended (albedo reached 0.25) on the North
Slope. The duration (Dura.) of melt and the
daily parameterized absorbed _s_Eorthve
radiation at the ground (Q) (MJm “day ") in
the region on the date melt commenced and at
the start of the most rapid 10 day period of
albedo decrease are also given.

Year Start End Dura. Rapid start:
Date Q (days) Date Q
1978 5/24 4.4 6/13 20 6/5 7.2
1979 4/19 2.8 6/4 46 5/28 10.9
1980 5/21 4.2 6/15 25 6/6 7.3
1981 5/6 3.6 6/13 38 5/28 8.1
1982 5/29 4.5 6/18 20 5/31 6.1
1983 4/13 2.5 6/7 55 5/29 7.8
1984 5/28 4.5 6/14 17 6/6 6.9
1985 5/16 4.2 6/3 18 5/24 6.7

Farly melt was assoclated with abnormally
warm temperstures. On the average, highs
were near 0°C during the period of initial
slow albedo decreases of from about 0.75 to
0.55. Following this, an interval of stable
albedo and colder temperatures was common.
In the last week of May, the albedo again
dropped at an increased rate. The major melt
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Figure 2. Dally regional surface albedo

(top) and regionally averaged high and low

temperatures (bottom) from April 15 (Julian

day 105) to June 15 (Julian day 166), 1979 on
the North Slope.

ended between June 3 and o 13. High
temperatures were close to +5°C during the
last active phase of melt and frequently rose
above 5°C following the melt. Low
temperatures generally remained below O0°C
until melt was complete. 1In years with a
later start of melt, temperatures prior to,
during and following the melt were similar to
those for the early start years. However, in
late years melt was most active in early June
and ended between June 13 and 18.

There was no relationship between snow
depth measured at the start of melt at the
three Slope stations and the satellite-
derived timing and duration of the regional

melt, It is uncertain, however, to what
degree these stations represent regional
conditions.

Dally parameterized absorbed shortwave
radiation at the ground at the commencement
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Figure 3. Same as Figure 2, but for 1984
(Julian days 106 to 167).

of regional melt ranged from 2.5-4.2 I"IJm.-2
(1J39.239ca1) in early melt years and 4.2-4.5
MIm © in late melt years (Table 1). At the
beginning of the most rapid 10 day decline in
surface albedo, albedo values ranged from
0.53 to 0.65 and_gaily Q values were between
6.1 and 8.1 _MIm ~. The only exception was
the 10.9 MJm ~ value in 1979, when albedo was
0.37.

There was a large range between the daily
values of Q over the North Slope in the
earliest and latest melt cases (Figure 4).
On average, over twice as much radiation was
absorbed on a given date in late May or early
June in 1979 than in 1984. Correspondinglg,
in May 1979, Slope temperatures were 4 C
higher than in 1984, Within the region, high
temperatures in May 1979 differed by lg c
between Umiat, where the high averaged +5 C,
and Barrow, where the high averaged -5C.
Albedo during this month was considerably
lower in the vicinity of Umiat than at
Barrow. In 1984 the Slope remalned snow

i
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Figure 4. Dally parameterized absorbed
shortwave radiation at the ground in the
North Slope test region from April 15 to June
15 in 1979 (top curve) and during the same
period in 1984 (bottom curve). Results based
on a model which incorporates realistic
surface albedo, top of atmosphere insolation
and parameterized mean eight year surface
radiation income., Bottom axis shows Julian
days in 1979. Add one day to get Julian days
in 1984,

covered ot:hroughout May and the mean Umiat
h1g101 (-1°C) was only 4 C higher than Barrow's
(-57C).

Tanana Basin

In late March and early April of the
eight studied years, surface albedo in the
Tanana Basin ranged between 0.32 and 0.38.
The higher value appeared to come close to
the Basin's potential maximum, while the
lower value was the result of meager snow
cover in upstream valley regions. Once the
surface brightness began to continuously

decrease, the melt was considered to be
underway. The rate at which albedo decreased
remained relatively constant until the

regional surface albedo was close to 0.20.
This was considered the active period of
melt. When albedo reached 0.20, snow cover
was only visible on the higher ground and
occassionally in downstream portions of the
Basin and the major melt period was
considered over.

The timing and duration of Basin melt
varied by up to 27 and 19 days, respectively,
between 1978-1985 (Table 2). Melt commenced
between April 6 and 14 in six of the eight
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TABLE 2. Dates on which the major period of
snowmelt started (albedo fell and stayed
below the spring maximum) and ended (albedo
reached 0.20) in the Tanana Basin. The
duration (Dura.) of melt and the daily
parameterized absorbed st_:grtwave radiation at
the ground (Q) (MJm “day ~) in the region on
the date melt commenced are also given.

Year Start End Dura.
Date Q (days)
1978 4/9 7.2 4/28 19
1979 4/14 7.9 5/2 18
1980 3/27 5.9 4/29 33
1981 4/14 8.1 4/28 14
1982 4/6 6.6 5/13 37
1983 4/9 7.2 4/30 21
1984 4/10 7.5 5/8 28
1985 4/23 8.5 5/20 27

years, with 1980 (March 27) (Figure 5) and
1985 (April 23) (Figure 6) being the only
exceptions. There was some indication that
the melt took longer when it began earlier,
but snow depth, which on a regional scale was
poorly known, may also have affected the
duration. 1In 1981, when the depth of the
snowpack at the four Basin stations averaged
the lowest (17cm), the melt duration was the
shortest (14 days). Conversely, in 1985,
when the pack was deepest (64cm), the
duration was relatively long (24 days),
despite having the latest starting date.

High temperatures during the early stages
of melt were generally within several degrees
of freezing. Only in 1980, when there was a
persistent period of abnormal highs of about
+5°C in late March and early April, were
temperatures noticeably higher at the
beginmning of melt. gn all years, highs were
usually between +5 C and 10°C during the
middle a%d later stages of melt and regularly
above 10~ following melt. oLow tempera tures
generally remained below 0°C until melt was
complete.

Daily parameterized, values of Q were
between 6.6 and 8.1 MIJm ~ at the commencement
of melt in six of the ejght years (Table 2).
Only, in 1980 (5.9MJm ) and in 1985 (8.5
MIm ©) did they fall outside of this range.
These two years exhibited the largest
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Figure 5. Daily regional surface albedo

(top) and regionally averaged high and low

temperatures (bottom) from March 15 (Julian

day 75) to May 15 (Julian day 136), 1980 in
the Tanana Basin.

differences in daily Q amongst the years
studied (Figure 7). In the latter half of
Apri}, daily values differed by close to 2.5
Mim ~, with 1985 values lagging about 2 weeks
behind those in 1980 (Figure 7). In April
19%0, the mean temperature in the 5egion was
+1°C, while in April 1985 it was -8 C.

DISCUSSION

The approximately six degree difference
in latitude of the Tanana Basin (64°N) and
North Slope (70°N) study regions results in
the Slope receiving 167 less daily insolation
at the top of the atmosphere than over the
Basin on April 1 and 6% less on May 1. Thus,
there would be a difference of only several
days in melt initiation between the two
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regions in April if regional snow-covered
albedos were the same. By late May, the
Slope receives more insolation at the top of
the atmosphere than the Basin. Therefore,
the difference in the regional albedos of the
two regions when snow covered appears to be
the primary reason why the most active period
of melt in the open country of the Slope
began an average of 51 days later than the
start of the active period of melt in the
forested Basin. In each region, there was a
threshold, range of daily Q of approximately
6~8 MIJm =~ reached before the most active
period of decreasing albedo began. This
threshold range was reached in mid-April in
the Basin but in the last week of May or
first week of June on the Slope.

An early or late start of melt in the
Basin did not necessarily correlate with the
relative timing of initial melt on the Slope.
The starting date of initial melt in the two
regions differed by as few as 4 days and as
many as 55 days. This range was generally a
reflection of the widely ranging starting
dates on the North Slope. There was also no
relationship between the two regions
regarding the time at which melt ended. This
differed from 14-57 days.

An early commencement of melt on the
North Slope in April or early May did not
trigger the rapid demise of snow cover over
the entire Slope, apparently because of the
low values of absorbed radiation which exist
at that time of spring. Insolation is
considerably below its late spring values and
the albedo, despite a partial decrease from
its maximum, remains relatively high.

Correlations between absorbed radiation
and the most active period of melt and
between absorbed radiation and local and
regional temperatures appear strongest on the
lorth Slope. This 1s likely due to the
greater simplicity of the boundary layer
lynamics on the Slope compared to the Basin.
In the latter, the water content of the
snowpack 1s more variable in an absolute
sense in a given year as well as between
years. The forests in the Basin add to the
complexity of the radiation budget, as does
{ts more variable topography and frequent
lnversions. The radiation budget of the
Slope 1s more singularly and directly
iffected by the snowpack.

Several of the study results stand out as
being of 1importance to the hydrologic
communi ty. 1) There is not a parallel
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relationship between an early or late melt in
the Basin and on the Slope. 2) The major
period of snowmelt runoff can not be expected
to occur in either region until the initial
shortwave radiation threshold is reached. 3)
Wheg2 h secondary  threshold of 6-8
MJm “day is reached on the Slope, -the
subsequent runoff should be reduced in years
when the melt starts early. 4) The duration
of melt in the Basin appears to be more
sensitive to the Initial water content of the
snowpack than on the Slope.
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FORECASTING THE EFFECTS ON RIVER ICE
DUE TO THE PROPOSED SUSITNA HYDROELECTRIC PROJECT

Ned W. Paschke and H.W. Coleman*

ABSTRACT: River ice processes affect the
physical and hydraulic properties of many
of the world's rivers. Although winter
flows are characteristically low, the
additional friction and ice displacement
within an ice—-covered river can greatly
increase the water surface elevation.
The Susitna River, located in south-
central Alaska, 1is generally subject to
river 1ice processes for 6 or 7 months of
each vyear. Environmental studies in
connection with the proposed Susitna
Hydroelectric Project (Alaska Power
Authority, 1985) included documentation
of natural (pre-project) river ice condi-
tions and forecasting the effects of the
project on river ice. In this regard, a
numerical river ice model was calibrated
and applied to an 85-mile reach of the
Susitna River downstream of the proposed
project. This paper presents a summary
of the river ice modeling process, ob-
served trends in natural ice conditions
and the expected effects of the proposed
project.

(KEY TERMS: cold regions; river ice;
winter hydro operation, river ice model-
ling.)

INTRODUCTION

Proposed Susitna Hydroelectric Project

The proposed Susitna Hydroglectric
Project includes the construction of two
large dams on the Susitna River (Figure
1l). Watana Dam, an earthfill structure
with an ultimate planned height of
885 feet, would be located 184 river
miles upstream from the river mouth at
Cook Inlet (i.e., "RM 184"). Devil
Canyon Dam, a 645-foot high concrete arch
structure, would be located at RM 152,
i.e., 32 miles downstream of Watana Dam.

The project is planned for construc-
tion in 3 stages as follows:

Stage I - Watana Dam would be
constructed to an
initial height of
700 feet.

Stage II - Devil Canyon Dam
(full height) would
be constructed.

Stage III - Watana Dam would be
raised to its ul-
timate height of
885 feet.

* Respectively, Hydraulic Engineer, Harza Engineering Company, 150 South Wacker Drive,
Chicago, Illinocis 60606 (Presently, Assistant Director of Engineering and Planning,
Madison Metropolitan Sewerage District, 1610 Moorland Road, Madison, Wisconsin 53713);
and Head, Hydraulic Analysis and Design Section, Harza Engineering Company, 150 South

Wacker Drive, Chicago, Illinois 60606.



Stage I is planned to begin operation
in the year 1999. Stages II and III would
be added in accordance with energy
demand.

Figure 1. Susitna River Location Map

Environmental Background

Environmental concerns regarding ice
processes on the Susitna River include
potential effects on the salmon popu-
lation. A number of slough and side
channel areas along the river provide
habitat for spawning and juvenile over-
wintering. These areas are generally
isolated from the mainstem by a natural
berm at the upstream entrance to the
slough or side channel. During the
winter, these areas are often warmer than
the mainstem due to upwelling of rela-
tively warm (e.g. 3°C) groundwater. Ice-
induced stage increases periodically
overtop some of the berms under natural
conditions, flooding the slough with 0°C
mainstem water and possibly harming the
developing salmon. With the proposed
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project in operation, changes from the
natural flows and stream temperatures
will affect the river ice conditions and
the frequency and severity of the slough
overtopping events. The river ice model
therefore focuses on the timing and
magnitude of ice-induced river stage
variations at the slough and side channel
locations.

METHODOLOGY

Study Reach

River ice modeling was limited to the
"middle reach" of the Susitna River,
i.e., the 85-mile reach from the Watana
damsite to the “three-river confluence"
formed by the Susitna, Chulitna and
Talkeetna Rivers (Figure l). Downstream
of this confluence, the substantial
incoming tributaries are expected to
lessen the relative effects of the future
project. Typical natural river flow
rates in the vicinity of the damsites
range from 30,000 cfs in June to less
than 2,000 cfs in March. With the pro-
ject operating reservoir releases would
generally be 8,000 to 13,000 cfs year-
round.

Susitna River Ice Observations

Ice observations on the Susitna River
have been documented for the past five
winters (RsM Consultants 1981, 1982,
1983, 1984, 1985). Natural ice processes
on the Susitna typically begin in early
October with the generation of frazil
ice, 1i.e., small ice crystals probably
formed 1in supercooled surface water
exposed to subfreezing air temperatures
(Ashton, 1978). Frazil ice is first
observed in the middle and upper reaches
of the Susitna which are subject to the
coldest air temperatures. Reaches of low
solar radiation and high water turbulence
appear to be highest in frazil ice pro-
duction.

As the frazil is carried downstream,
it coalesces into pans or rafts of
"slush" ice which are often 2 to 5 feet
in diameter and which may cover as much



as 80% of the river surface. Border ice
is observed to form as some of the slush
ice pans come to rest and freeze together
in low velocity =zones along the river
banks.

Typically late in October, an accumi-
lation of slush ice becomes jammed and
freezes together near the river mouth,
forming a stationary ice bridge across
the river. Formation of the ice bridge
appears to be triggered by a high con-
centration of slush ice pans, low air
temperatures and a high tide event in
Cook 1Inlet which substantially reduces
river velocities for several miles up-
stream. Following formation of the ice
bridge, slush ice pans accumuilate against
its upstream edge and thereby advance the
ice cover in an upstream direction. Some
slush is observed to be swept beneath the
ice front and is apparently deposited
downstream on the underside of the cover,

thereby thickening the ice cover. Pe-
riodic mechanical compression or
"shoving" of the advancing ice cover
(Pariset et. al., 1966) is observed,

whereby as much as 2000 feet of the slush
ice cover consolidates and thickens.

The advancing ice cover often reaches
the three-river confluence (RM 98) in
November and the vicinity of Gold Creek
(RM 137) in late December or January, but
varies with weather and flow conditions.
Observed ice front progression rates in
the middle reach typically range from O
to 2 miles per day. Ice front progres-—
sion generally becomes undefined upstream
of Gold Creek, where intermittent bridg-
ing of border ice precedes the arrival of
the ice front.

River stage increases of 2 to 6 feet
in the middle reach are common during
progression of the ice front, and over-
topping of some slough and side channel
areas has been observed. Slush ice cover
thicknesses are observed to vary substan-
tially along the river and particularly
across the channel width. Often little
or no ice is observed in a central, high
velocity core area whereas accumulations
as great as 12 feet thick reaching the
channel bottom have been observed closer
to the river banks. Following progres-
sion, the upper surface of the slush ice
cover begins to freeze into solid ice.
The solid ice portion of the ice cover is
observed to reach typical thicknesses of
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2 to 4 feet by February or March.

Spring breakup of the ice cover typi-
cally occurs in early May and is largely
due to the natural flow increases which
lift and fracture the cover. Sporadic
ice jams caused by blocks of the frac-
tured ice cover are observed to cause
greater stage increases and more frequent
slough overtoppings than those of the
initial ice cover progression.

River Ice Model

The numerical river ice model was
based on the work of Calkins (1984) on
the Ottauquechee River and was modified
and calibrated by Harza~Ebasco (1984) for
application to the Susitna River. The
model provides a daily summary of hydrau-
lic and ice conditions throughout the
study reach during the period from
November 1 to April 30. A detailed

description of the model and its govern-

ing equations has been presented by
Calkins (1984). The general features of
the model are briefly summarized as
follows:

1. Hydraulic profiles are computed
daily based on the Bernoulli and
Manning equations (standard step
method). Computations include
the effects of the ice cover and
border ice where appropriate.

2. Frazil 1ice production within
reaches of 0°C open water is com—
puted by a heat transfer coeffi-
cient approach (Ashton, 1978).
Cumulative frazil flow rates are

tabulated as the ice travels
downstream.
3. Border ice growth is computed as

a function of air temperature and
water velocity and is calibrated
to Susitna observations.

4, Hydraulic conditions at the
front determine if the slush
pans are swept beneath the ice
cover or accumulated at its
upstream edge, thereby advancing
the ice front (Figure 2). Depo-
sition of slush ice beneath the
cover is computed based on the
ice supply and water wvelocity

ice
ice

under the ice cover. Thicknesses
of the advancing ice cover are
computed in accordance with



Pariset, et. al. (1966). Ice
front progression rates are based
on river geometry and the supply
of ice reaching the front.

Solid ice growth within the slush
ice cover is computed (Figure 2).

Melting of the ice cover and re-
treat of the ice front are com-

puted when warm water (i.e. above
0°C) reaches the 1ice front.
Water temperature decay  beneath
the ice cover is also computed.

Mechanical breakup of the ice

cover is not simulated by the
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Figure 2. River Ice Schematic

Surveyed river cross—sections at 102
locations between Watana damsite (RM 184)
and the "three-river confluence" (RM 98)
were used in the model. Manning's "n"
values ranging from .022 to .065 were
selected to calibrate the open—channel
portion of the model to stage-discharge
measurements. Daily air temperatures and
wind speeds recorded at 3 locations along
the study reach were used for the various
ice processes in the model. For simula-
tions of natural (pre-project) condi-
tions, daily flow rates and frazil ice
discharges were input at the upstream
boundary based on observations at Gold
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Creek (RM 137). For with-project condi-
tions, flow rates and water temperatures
upstream of the ice front were provided
by corresponding reservoir and stream
temperature simulations. Starting dates
for the simulated with-project ice front
progression at the three-river confluence
were based on tabulation of the total ice
volumes supplied to the lower Susitna
River and the time required to advance
the lower Susitna ice front from Coock
Inlet to the three-river confluence.

The river ice model is primarily in-
tended to simulate the timing and mag-
nitude of river stage variations as-
sociated with ice. Simulated natural ice
conditions show reasonably good agreement
with field observations (Figure 3).
Limitations of the model relate primarily
to its one-dimensional nature. Veloc-
ities and ice cover thicknesses computed
by the model are mean or characteristic
values intended to represent an entire
cross—section. Actual velocities and ice
thicknesses are likely to be quite non-
uniform within the cross-section.

ICE FRONT LOCATION
{River Mile)

APR

REFERENCE LINE
r 3000 cfs OPEN WATER SURFACE PROFILE

-

-
ON b OB ® O N M

/
]
/
I 1 N

MAXIMUM RIVER STAGE
{Feet)

100 110 120 13 14(
RIVER MILE

-

oN & B ® O
N

P

THICKNESS (Feet)

MAXIMUM TOTAL ICE

1
100 110 120 13¢ 140
RIVER MILE

LEGEND
SIMULATED
4  OBSERVED

Figure 3. Sample River Ice Calibration
Winter 1982—1983



RESULTS

Sample results of river ice simula-
tions for natural conditions and the
three stages of the project are shown in
Figures 4 and 5. These simulations are
based on weather conditions of 1981-82
(an average winter in terms of mean air
temperatures) and show typical trends.

With Stage I in operation, ice front
progression at the "three-river
confluence" during an average winter is
expected to be delayed until mid-
December, about 3 weeks later than that
of natural conditions (Figure 4). With
the operation of the project Stages II
and III, vrespectively, the ice cover
progression is expected to be further
delayed until 1late December or early
January (Figure 5).

Spring meltout in the middle reach of
the Susitna River with Stage I operating
is expected to be completed by late April
(Figure 4), about 2 weeks earlier than
the natural breakup. With operation of
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Stages II and III, the meltout would be
further advanced (Figure 5), occurring in
late to early March, respectively. The
delayed ice front progression and the
earlier-than-natural ice meltout with the
project operating is due primarily to
warmer—-than-natural water temperatures
released from the project reservoirs
during the winter months.

The maximum upstream extent of the
ice cover during an average winter is
expected to be in the vicinity of RM 139
with Stage I operating. This ice cover
extent would be reduced to near RM 133
with Stage II operating and further
reduced to the vicinity of RM 114 with
Stage III operating (Figure 5). Little
or no ice is expected upstream of these
locations with the project operating,
whereas under natural conditions these
reaches become covered by border ice
growth.

The total thickness of the river ice
cover with Stage I operating is expected
to be generally similar to that of natu-
ral conditions (Figure 4). Ice cover
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thicknesses are expected to be progres-
sively reduced with the addition of
Stages II and III (Figure 5). The
reduced extent and thicknesses of the ice
cover with the project operation again
primarily reflect the warmer-than-natural
reservoir release temperatures.

Maximum river stages within the ice-
covered reaches during operation of
Stages I, 1II and III are expected to be
generally several feet higher than those
of natural conditions. This is due
primarily to the greater-than-natural
flow rates with the project in operation.
The frequency and magnitude of the slough
overtopping events upstream of the ice
front with the project operating are
therefore expected to be 1less than or
equal to those of natural conditions.

The simulation results discussed
above are based on the average winter
weather conditions of 1981-82., Simula-
tions were also made for a cold winter
(1971-72) and a warm winter (1976-77).
Although these simulations (Figure 6)
were based on a different construction
and operational schedule than Figures 4
and 5, they serve to indicate the sensi-
tivity of the simulated river ice
processes to weather conditions. With
the project in operation during a cold
winter, for example, the ice front would
be expected to begin several weeks
earlier and would extend several miles
further upstream than for an average
winter. Maximum ice cover thicknesses
and river stages during a cold winter
would also be about 2 feet greater than
those during an average winter. During
a warm winter, conversely, ice cover
thicknesses and river stages are likely
to be about 2 feet 1less than for the
average winter.

SUMMARY

A numerical river ice model was
applied to the Susitna River to forecast

the effects of the proposed Susitna
Hydroelectric Project. The model simula-
tions predicted delayed ice cover

formation, reduced ice cover extent and
earlier and milder spring meltout rela-
tive to natural conditions. Greater than
natural river stages were predicted for
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some reaches, and mitigation measures
will be proposed therein. Weather condi-
tions and project stage were shown to
substantially affect the expected river
ice conditions.
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A STRUCTURE TO CONTROL ICE FORMATION ANv ICE JAM
FLUODING Ol CAZENOVIA CREEK, NEW YORK

Steven R.

ABSTRACT: Cazencvia Creek, in Vestern Hew
York State, frequently ice jam floods the
communities of West Seneca and Buffalo.
This report describtes the ice character-
istics of Cazenovia C(reek and an ice
control structure (IC3) proposed by the
Us5. Ariy Corps of Engineers to (1) modify
the creek's ice tormation, (Z2) restrict
and control Cazenovia Creek ice runs, and
(3) eliwinate dice jam flocding in
downstream residential and business areas.

Tue IC5, to te locatea just upstream
of the urvan cevelopument in West Seneca,
consiste of a 6 ft (1.4 mw) high, 250 ft
{(7¢ m) long weir (cam). Extenaing 6 ft
(Ls+& m) atove the weir are nine concrete

siers, spaced 25 ft (7.6 w) apart, vhich
will prevent ice runs from moving
downstreaut. ihe welr and its concrete

riers comprice the principal spillway for
tike ICS8. Aajacent to this spillway are a
25 ft (6Y m) long elevated weir and a
25 ft (6% m) long elevated floodway for
vassing high flous.

(LY TERLS: ice control structure;
retention structure; ice jam flcoding.)

ice

IHTLULUCTION

The western Lew Ycrk comrunities of
est beneca ana ivuwffalo, located along the

lower reachies orf Cazencvia CLreek, are
sanualiy aricectec vy the creek's late
vinter end early spripg ice jan floocse.

‘e creer'v peak cischaryes, wnich are

liyoroiupist, Ue.d. Arny Corps of bngineers,

wiffalo, Wi lazu7.

Predniore

1

often less than channel capacity uncer
free-flow conditicns, cause significant
residentiazl and business flcoding as a
result of ice jams which raise stream
stages above bank level. In response to
the ice jam flooding, the U.S. Army Corps
of Engineers has designed and physically
rodelled an ice control structure (ICS)
which will reduce ice formation in West
beneca and Euffalo and eliminate ice jam
flooding in these communities. This
report describes the ice formation anc
ice-run craracteristics of Cazenvcia Creek
and the design and operaticn of the 1IlH
which will eliminate ice jam flcco uamage.

CazZLliCVIA CRLiK
liatershed Description

The Cazenovia Creek watersrec 1is
about 30 wi (48 km) long and has a nexinun
width of 10 wi (ié km) &s shown in Figure
1. The creek is composed of two wain
btranches ang a main stem which drain 15e
pi? (357 kmz) into the rwuffelo ikiver #na
cownstream Lake trie. Thie kast anu west
Lrancres, in the Leacdwaters ot the
watersi:ec, zre steeply slopec ana rurei,
while the lower reaches along the zain
ster iu West Seneca ana downstream surfelo
are flat and urban ceveiopec.

“he stream: varies in wicth from
16U-200 £t (56-60 m). 1Its averzge
cischarge cver 44 years of reccra is <3u
tt3/s (6.4 uwl/s) arc its maxituc reccrcec

tufislo bistrict, 1776 lilegara street,
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discharge is 13,500 ft3/s (382 m3/s).

A reach of very still water extends
from the mouth of the creek to a point
about 1 mi (1.6 km) upstream. This still-
water reach 1is created by a deepened
channel and the back-water effect of Lake
Erie. Stream velocities in this reach are
very low. Upstream from the still-water
area, Cazenovia Creek is only 2 ft (0.6 m)
deep at low discharge and exhibits stream
velocities of 1-4 ft/s (0.3-1.2 m/s).
The different velocity characteristics of
the still-water area near the mouth and
the upstream fast water area result in
different ice formation characteristics in
the two areas.

Ice Formation

The ice cover on Cazenovia Creek
first forms as sheet ice in the 1 mi (1.6
km) long still-water reach near the mouth.
Frazil ice generated in the faster waters
upstream, is transported to the upstream
end of the sheet ice where it is carried
beneath the ice to form a hanging dam.
Eventually, the frazil ice bridges the
creek at the upstream end of the sheet ice
and with its downstream movement halted,
forms a complete ice cover which extends
upstream for 7-30 mi (11-48 km), depending
on the severity of the winter. Cold tem—
peratures then solidify the surface of the
frazil ice, resulting in 1.5-9 in (4-23
ecm) of solid ice underlain by up to 2 ft
(0.6 m) of frazil.

. Ice Break-up

Because the headwaters of Cazenovia
Creek are composed of two branches, the
Cazenovia Creek ice break-up 1is often
characterized by two separate ice runs.

The East Branch of Cazenovia Creek
experiences break-up first. The East
Branch ice run subsequently enters the

nain stem, frequently jamming and flooding
as it moves downstream. The jams cause no
damage in the undeveloped upper reaches
but cause significant residential and
business damage when, at 6 mi (10 km)
above the mouth, they reach West Seneca
and then Buffalo. Following the first
run, a second ice run occurs as ice va-
cates the West Branch and moves relatively
unrestricted to the mouth.
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The average annual damage due to
Cazenovia Creek flooding 1is $427,000,
of which over $300,000 is caused by ice
jam flooding (USACE, 1985). The remainder
is due to free-flow flooding. The ice
control structure (ICS) proposed by the

the U.S. Army Corps of Engineers will
alleviate the ice jam flooding in the
urban-residential areas adjacent to the
creek.

ICE CONTROL STRUCTURE
Design

The ice control structure was
designed and modeled in 1984 by David S.
Deck of the U.S Army Corps of Engineers,
Cold Regions Research and Engineering
Laboratory (CRREL), in Hanover, NH, with
design assistance from the U.S. Army
Corps of Engineers, Buffalo District,
Buffalo, NY. The model, which simulated
about 4,400 ft (1,341 m) of the creek at
the proposed ICS location upstream of
West Seneca development, was constructed
using the conventional method of sandfill,
templates, and mortar skim, and sealed
with epoxy paint (Figure 2) (Deck, 1985).
Constructed in CRREL's refrigerated
laboratory, the model was designed using
Froude criterion scaling, and used real
ice doped with urea to properly scale the
flexural strength of the ice. The pump
used to supply water to the model provided
a model discharge of up to 6,000 ft-/s
(170 w3/s) which was fully adequate for
designing the structure.

A variety of ICS designs were tested,
with the final ICS design shown in Figure
3. The ICS is a three stage weir. The
lowest weir (dam) is 6 ft (1.8 m) high,
250 ft (76 m) long and has a crest eleva-
tion of 641 ft (195.4 m) National Geodetic
Vertical Datum (NGVD). Associated with
this low weir are nine concrete piers,
spaced 25 ft (7.6 m) apart, which are 12
ft (3.7 m) high, 3 ft (0.9 m) thick, and
extend 6 ft (1.8 m) above the top of the

low weir. The piers will restrict ice
movement downstream. Together, the 1low
weir and piers comprise the principal

spillway of the structure.

The second stage is a 225 ft (69 m)
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wide side-channel floodway at elevation
643 ft (196.0 m) NGVD, and will be uti-
lized when the streamflow exceeds 3,300
ft3/s (93 m3/s). The third and highest
stage of the ICS is a 225 ft (69 m) long
welir which bridges the principle spillway
(low weir and piers) and the side-channel

floodway. The elevation of the third
stage weir is 649 ft (196.6 m) NGVD.
Additional features include (USACE, 1985):

(1) A pool area, just upstream of the
ICS, excavated to elevation 635 ft (193.5
m) NGVD. It is 400 ft (122 m) wide at the
dam and tapers linearly to the natural
stream width at a point 600 ft (183 m)
upstream of the dam.

(2) A gated low-flow opening, located
at one end of the low weir. The gate will
be closed early in the winter to create
the 6 ft (1.8 m) deep pool behind the dam.
The gate will be opened to drain the pool
each Spring when the threat of ice jamming
has passed. The sill elevation of the
opening will be 1 ft (0.3 m) lower than
the pool bottom elevation. A low-flow
channel will be excavated to direct sum~
mertime flows through the excavated pool
to the opening.

(3) Training levees which confine
excess discharges to the floodway channel.
(4) A 20 ft (6 m) long concrete

splash apron immediately downstream of the
low weir. The apron inhibits erosion
caused by water falling from the top of
the weir.

(5) An after bay excavated to 635 ft
(193.5 m) NGVD extending 600 ft (183 m)
downstream of the dam.

(6) An access vroad used for
construction and subsequent maintenance of
ICS.

Operation

The ICS will (1) reduce downstream
ice formation, (2) initiate ice jamming in
the undeveloped reach wupstream of the
structure, and (3) restrict ice runs from
progressing to downstream developed areas.
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During the winter, the 6 ft (1.8 m) deep,
30 ac (12 ha) pool will trap frazil ice
which is generated in upstream reaches.
By preventing the frazil ice from moving
downstream, the ICS will effectively
reduce the ice cover in the lower reaches
of Cazenovia Creek. In addition, the
stable ice cover on the pool will restrict
the downstream movement of the ice run and
cause the jam to occur upstream of the
structure and deposit ice in the undeve-
loped flood plain.

Ice movement past the ICS will be
restricted by the piers on top of the low
weir. Further, when inflow to the struc-
ture exceeds 3,300 ft3/s (93 m3/5), and
water and ice begin flowing to the flood-

way adjacent to the main spillway,
natural vegetation (trees and brush),
located just wupstream of the floodway,

will restrict
floodway.

ice movement through the

Buffalo District hydraulic studies
show that the ICS piers will be overtopped
when discharge reaches 10,500 ft /s (298
m /s) However, no ice jam flooding
downstream from the ICS is expected to
occur at discharges greater than 10,500
ft3/s (298 m3/s) for two reasons: model-
ling of the structure revealed that most
of the retained ice will melt before pier
overtopping occurs, and any ice passing
downstream of the structure will exper-
ience relatively unrestricted flow to the
mouth of the creek due to the reduced ice
formation downstream of the structure and
the evacuation of the ice_cover from the
channel prior to 10,500 ft3/s (298 m /s)

Cost

The cost of constructing the ICS is
$1.8 million. The benefit-to—-cost ratio
for the project is 1.6 to 1.0.
Construction may begin in 1988 and be
completed in 1989.

CONCLUSION
Based on physical model tests, the

proposed ICS for Cazenovia Creek will be
effective in eliminating ice jam flooding

in the wurban developed areas of West
Seneca and Buffalo, NY. The ICS design
may also prove useful for ICS's in

other similar cold region streams.
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FREEZEUP PROCESSES ALONG THE SUSITNA RIVER, ALASKA

Stephen R. Bredthauer and G. Carl Schoch *

ABSTRACT: Operation of the proposed
Susitna Hydroelectric Project 1in south-
central Alaska would significantly alter
the flow, thermal, and ice regimes of the
river downstream of the projects, poten-
tially causing significant environmental
impacts. Consequently, the ice regime of
the Susitna River has been monitored since
1980 to document natural ice processes and
their environmental effects, and to obtain
calibration data for ice modelling cf
certain segments of the river. This paper
describes the different freeze-up charac-
teristics along the river's length which
result from the significant variations in
climate, morphology, and gradient along
the river.
(KEY TERMS:
River.)

river ice; Alaska; Susitna

INTRODUCTION

The Susitna River basin is located in
southcentral Alaska, originating from
glaciers on the southern flank of the
Alaska Range (Figure 1). The drainage
basin covers 19,600 sq. mi. (50,760 sq.
km.), and is the sixth largest in Alaska.

The wupper basin upstream of the
damsites 1is in the Continental climate
zone, with climate characteristics of
cold, dry winters and warm, moderately wet
sunmers. The lower basin is in the
Transition climate zone (between the
Continental and Maritime zones), where
temperature 1is less variable and pre-
cipitation is greater than in the Conti-
nental zone.

The Susitna River travels a distance
of about 318 mi (512 km) from its glacial

headwaters to Cook Inlet. Just downstream
from the headwater glaciers, the river is
highly braided. About 18 mwi (29 km)
downstream from the glaciers, the river
develops a split channel configuration
which continues for 53 mi (85 km). This
initial reach, known as the upper Susitna
River, has colder air temperatures than
the downstream reaches due to its higher
elevation and latitude. However, it also
receives a substantial amount of solar
radiation during freezeup because of its
north-south orientation. The river then
flows through a series of steep-walled
canyons for about 96 mi (154 km) to the
mouth of Devil Canyon. This reach, known
as the impoundment zone, contains the
Watana and Devil Canyon damsites at river
mile (RM) 184.4 and RM 151.6, respective-
ly. The 7river then emerges from the
canyon into the middle Susitna River,
which flows through a broad glacial
U-shaped valley to the confluence with the
Chulitna River (RM 98), about 50 mi (80
knm) downstrean. The Talkeetna River
enters about one mile downstream (RM 97).
Steep canyon walls along the impoundment
zone and the middle Susitna River tend to
shade the turbulent water surface for much
of the winter. Average winter flow
(November through April) in this reach is
1,600 cfs (45 cms). The river again
becomes highly braided at the confluence
with the Chulitna River. Average winter
flow downstream of the Chulitna and
Talkeetna rivers is 4,500 cfs (127 cms).
The braided pattern continues for the 98
mi (157 km) downstream to the mouth of the
river, with a few intermittent reaches of
well-defined single or multiple channels,
The Yentna River, the largest tributary to

* Respectively, Senior Civil Engineer and Hydrologist, R&M Consultants, 5024 Cordova

Street, Anchorage, Alaska 99503.
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the Susitna River, enters at RM 28.

ICE COVER FORMATION PROCESSES

Progression of an ice cover on the
Susitna River begins in late October near
the mouth at Cook Inlet. Frazil ice pans
from the Yentna River, the middle and
lower Susitna Rivers, and the Talkeetna
and Chulitna Rivers jam to form a bridge
near the mouth. This occurs during a high
tide period when the air temperatures are
significantly below freezing throughout

the basin and frazil ice discharge is
high. After the ice bridge forms, the
incoming frazil dice accumulates at the

upstrean or leading edge of the ice cover,
or at natural lodgement points such as
shallows or islands, and causes the ice
cover to progress upstream,

The ice cover advances upstream by
different mechanisms, depending on the air
temperature, volume of incoming ice, and
river hydrodynamics. The mechanisms of
upstream progression have been described
by Calkins (1983). Additional descrip-
tions of these mechanisms may be found in
Pariset et al (1966) and Ashton (1978).
The mechanisms are described below, along
with observations of processes on the
Susitna River.

(1) Progression by juxtaposition of
arriving floes with no subsequent thicken-
ing, leading to a rapid ice cover develop-
ment. This occurs at water velocities
less than some critical value required to
submerge incoming ice floes below the ice
cover. On the Susitna River, this has
been observed to be approximately 2 ft/sec
(0.6 m/sec). Ice cover thickness equals
slush floe thickness. On the Susitra
River, this is the predominant process of
progression upstream to about RM 25.
Slush ice floes drifting through this
reach have been on the water surface and
exposed to cold air temperature long
enough to form a solid surface layer,
significantly strengthening the floes so
that they resist crushing or breaking
apart.

(2) Eydraulic thickening, in which
slush floes arriving at the leading edge

thicken to a greater value than the
original ice floe thickness. The ice
thickness is sufficient to transmit
hydraulic forces to the banks. The ratio
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of ice cover thickness to flow depth is
usually less than 0.33. A related process
also described by Calkins (1983) and often
observed on the Susitna River is mechan-
ical thickening or shoving of an ice cover
already in place. This apparently occurs
due to an instability within the ice cover
relative to water velocity and increased
upstream water levels which increase the
pressure on the ice cover. A portion of
the ice cover that has progressed by
juxtaposition or hydraulic thickening may
suddenly fail and move downstream,
thickening as the surface area decreases.
The ice cover thickness created by hydrau-
lic processes is not sufficient to with-
stand the forces acting on it during its
progression. The ice cover thus breaks
and moves downstream, being mechanically
thickened wuntil it «can withstand the
forces imposed on it. The momentum of the
moving dice mass may cause the ice
thicknesses to be greater than the hydrau-
lic stability requirement. The ratio of
ice cover thickness to flow depth usually
exceeds 0.33. Shoving usually causes a
downstream progression, sometimes moving
the leading edge downstream as far as 1
mile (1.61 km). This process wusually
occurs where water velocities exceed 4
ft/sec. (1.2 m/sec.). Hydraulic thicken-
ing and shoving are the primary processes
of ice cover advance from RM 25 upstream
to near RM 130. Compressions may occur
repeatedly, creating higher upstream water
levels and lower velocities, until pro-
gression can resume.

(3) Arriving clush floes are com-
pressed and added to the cover, but some
also submerge and break apart, eventually
being deposited underneath the ice cover
further downstream 1f lower velocities
occur,

(4) Arriving slush floes
accumulate at the ice front, but are
subducted beneath the cover. They may be
deposited some distance downstream.

The process of undercover deposition
is difficult to document, but most likely
occurs on the Susitna River. Juxta-
position and hydraulic thickening seem to
be the dominant progression processes on
the Susitna River, with undercover deposi-
tion and shoving the primary thickening
processes,

Two other processes are also comnon,
but do not significantly affect ice cover

do not



progression in the reach between the river
mouth and Gold Creek (RM 137). These are
anchor ice and border ice formation.

Anchor ice formation 1s common in
shallows throughout and downstream of a
turbulent reach. Anchor ice is particu-
larly prevalent upstream from RM 120,
where the river may not develop an ice
cover until late December. Anchor ice
dams up to 2 feet thick have been docu-
mented between RM 130 and RM 149,

Border ice forms along the banks of
the river as a result of (a) freezing of
water in shallow areas, (b) accumulation
of frazil pans in eddies and on obstruc-
tions such as bars or tree limbs, or (c)
shearing of moving frazil pans on the
river banks or on the border ice shelves.
Border 1ice does not generally close the
river downstream of RM 137, but may result
in raising of water levels and obstruc-~
tions to the downstream passage of frazil

ice pans. This may lead to intermittent
bridging of the river, resulting in the
ice cover progressing upstream of the

bridge prior to the downstream jce cover
completely forming.

Border and anchor ice processes are
more dominant in the reach upstream of
Gold Creek (RM 137), due to the high
velocities and to the fact that the ice
cover normally does not progress upstream
to this reach,

SEQUENCE OF ICE COVER PROGRESSION
LOWER SUSITNA RIVER

Frazil ice usually first appears by
October in the upper Susitna River. This
ice drifts downriver, often accumulating
into loosely bonded slush ice floes, until
it either melts or exits from the lower

Susitna River into Cook Inlet, The
initiation of ice cover progression
usually occurs in late October. An ice

bridge forms near the mouth of the Susitna
River during a period of high tide and
high slush ice discharge. Initial dice
bridges have been observed at RM 1.9, RM
5, and RM 9.

During the freeze-up period, the
Yentna River (RM 26) often contributes
from 50 to 60 percent of the total es-
timated ice volume below the Yentna-Susit-
na confluence (R&M Consultants, 1985a,b).
Upstream of the Yentna River, about 80
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percent of the ice is contributed by the
middle Susitna River, with the Chulitna
and Talkeetna Rivers contributing only
about 20 percent (R&M  Consultants,
1985a,b).

The ice cover progression the lower
Susitna River occurs primarily by juxta-
position to about RM 25 and by hydraulic
thickening wupstream to about RM 130,
Intermittent bridging may occur at natural
lodgements points, such as shallows and
islands. When this happens, the ice cover
may progress upstream before the river
downstream is fully ice covered. Depend-
ing on weather conditions, the ice cover
will reach Talkeetna between early Noven-
ber and early December.

As the ice cover progresses upstrean,
the water level increases (stages) due to
the increased resistance of flow and the
displacement of the ice. Water levels
generally increase about 2 to 4 feet (0.6
to 1.2 m) in the lower Susitna River due
to ice, although increases of up to 8 feet
(2.4 m) have been observed at the mouth of
Montana Creek (R&M Consultants, 1985ab).
The increased water levels due to ice are
illustrated for a number of sites on the
lower Susitna River in Figure 2.

The dincreased water levels often
result in the overtopping of previously
dewatered or isolated side channel en-
trances. The increased water flow caused
by overtopping may wash out the snow cover
and fracture existing ice. Slush ice from
the mainstem will generally not flow into
the side channel unless the overtopping
depth at the overtopped upstream bernm
exceeds about one foot (0.3 m). If slush
ice flows into the side channel, an ice
cover forms rapidly in a manner similar to
that described for the mainstem. Other-
wise, the ice cover forms by border ice
growth, which may take several weeks.

Many of the side channels dewater
prior to freezeup. Others have separate
water sources from tributaries or ground-
water seeps. However, the groundwater
seepage 1is greatly reduced from summer
levels due to the lower flow and water
level in the mainstem. During ice cover
progression, the increase in mainsten
water levels raises the groundwater levels
in the river alluvium. Consequently, even
if the entrance to a side channel is not
overtopped, the 1increased groundwater
levels may result in seepage flow in the
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FIGURE 3.
channel.
Major tributaries of the Susitna
River (such as the Yentna, Deshka, Tal-

keetna, and Chulitna rivers) form an ice
cover by surface accumulations of frazil
slush ice after their mouths are blocked
by the ice cover on the Susitna River.
Smaller tributaries generally develop an
ice cover by border ice and anchor ice
accumulations. These minor tributaries
are generally too shallow and turbulent to
form a stable ice cover.

Following freezeup on the mainstem,
the ice cover sags due to a gradual
decrease in discharge, ice cover erosion,
and bank storage. Open leads may persist
in the mainstem and side channels due
either to high velocity or to the thermal
effects of warm groundwater.

Typical ice cover development on the
lower Susitna River 1s dillustrated in
Figure 3. The days numbered on the left
indicate the approximate passage of time
since the leading edge of the progressing
ice cover advanced upstream past each
cross-section. These cross—sections are
only schematics and do not represent the
actual river. The lower river is much
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wider than shown here, with widths exceed-
ing 6,000 feet (1,829 m), so that the
depth-to-width ratio is not representa-
tive. The schematic illustrates many of
the processes of ice cover development
documented on the Susitna River.

Day 1 shows slush ice rafts drifting
downstream in the mainstem. The discharge
has dropped low enough to dewater secon-
dary channels and side sloughs, The
drifting slush ice rafts have accumulated
in low-velocity flow margins or eddies and
subsequently frozen to form border ice.
little additional border ice growth occurs
until water velocities decrease further.
Open water exists in side sloughs, since
this water is generally warm, flowing from
seeps or springs. The ice front progress-
es to the area on Day 2, resulting in a
rapid increase in water level, flooding of
the surrounding gravel bars, and overtop-
ping of the side slough. The secondary
channel is inundated and now conveys water
that bypasses the ice-choked mainstem.
Snow on the floodplain is saturated,
eventually freezing into snow ice. The
ice accumulation and compressions in the
mainstem have fractured the  existing



border ice, which was either shoved
laterally or incorporated into the cover.
By Day 10, the slush ice cover has
probably frozen solid, black ice has grown
under the new ice, and the side channel is
beginning to freeze over by border ice
growth. Within about one month after the
ice cover has formed over the mainstem,
few additional changes will occur for the
remainder of the winter. Open channel
leads will typically erode through the ice

cover. Depressions over the secondary
channels are typical. The side channels
are essentially dice-covered, but may

retain an open lead.

SEQUENCE OF ICE COVER PROGRESSION
MIDDLE SUSITNA RIVER

When an ice bridge forms at the
Chulitna confluence (RM 98.6), ice cover
progression continues wupstream to the
vicinity of RM 137. Depending on flow
rate, ice concentrations, climatic con-
ditions, and channel morphology, this
bridge may form either when ice cover

progression on the 1lower Susitna River
reaches the confluence, or else indepen-
dently of the lower river progression at a
point just upstream of the Susitna-Chu-
litna confluence. Flow in the middle
Susitna River during this period is
typically about 2,000 - 3,000 cfs (610 -
914 m). In very cold years, one or more
secondary bridges may form upstream of
this bridge, resulting in secondary pro-
gressions of the ice cover.

Ice cover shoving, sagging, open lead
development and secondary ice cover
progression predominate through the reach
from the Chulitra confluence to about RM
137. The ice cover progresses by juxta-
position and hydraulic thickening until
encountering a critical velocity, which
causes leading edge instability and
failure of the ice cover. The subsequent
consolidation results in ice cover stabi-
lization due to a shortening of the ice
cover, substantial thickening as the ice

is compressed, a stage 1increase, and
lateral expansion (telescoping). As the
stage increases, the entire ice cover

lifts, and pressures are then relieved by
lateral expansion of the ice across the
river channel. This process of lateral
telescoping can continue until the ice
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cover has expanded bank to bank or else
has encountered some other obstruction
(such as gravel islands) on which the ice
becomes stranded.

Ice cover sag, collapse, and open
lead development usually occur within days
after a slush ice cover stabilizes. A
steady decrease in streamflow gradually
lowers the ice surface along the entire
river. Prior to breakup, much of the ice
rests on the channel bottom.

The typical ice cover development on
the middle Susitna River 1is shown on
Figure 4. The sequence is essentially the
same as on the lower Susitna River, with
the primary difference being the higher
degree of staging and compression of the
ice cover. The slush ice cover is shoved
laterally, cften to the top of the bank
and vegetation line. Some ice mayv be
eroded in high velocity areas, and rede-~
posited where velocities are lower. As
the ice 1is redistributed into a more
hydraulically efficient cross-section, the
water level recedes, causing the cover to
sag, often conforming to the configuration
of the channel bottom. Open channel leads
are typical through this reach, but often
freeze over by early March. The progres-
sion rate decreases as the ice front moves
upriver, due to the increasing river
gradient and the decreasing amounts of ice
flowing downstream as the upper river
freezes over.

The reach {rom RM 137 to Devil Canyon
(RM 150) gradually freezes over, with
complete coverage occurring much later
than further downstream. The reach has a

steep gradient, high velocities, and a
single channel in winter. The most
significant freezeup characteristics

include extensive anchor ice, wide border
ice layers, ice dams and snow ice.

Anchor ice dams have been observed at
several locations which are constricted by
border ice. The dams and constrictions
create a backwater area by restricting the
streamflow, subsequently causing extensive
overflow onto border ice. The coverflow
bypasses the ice dam and re-enters the
channel further downstream. Within the
backwater area, slush ice accumulates in a
thin layer from bank to bank and eventual-
ly freezes.

The processes of ice cover pro-
gression described for the reach down-
stream of RM 137 generally do nct occur in
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this reach. There are only minimal water
level increases due to anchor ice growth
on the channel bottem. Sloughs and side
channels are generally not breached. Open
leads exist in the main channel, primarily
in  high-velocity areas between ice
bridges.

Ice processes in Devil Canyon (RM 150
to RM 151.5) create the thickest ice along
the Susitna River, with observed thick-
nesses of up to 23 feet (7 m) (R&M Consul-
tants, 1981). Large vclumes of slush ice
enter the canyon, generated by upstream
rapids or by heavy snowfall. Additional
frazil ice forms in the extreme turbulence
within the canyon. The slush ice repeat-
edly jams in a plunge pool near RM 150 and
an ice cover progresses upstream, even-
tually staging more than 25 feet (7.6 m)
above the open water level, However,
slush ice has 1little strength, and the
center of the ice cover rapidly collapses
after the downstream jam disappears and

the water drains from beneath the ice.
Some slush idice freezes to the canyon
walls, increasing in thickness with each

staging repetition. The ice cover forms
and erodes several times during the winter
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(R&M Consultants, 1984).

Upstream of Devil Canyon, the Susitna
River generally has a steep single channel
with banks rising gradually from the water
surface to the vegetation trim line. Low
discharges through the winter result in
generally shallow water. Numerous boul-
ders exist along the channel margin,
providing anchors for slush ice that
drifts along the banks. Shore ice devel-
ops rapidly into the channel until water
velocities exceed about 1-2 ft/sec (0.3 -
0.6 m/sec). As streamflow decreases,
there is a gradual filling of the narrow
open channel into a continuous ice cover.

Anchor ice thicknesses exceed 2 feet
(0.6 m) in some areas, raising the water
level accordingly. The rising water
either fractures the border ice or over-
flows on top. When overflow occurs, snow
on the shore ice is flooded and eventually
freezes, significantly thickening the
border ice.

CONCLUDING REMARKS

The paper discusses the various types
of idice formation processes documented
along the length of the Susitna River, a
major Alaskan river being considered for
hydroelectric development. Operation of
the proposed Susitna Hydroelectric Project
would significantly alter the flow,
thermal, arnd ice regimes of the river
downstream of the project. The studies
have been conducted to document the
natural physical processes on the Susitna
River, both to determine their environ-
mental effects and to provide calibration
for ice modelling of with-project con-
ditions. Since ice processes play a major
role in the natural regime of northern
rivers, knowledge of the effects of water
resource development on the ice regime is
necessary before any assessment of the
environmental impacts of the project can
be made.
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GROWTH AND DECAY OF RIVER ICE COVERS

Hung Tao Shen and A.M. Wasantha Lal

ABSTRACT: In this paper a mathe-
matical model for calculating the
thermal growth and decay of river
ice covers is developed. The model
takes into consideration the
insulation effect of snow and frazil
ice, the formation of snow ice, and
is able to provide a continuous
description of the ice cover thick-
ness throughout the winter.
Applications of the simulation model
to ice covers at two different
locations are also presented.

(KEY TERIS: 1ice cover thickness;
snow ice; capillary rise; black
ice; heat exchange.)

INTRODUCTION

Since the classical work of
Stefan (1889), studies of the
thermal effect on river ice cover
have generally been limited to
approximate analytical solutions
and empirical degree-day methods
(Michel, 1971; Pivovarov, 1973).

In recent years, simple finite-
difference models have been
developed for calculating river ice
cover thickness (Ashton, 1982).
These models, which correctly
treated the boundary condition at
the air-snow or air-ice interface
and the insulation effects of snow
and frazil ice, are relatively easy
to use. However, these models are
still restricted in that: a) all of
these models consider only the
growth of the ice cover, and are

1

not able to describe the variation
of the cover thickness during the
melting period; b) the formation of
snow ice due to the freezing of
snow slush are not considered.
Studies by Lepparanta (1983) and
Bengtsson (1984) considered the
effect of snow ice formation.
However, further refinements to
these studies are needed. The
existence of the capillary fringe
in the snow slush, which can affect
the snow ice thickness, were
neglected in both of these studies.
In Lepparanta's model snow slush
was directly transformed into snow
ice whether frozen or not. The
snow surface temperature was assumed
to be the same as the air tempera-
ture. Bengtsson correctly included
the effect of the surface thermal
resistance in calculating the black
ice growth. The growth of single
layer snow ice was calculated by
considering the heat transfer
process in the cover neglecting the
surface thermal resistance. Snow
slush between layers of white ice
was directly transformed to snow
ice.

In this paper, a generalized
model for the thermal growth and
decay of a river ice cover is
developed and compared with field
observations. The model takes into
consideration the insulation effects
due to the snow cover and the frazil
ice as well as the possible formation
of snow ice. The model also
provides a continuous description

lRespectively, Professor and Research Assistant, Department of Civil and
Environmental Engineering, Clarkson University, Potsdam, N.Y. 13676.



of the ice cover thickness
variation and its composition
throughout the entire winter.

ANALYTICAL TREATMENT

The thermal growth and decay
of an ice cover is governed by the
heat exchange at the air-snow or
the ice~air interface, the heat
transfer through the snow and ice
layers and the composition of the
cover (Shen, 1985). For the ice
cover shown in Fig. la the sub-
mergence depth hy; can be calculated
by:

hW = [(l-es)pihs + pihi +

(l-~eg)p he + efowhf]/pW (1)

in which, hy = submergence depth
defined as the difference between
the water level and the elevation
of the bottom surface of the frazil
accumulation; hg, hj, hg = thick-
ness of snow, ice, and frazil
layers, respectively; pji,
density of ice and water,
respectively; eg, ef = porosity of
snow and frazil respectively. 1In
this equation, the density of the
solid fraction of snow, and frazil
are assumed to be the same as the
density of ice. If the submergence
depth is greater than the combined
thickness of the ice cover and the
frazil ice, then part of the snow
will be submerged to become snow
slush. This critical condition,
hy > (h;+hg), is equivalent to

pw_

hos Ap(hi+(l—ef)hf)

S (l—es)pi

(2)

in which Ap = py-pj. For eg =
0.67, and hf = 0, Eq. 2 gives hg >
0.27 hij, which indicates that a
relatively small snow cover thick-
ness is required in order for an
ice cover to be submerged.

Once submerged, a snow slush
layer will form. The thickness of
the slush layer can be calculated
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from the hydrostatic balance by
including the effect of the
capillary fringe above the phreatic
surface. The slush layer will
freeze from the upper surface of
the capillary fringe downward to
form white ice. The thickness of
the slush layer is

hSw = {CRpw + (l—es)pihsd

—Ap[hib-(l—ef)hf]}/

) (3)

(pw-psw

in which pgy, = density of slush =
(l1-eg) pj+s egpy:; CR = capillary

rise; § = water saturation of the
slush; hgg = thickness of the dry
snow. Due to the small difference

between py and pgy, the slush
thickness hgy will be much larger
than CR. With additional snow fall,
the white ice may be flooded with
another slush layer forming on top
of it. If the submergence of the
white ice occurs before the slush
layer underneath it completely
turns into ice, a new layer of snow
ice will be formed from the top of
the new slush layer above the
flooded white ice layer. This
process may continue during the
growth period leading to the
formation of multiple layers of
white ice sandwiched between slush
layers. If the submergence of the
white ice occurs after the slush
underneath the white ice completely
turned into ice, this layered white
ice-slush structure will not form.
Fig. 1lb shows the structure of a
river ice cover consists of layers
of dry snow, snow slush, white ice,
black ice, and frazil ice.

Surface Heat Flux

To calculate the rate of change
of the cover thickness, the heat
exchange with the atmosphere at the
top surface of the cover must first
be determined. Using the linearized
form of Dingman and Assur (1967),
the surface heat exchange rate can
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be expressed as:

q, = (4)

—¢R + o + B(Ts-Ta)

in which g5 = heat flux to the
atmosphere from the cover surface;
¢r = solar radiation; Tg = surface
temperature; T, = air temperature;
and o,B = coefficients which can be
derived from the complete surface
heat exchange processes including
radiation, evaporation and sensible
heat transfer. To further simplify
the analysis, the solar radiation
effect is sometimes lumped into the
coefficients o' and B', thus

(5)

qQ, =

[] ] -
a' + B (TS Ta)
Since ¢g varies with latitude, Eq.
5 can only apply to sites located
in the same latitude for a given
set of a' and B' values.

Ice Thickness Variations

The thickening and melting of
the cover can be analyzed by
assuming a quasi-steady linear
temperature distributions in each
layer of the cover. The quasi-
steady assumption has shown to be
acceptable for river ice covers
(Greene, 1979; Ashton, 1982).
the following discussion, the
formulation for the ice cover
thickness variation will be presented
separately for cases with or with-
out snow slush. The surface heat
flux g, is expressed in the form of
Eg. 4. The resulting formulas can
be applied when g5 is approximated
by Eq. 5, by setting ¢ to be zero
and o and B to be a' and B'.

In

Ice Thickness Variation
without Slush Layer - In this case,
the surface temperature, Tg, can be
determined by the conservation of
heat flux across interfaces between
various layers in the cover.
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h h -0 T
_ 1 S R m
T = LG+ 5 (T + 5= + g/
h h
i ] 1
(_]-(: + -]-(-;' + E) (6)

in which, Tp = the melting point,
0°C; and kj, kg = thermal
conductivities of_snow and black
ice, 0.3 wm-1 °c”1 and 2.24 wm-1
°Cc™ respectively. When the ice
layer consists of both the white
ice and the black ice, then hj and
kj becomes hj = hyj + hpj and kj =
h;/ (hyi/kyi + hpi/kpi), in which
subscripts wi and bi represent
white ice and black ice,
respectively.

In the absence of frazil
accumulation on the underside of
the ice cover, the rate of growth
of black ice, when Tg<Tp is given
by

dhi
PiLy gT = UTyp~Tg)/
h h.
S 1
(T<— + F_—)]—qwi (7)
S 1

in which Lj = the latent heat of
fusion of water, 3.4 x 105 J kg-1,
and, Awi = heat flux from the water
to the i1ce. For the present
analysis, this heat flux is taken
as (Ashton, 1983)

Qi = By (T~ Tpy)

in which, Ty = the water tempera-
ture; and hyj = a heat transfer
coefficient which can be evaluated
by the formula (Ashton, 1982)

(8)

_ 0.8 -0.2
hwi - Cwi Uw Dw (9)
in which Cy,j = 1662 ws?+8 n=2-6

°c-l; D, = flow depth, m; and Uy =
the average flow velocity, m/s.

The coefficient Cyj may increase by
up to 50% when relief features form
on the underside of the cover.

Egs. 6 and 7 are also valid when
there is no snow cover by setting



hg=0. When the surface heat flux
45 becomes negative, the surface
temperature, Tg, calculated from
Eq. 2 will be greater than Ty,.
Under this condition, Tg should be
set equal to Ty, and melting of the
snow cover and the ice cover can be

calculated by Egs. 10 and 1l1.
dhS
(1-e )pily g = ¢ + @
+ B(Ts-Ta) (10)
dhl
piLi gt = 7 By (T Ty) (11)

When the snow cover is melted
completely, melting will occur on
the top and the bottom surfaces of
the ice cover, the melting rate
when there is no frazil
accumulation becomes

= —¢R + o + B(TS—Ta)

-hwi(Tw—Tm) (12)
In the above analysis the water
resulting from the melting of the
snow or ice cover is assumed to be
drained through the cover. Wake
and Rumer (1979) have examined the
magnitude of the error introduced
by the assumption of well-drained
ice surface compated to an un-
drained ice surface. Their analysis
indicates that the effect of
accumulated water over melting ice
on the melting rate may be
insignificant.

In the presence of a frazilice
layer on the underside of the ice
cover, the growth of ice cover
thickness will be accelerated
(Calkins, 1979). This is because
the frazil ice layer insulates the
ice cover from the warm water
below, as well as the fact that
only the porewater in the frazil
layer needs to be solidified for
the downward growth of the ice
cover. During the growth period,
when Tg<Tp, the rate of growth of
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the ice cover is
dhi hS hi
I - (Tm_Ts)/[efpiLi(E;+EI)] (13)

The rate
layer at

of reduction of the frazil
its bottom is

]
dhf

at " by (TTR)/

[p;L; (1-e)] (14)

Hence, the total rate of reduction
of the frazil layer is
1
dhf _ dhf _ dhi (15)
dt dt dt

During the melting period, when Tg
> Ty, the rate of reduction of the
snow cover and the frazil layers
can be calculated using Egs. 10, 11
and 14, respectively. The melting
at the bottom of the ice cover can
occur only in the absence of the
frazil layer and can be determined
by Eg. 11. The rate of melting at
the upper surface of the ice cover
in the absence of a snow cover is

dh,
TE = [-og+orB(T,~T ) 1/p,L; (16)

Ice Thickness Variation with
Slush Layer - The major consequence
of the presence of the slush layer
formed by the submergence of the
snow cover is the formation of
white ice. 1In this case, the
portion of the cover below the top
surface of the slush layer is
isothermal, and maintains a
temperature at the freezing point.
For the case shown in Fig. 1lb,
white ice will grow downward from
the top surface of the slush
layer. The cover surface tempera-
ture, Tg, is calculated with Eq. 17
by considering the balance of the
upward heat flow in the dry, snow
cover and at the snow-air interface




h ¢,—a
_ sd R
T, = [E;— (T, + B )
T h
+ 272+ 3 (17)
S

If Tg < Tp, then the growth of
white ice can be calculated by the
equation

dhyi

dt

piLieSS —_—— = kS(Tm-TS)/hSd (18)

In addition to the case shown in
Fig. 1lb, other cases with slush
layer are possible. When the
phreatic surface is close to the
snow surface all of the snow will
turn into slush due to the
capillary rise. In this case white
ice will grow downward from the top
surface of the snow cover, at a
rate

= - o=¢
= (T -T, + BR)/

1 wi

[p:L.,e_S(5 + +—)1 (19)

171" s"'B kwi
When the water level is located
below the top surface of the upper-
most white ice layer, the growth
rate of the white ice from the
bottom of this layer is

dh
_wl _ - o=¢
at - (Tp Ty * -B—B)/
h h »
1 s wl
lpjLiegSig + ¢ * ¢ )1
S W1

(20)

in which, hy1 = the thickness of
the uppermost white ice layer. It
should be noted that the black ice
growth can occur only after the
entire snow slush layer turned into
white ice. The growth rate of
black ice can then be calculated by
Eg. 13. The melting of snow cover,

frazil layer, and the ice cover at
both the upper and the lower
surfaces can be calculated as
discussed in the case with no slush
layer.

MODEL APPLICATIONS

The thermal growth and decay
of river ice covers can be computed
through stepwise numerical inter-
grations. The model is applied to
the ice covers in the upper St.
Lawrence River near Massena, N.Y.
(Shen and Chiang, 1984, Shen and
Yapa, 1985), and the ice cover on
the Finnish coast of Bothnian Bay
at Virpinieme (Lepparanta, 1983).

Fig. 2 shows the comparison
between the observed and simulated
ice thickness variations for four
stations along the St. Lawrence
River for the winter of 1977-78.
In the simulation the surface heat
exchange at the snow-air interface
is calculated from Eq. 5 with o' =
14.92 wm=2 and B' = 12.62 wm~2
°C™*. Fig. 3 shows the comparison
between the observed and simulated
cover thickness at Virpinieme for
the winter of 1976-66. The surface
heat exchange is calculated based
on Eq. 4. The o and B values on
the snow-air interface can be
calculated from

o = 196.77 + 6.62 V_
~ 1.72 RH - 0.28 cc? (21)

B = 0.185 T, * 4.61 Va

+ 0.11 RH (22)
On the ice-air interface
o = 154.90 + 2.88 Va
- 1.11 RH - 0.32 CC2 (23)
B = 0.098 Ta + 2.47 Va
+ 0.08 RH (24)

in which Ty = air temperature, °C;
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Va = wind velocity, m/sec; RH =
rélative humidity, %; and CC =
cloud cover in tenths. Other
constants used in the cgmputations
are: kyj = 2.1 wm—1l °c” bpw = 1.0
gem=3, p; = 0.916 gem™3, eg = 0.8,
S =0.94, CR=1.75 ¢cm, and gwi =
pilegS + (l-eg)] = 0.872gcm™>.
These results show that the model
can provide good simulations for
the growth and decay of an ice
cover. Refinements by including
variable snow properties due to the
packing effect, (Lepparanta 1983)
and the effect of the refreezing of
undrained meltwater may be
considered for further studies.
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ICE JAMS IN REGULATED RIVERS IN NORWAY, EXPERIENCES AND PREDICTIONS

Randi Pytte Asvalil

ABSTRACT: Developing water-courses for
power production may cause severe ice
problems in the areas involved. The
general theory of ice formation in rivers
is described.

Possible influences of power develop-
ment on ice formation are discussed. Of
special importance is the amount and
temperature of the discharged water flow,
and sudden increases in discharge flows
during the ice period.

Experiences from selected regulated
rivers in Norway are then described.

In the upper Glomma river and in Otta
river there has been an increase of
winter discharge in order to transport
reservoir water from the upper reservoir
to intake dams further down the river.
This caused initially various problems
with ice runs, ice jamming and flooding.
By modifications of the scheme of water
discharge the main problems have been
overcome in most cases.

In the river Nea there has been an
increase in discharge downstream from a
power station in the upper part of the
water-course. The problems here, which to
a certain degree were expected, could
only be dealt with by further developing
the river downstream.

In the river Alta, which is presently
being developed, and Stjerdal, which is
being planned, recommended schemes of
water discharge to avoid ice problems
downstream from the power stations are
described. These schemes will be re-
viewed following a 5 year trial period.
(KEY TERMS: ice conditions, frazil,
ice run, ice jam, flooding.)

ICE FORMATION IN RIVERS

In slow flowing rivers with a vertical
temperature gradient the formation of an
ice cover is similar to that in lakes.
When the flow is turbulent, however, the
temperature differences within the water
body are very small. In cold weather the
whole water body will be cooled down to
the freezing point. The water surface
will be supercooled and this supercooled
water film will traverse through the
0°C water body. When it comes in con-
tact with any nuclei, frazil will be
formed. When the supercooled film meets
the bottom, frazil will form there and
fasten to the bottom as bottom ice
(Figure 1).

If there are large rocks or other ob-
stacles on the river bed these may then
be natural foundations for ice dams,
often referred to as anchor ice dams.
Such ice dams may develop at more or less
regular intervals and divide a rapid
stretch into a staircase-like system. The
dams will form small reservoirs which
will soon be covered by surface ice. The
ice cover then stops the supercooling.
Following this, a slow thaw, due to the

1 2 | 3
| Frazil l Floating frazil

I Frozen frazi

~ Winter water
-I- stage
== Summer
T water stage

.......
+++++++

Figure 1. Formation and accumulation of
frazil.

1Norwegian Water Resources and Energy Administration.



energy change, gradually opens a narrow
passage through the ice dams. After this
stage the ice condition is said to be
stabilized. However, before the process
has reached the stage where most of such
a stretch has become ice covered, large
amounts of ice have been produced. The
ice masses are carried further along and
frequently cause problems downstream.

Ice formation in rivers with moderate
current takes place mainly by the ice
growing out from the shore edges or up-
wards from already established ice
fronts. The critical values of the water
velocity for this type of ice formation
are about 0,4 m/s and 0,6 m/s for shore

ice and front 1ice, respectively. At
greater velocities drifting ice or
frazil, often produced in turbulent

flowing water upstream, does not adhere
to or remain with former ice fronts.
Instead it dips down under the ice and is
transported further downstream. When
reaching areas where the water current is
reduced, the ice will accumulate under
the ice cover and reduce the available
cross section for water transportation.
These accumulations are frequently called
hanging ice dams. The whole river might
gradually be clogged by ice and thus
cause flooding upstream.

With changes in meteorological con-
ditions, particularly increased tempera-
tures or with increased water discharges,
an ice dam may break down, causing step
bursts, and initiating an ice run in the
river. The floating ice may then accumu-
late further down, often where the river
narrows or in a river bend, or where the
slope gets smaller. This may cause an ice

jam and subsequent flooding upstream.
Such occurrences are known to take place
in several natural rivers in Norway, and
more frequently in some rivers than
others.
CHANGES IN ICE FORMATION DUE
TO POWER DEVELOPMENT
A power development will cause in-

creased winter flow in rivers downstream
from the power station. Normally the
water temperature of the discharged water
is also increased. Between the reservoir
and the power station the river winter
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flow may often be reduced.

Generally there is a danger of more
severe 1ice conditions when the winter
discharge is increased and the water
temperature is close to 0°C. The tempera-
ture of the discharged water depends on
the design of the power development. The
size and relative location of the reser-
voirs are of special importance. Dis-
charged water temperature in the range of
3-1°C in the beginning of the winter,

.gradually decreasing to 0,59C or colder

is common to many Norwegian power develop-

ments. Substantial variations in dis-
charge temperature between plants and
also from year to year are frequent.

The evaluation of future discharge

water temperature following a water power
development is therefore of large import-
ance in judging the consequences on the
ice formation. This 1is often done by
modelling the temperature in the future
reservoirs, based on observations of
actual temperatures in existing lakes.
Temperature above 0°C in the river down-

stream of the discharge will result in
ice free stretches downstream. The extent
of these stretches is often very limited,

and as soon as the water masses are
cooled down to 0°C ice production com-
mences.

It may be very important to evaluate
the area of such an open water stretch
following a power development. In recent
years several theoretical models describ-
ing the cooling of water masses under

various meteorological conditions have
been developed. For practical purposes,
however, we have found the following
simple formula presented by O. Devik in
1931 to be adequate:

F-S = Q't
where F = cooling surface, S = specific

heat loss, Q = water discharge and t =
discharge water temperature.

Based on calculations and measurements
in several Norwegian rivers Devik also
established values for specific heat loss
from a water surface at 09C for various
meteorological conditions. For meteoro-
logical conditions referred to as medium
cold, e. g. air temperature -10°C, no
clouds and no wind, or air temperature
-209Cc, cloudy and no wind, an average



specific heat loss in the order of 200
Ww/m2 is used. For meteorological con-
ditions referred to as strong cold, e.g.
air temperature -20°C, clear sky and no
wind, or air temperature -30°C, cloudy
and no wind, an average specific heat
loss in the order of 400 W/m? is used.

The area of open water (F) needed to
cool a stream from 1°C down to the
freezing point by medium cold, strong
cold and given flow (Q) will then be as
follows:

Medium cold Strong cold

Q m3/s F(103m2) F(103m2)
1 20 10
10 200 100
50 1000 500

STIORDAL
NEA .,
OVRE GLOMMA,

Figure 2. Location of the rivers dealt with.
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As mentioned an increased winter flow
of water with a temperature close to
freezing will generally increase frazil
formation in a turbulent flowing river.
The increased flow will also cause longer
stretches of the river to get turbulent
flow conditions and thus expose larger
areas for frazil formation. The building
up of ice dams sufficiently large to
stabilize the river will also take a
longer time. The risk for ice dams to
break down before the river is stabilized
will consequently increase.

With a relatively small winter dis-
charge the breakdown of an ice dam may
often be a local event. With an increased
winter flow, however, a series of ice
dams may simultaneously break down. Due
to the larger flow and larger ice masses
stored in the river bed the damages may
then be more severe.

Upstream from the discharge of the
power plant, the winter flow may often be
reduced. This reduction depends on the
design of the power plant, but is fairly
common to larger and newer developments.
The river stretches thus getting a re-
duced flow frequently have experienced
turbulent flow and subsequently large ice
production before the regulation. In such
areas the ice production will diminish
after the regulation.

NORWEGIAN EXPERIENCES ON

RIVER ICE PROBLEMS
In the following some examples of
Norwegian experiences regarding ice
problems in regulated rivers are de-
scribed. Expected ice conditions for

projects currently being built or planned
are also commented on (Figure 2).

Glomma

Glomma was the first river in Norway
where changed ice conditions due to power
development was experienced to be a
problem (Figure 3). Glomma is the longest
river in Norway. The valley runs north-
south in the eastern part of the country.
The upper part, which is dealt with here

has a typical continental climate and
often very cold winters.
Aursunden, a lake in the very upper

part of the water-course, was regulated



for power production on January 1. 1924,
Average water discharge from Aursunden
before regulation was normally about
12 m3/s on November 1. and gradually
decreasing to about 5 m3/s by the first
of January. The natural water flow from
Aursunden just before the reservoir was
taken into use, was 4 m3/s. Upon start-
ing on January 1. the release of water
was gradually increased to 20 m3/s by
January 25. An ice run was initiated,
this caused the upper 8 km to be ice free
and flooding of the ice further down-
wards. Due to this, winter transport on
the ice, previously common, was prevented
down to Os.

The next winter the discharge was kept
steady at 13 m3/s from November 15. un-
til April 15. No ice problems were
reported this winter, which was extremely
mild.

The following winter the release from
Aursunden was started November 15. at
13 m3/s, which was kept unchanged until
December 17. From then on the release was
increased gradually to 21 m3/s by
January 2., and from then on kept con-
stant until April 10. The ice situation
was, however, not stabilized from Hummel-
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voll to Eidsfoss, where the river is very
turbulent. Several ice runs took place in
connection with the increase of dis-
charge.

The next two winters the release from
Aursunden was started in October/November
at 18-19 m3/s. This flow was kept until
the end of January, and from then on
gradually reduced. Several severe ice
runs were experienced in December these
two winters, both in this upper part of
the river (Tolga area) and in another
turbulent river stretch further down the
valley.

After these years with severe damages
due to ice problems it was claimed by the
inhabitants in the adjacent area that the
increased winter flow had increased the
possibilities for ice runs in the river.
A state commission was then established
to study the problem.

Each breakdown of an ice dam and
following ice run was analysed and com-
pared with the meteorological situation.
In all cases there had been meteoro-
logical changes that theoretically could
have promoted breakdown of ice dams. Com-
parisons were also made with the situ-
ation in the neighbouring water-course

Osflaten Vm

Hummelvoll

600
804

,—J Restfossen
/ 0s bru

rli bru
Erlifossen

f
/

60
401

’/”;::::’htu
idsfoss

20
5001

E
Telneset bru

80
560 554 548 5§42 536

524 518 512 506 500 494 km

Figure 3. The upper part of Glomma river. Below the elevation and distance from
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Trysil, which was not regulated. A great
similarity could be seen regarding break-
down of ice dams within the two water-
courses these two years.

The formation of an ice dam was not
found to be much influenced by the size
of the water flow. During formation ice
dams are being built just strong enough
to keep the water masses accumulated by
each dam, and the strength thus adjusted
to the water flow. An increase in flow
after the dams are established, however,
will often break them down. The com-
mission therefore arrived at the con-
clusion that the breakdown of ice dams
and following initiation of ice runs was
not due to the larger winter flow, but to
changes in the meteorological conditions.
The consequences of the ice runs, how-
ever, were realized to be much more
severe with the increased winter flow.
Therefore the commission proposed to
build lenses or thresholds across the
river on critical points. These should
promote an early formation of a stable
ice cover, reduce the slope of the river,
and thus prevent possible ice runs
further down the river.

Another problem in connection with the

regulation was 1increased flooding and
icing, especially in two areas, Os and
Koppang (Koppang is outside the map
area). The slope at both places is very
gentle. The commission found that the

increased winter flow had created more
open river stretches, thereby increasing
the formation of bottom ice and frazil,
and causing jamming of the river. This
increased the water stage and flooding of
the river beds. Flooding of cellars was
also frequent in these areas.

To avoid these problems the commission
proposed to reduce the discharge from the
lake Aursunden to previous unregulated
winter conditions. This has later been
changed to a release of 10 n3/s during
the period from the start of ice for-
mation until the river 1is stabilized.
This normally takes place mid December.
From then on it is allowed to gradually
increase the release. This has been the
general scheme for regulation of lake
Aursunden since then, and major ice
problems have generally been avoided.
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Nea

The river Nea originates in Sweden and
runs north-west-wards through Selbusjgen
and further towards Trondheim draining
into Trondheimsfjorden. The upper part of
the watershed has generally a continental
climate, but westerly winds may cause
mild coastal weather, even with rains
high up in the valley (Figure 4).

Even before regulation the river HNea
experienced fairly large ice production.
Problems associated with this were
accepted by the population. The large and
sudden changes in the meteorologic situ-
ation which the valley often experiences
during winter further promote ice
problems.

During the period 1941-1950 various
lakes in the upper part of the water-
course were regulated for power pro-
duction purposes in existing power plants
downstream from Selbusjgen, in the very
low parts of the water-course. The corre-

sponding increase in winter flow was
fairly small and did not give noticeable
changes in the ice conditions in the
valley.
A
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It was the introduction of Nea power
station, which was the first project in
the upper part of the water-course that
gave tremendous changes in the ice con-
ditions in the river. Large reservoirs
were established as a part of this pro-
ject, and the winter discharge from the
power plant was increased to about 50m3/s.
The natural winter discharge was in the
order of 10 m3/s.

The water was diverted through tunnels
from the reservoir to the outlet of Nea
power station, a river stretch that
previously had experienced a considerable

frazil production. Even so, it was pre-
dicted that there would be severe ice
problems in the river downstream, and

which could only be solved by developing
a larger stretch of the river. Planning
of Hegsetfoss power station was therefore
started even before Nea power station was
cammissioned.

The first winter of operation of the
Nea power station (1960) the ice pro-
duction increased. There were severe ice
runs, ice jamming and subsequent flooding
downstream from the power station. Farms
were overrun by ice, roads blocked and
large fields flooded.

One main reason for building the
Hegsetfoss power station was to solve the
ice problems in the valley. The winter
discharge was by this development taken
away from a part of the river with very
large frazil formation, thus reducing the
already severe ice production in the
river. To cope with the ice situation in
the valley it was found necessary to keep
an even winter discharge in the river.
Diuwrnal variations in the production,
which of course would give corresponding
variations in discharge, is desirable to
satisfy the power demand. When Hegsetfoss
was taken 1into use (1963) it became
possible to allow variations in pro-
duction in Nea and keep an even discharge
downstream from Hegsetfoss power station.
Variations in discharge from Nea was then
evened out in the intake reservoir to
Hegsetfoss. This gave a satisfactory ice
situation downstream.

Further development
course, especially the
Gresslifoss power station,
the ice situation even more.

of the water-
building of

have improved
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otta

Otta is part of the Glomma water-

course. It drains the mountainous area
eastwards of the main watershed in Norway
(Figure 5).

Before regulation the river Otta was
usually covered with stable ice all
winter. The contributary rivers from Aur-
sjgen (Skjdk I) and Tesse are now
developed, and also a local fall, Eide-
foss, downstream from the lake VAagdvatn

in Otta river. The lakes Rauddalsvatn and
Breidalsvatn are, after regulation,
controlled by dams for power generation
downstream in Eidefoss, and further down
in L3gen. The winter discharge from these
lakes has increased the winter flow in
the upper part of Otta and caused serious
ice problems. These problems have mainly
been flooding and icing in the area down-
stream from Skj&k, particularly the first
years after the reservoirs were taken
into use. It has been realized that only
a very gentle increase in winter dis-
charge after the ice situation is
stabilized 1is acceptable to avoid ice
problems. In most years severe ice
problems have been avoided by this scheme
of operation.

Downstream from Eidefoss to Otta the
winter discharge has been increased from
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about 10 to about 40 m3/s by management
of the existing reservoirs. The water
temperature at Eidefoss is very close to
0°C. Every winter there 1is frazil
production, large bottom ice formation
and building up of ice dams with follow-
ing increased water stage along the
river. The river is not stabilized every
year. Under special meteorological con-
ditions ice runs may occur, occasionally
causing serious threats to the village
Otta. This demonstrates that the present
winter discharge is very close to the
maximum acceptable level for this river.
Only minor variations in discharge or
meteorological conditions may conse-
quently affect the ice conditions. The
power plant management is well aware of
this, but even though special care always
is taken damages due to ice jams do occur.
Several alternatives for further
exploitation of the upper part of the
water-course have been investigated.
Possible influences on the ice situation
have been a part of these investigations.
The present alternatives will eliminate
the ice problems in the Skjdk area, but
introduce new problems in the Otta area
unless the river from Eidefoss and down-
wards is also utilized. Being aware of

ma

this, all plans for further power pro-
duction of the upper part of the water-
course include simultaneous utilization
also of the lower Otta river.

Alta

In the river Alta the Alta power plant
is now wunder construction. During the
planning stage of this power development
ice problems were also of major con-
sideration.

Although the area has a fairly gentle
climate considering the latitude, the
winter temperature is generally low, and
being north of the arctic circle there is
no daylight for part of the winter.
Occasionally there are intrusions of
milder weather in the lower part of the
valley, particularly during the ice-
forming period.

The water-course drains part of the

Finnmark plateau. It runs northwards
through the lake Vir'dnejav'ri (250
m.a.s.l.) descending a steep narrow

canyon to Sav'co (80 m.a.s.l.) in the
Alta valley. Alta power station utilizes
the fall Dbetween Vir'dnejav'ri and
Sav'co. The 1lake Vir'dnejav'ri is the
only reservoir, and there is about 46 km
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from the power station discharge to the
river's outlet in Altafjord, located at
approximately 70°N. The average slope
is 1,7 m/km, varying between stretches
with white water and more gently flowing
river (Figure 6).

The question raised concerning the ice
conditions was how much water could be
utilized during the winter period.

Every winter there is large ice pro-
duction in the river, and the rise in
water stage due to ice is considerable
(Figure 7). Ice jams of some kind form
every winter. Normally the river will
develop a stabilized ice condition, and
generally be ice covered during November
or December. Occasionally, however, the
river has experienced severe ice runs
with subsequent flooding and icing, which

have delayed the stabilizing of the
river.
Experiences from other water-courses

in Norway have, as already mentioned,
indicated that power plant generation
with an increased winter flow may affect
the ice conditions, often causing serious
damage. The Alta river was considered to
be very sensitive in this respect, mainly
due to the extremely cold weather that
often occurs in the winter.

The known ice runs in the river were
analysed with regard to the discharge and
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of rise in water stage due to
ice in the river (1914-1968).

the meteorological situation. Only 6-8
larger winter ice runs were reported in
the lower part of the river. It was
known, however, that breakdown of ice
dams that did not give larger ice runs
were often not reported. There are
certain areas where ice jams formed in
this manner often occur.

Water temperature measurements were
made in the Vir'dnejav'ri reservoir, and
the discharge temperature was judged to
be 1-2°C in the beginning of the winter
season. This will give positive water
temperatures a distance of some 6-10 km
downstream from the discharge, depending
somewhat on the meteorological conditions
and the release of water. There is how-
ever in this area a fairly long river
stretch with an average slope of 2,4
m/km. A stronger current here following
increased flow will further retard a
stabilization of the ice conditions.

In the more gentle flowing areas of

the river considerable amounts of ice
often accumulates at present. By in-
creasing the winter flow, and thus
creating larger ice free areas, it was

feared that the ice production might be
so large that it would cause severe
problems, especially in the lower and
most populated part of the valley. By
analysing the ice situation experienced
so far no connection was found between
the discharge and the registered ice runs
in the river, as in the Glomma case.

Even a smaller increase in discharge
during the ice-forming period may, how-
ever, easily break down ice dams that are
being established. It is therefore con-
sidered of major importance to avoid
sudden increases in the discharge, even
if these are small, at any time after ice
production has started. It was also con-
cluded that it was preferable to maintain
fairly high discharge within the natural
range of variation during the ice-forming
period. The main discharge pattern should
be similar to that during natural con-
ditions. The reservoir should be used so
that no artificial increases in discharge
occur. Natural increases during this
period should be eliminated or reduced as
much as possible.

On these grounds it was recommended to
permit a discharge during the ice-forming
period in the order of the 75 percentile
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of natural discharge until the river is
stabilized. This is expected to happen by
the middle of December at a discharge of
about 30 m3/s (Figure 8). This dis-
charge may then be kept throughout the
winter. If the discharge for some reason
is reduced during the winter it can not
be increased again without special con-
siderations of the ice conditions.

This larger winter discharge is ex-
pected to give an earlier ice break-up in
the spring and thus give the possibility
for an earlier increase in discharge than
the normal spring flood. In this way
possible unused water in the reservoir
may be used at this time. The Alta river
is also a very important salmon river,
and this winter scheme of discharge was
acceptable also for these interests.

Usage of the reservoir according to
these recommendations were concessioned
for a trial period of 5 years. Upon this
the control scheme will be reviewed.
During the trial period the ice situation
of course will be studied closely.

The power plant 1is planned to be
commisioned in 1988. The jurisdictional
survey evaluating damages and incon-
veniences for the population has already
started. Due to the general hydrological
situation and the reservoir capacity it
is agreed to maintain a winter discharge
somewhat lower than the official per-

601

mission stated above. This scheme will
impose fairly large annual variations in
discharge. This may be of particular
interest for the coming studies.

Stjerdal

The river Stjgrdalselva drains the
mountainous areas close to the Swedish
border, and runs westwards towards
Trondheimsfjorden (Figure 9). Similar to
the neighbouring Nea river described
earlier, this area has generally a cold
winter climate. Mild weather with rain up
to fairly high altitude may occur during
the winter period. This is of course very
promoting for ice runs, and severe dam-
ages due to ice problems do occur.

The upper part of the water-course was
regulated in 1890-1915. The existing
regulation consists of several smaller
power plants along the Kopperd river. The
river stretches and intake reservoirs
within the various plants are generally
not ice covered. The water temperature is
gradually decreased so that the discharge
water from the lowest plant, Nustadfoss,
normally has a temperature of 0,5°C or
colder during winter. The discharge is
fairly even and amounts to 10-12 m3/s
during the winter ©period. This is
approximately a doubling of the natural
discharge. The upper river stretch, from

Nustadfoss and somewhat downstream from
Funna, has a very gentle slope. Then
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Figure 9. Stj¢rdalselva with planned
power development. Below
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there is a relatively steep river stretch
down to the area of Flornes.

The somewhat newer development of the
river Funna has a winter discharge of
3 m3/s with a temperature normally in
the order of 29C the first part of the
winter. This gives an open area down-
stream of the inlet to the main river.

Before any regulation was introduced
in the water-course the main river was
ice covered and used for winter transport
all the way up to Nustadfoss. The larger
ice problems that did occur in the river
was mainly due to ice runs originating in
the tributaries in the lower part of the
water-course. When the ice flowed into
the main river it caused jamming and
subsequent flooding upstream in the main
river.

The introduction of Nustadfoss power
plant, and thus increased winter flow
downstream, reduced the ice cover on the
river. The relatively steep river stretch
down to Flornes became an area of fairly
large frazil and bottom ice production.
Series of ice dams are now being formed,
and the river stretch is normally stabi-
lized very late in the winter. Only in

winters with very cold weather and a
small natural discharge this river
stretch will now be completely ice
covered. In recent years several ice runs

have started in this river stretch which
have caused jamming with subsequent
flooding and other damages, especially in
the area around Flornes.

Further development of the power
potential in the upper part of the water-
shed is now being planned. Larger reser-
voir capacity is being introduced. The
planned new power plant is designed to
take the reservoir water mainly through
tunnels, thereby reducing the heat loss
of the water. The discharge from the
lowest power station, Merdker, will be
approximately at the same location as the
present discharge of Nustadfoss power
station.

The question to be answered in this
development, as was the case in Alta, is
the consequences on the ice situation of
a larger winter discharge downstream from
the power station. How large a winter
discharge that can be accepted without
causing severe ice problems is of par-
ticular interest. As this is a salmon
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river proper care has also to be taken of
the fishing interests of the river.

This new power development is expected
to give a discharge water temperature in
the order of 29C for the first part of
the winter and then gradually decrease.
Depending somewhat on the climatological
conditions and the discharge this will
prevent the ice cover on a river stretch
downstream the station. It is however
expected that the water temperature will
be reduced to the freezing point by
reaching the area of steeper slope. Here
there will be frazil production and for-
mation of ice dams. One main question is
whether it is possible to run the power
plant without breaking down ice dams and
initiating an ice run in this area.
Because of this it is extremely important
to avoid any further increases in the
discharge during the ice period. Merdker
power station will be controlling the
discharge from a far larger part of the
watershed than Nustadfoss power station
is today. By a careful management of the
Merdker power station it is expected
possible to avoid or at least reduce even
natural increases in discharge during the
ice-forming period. By this the possi-
bilities for initiating ice runs on the

river stretch above Flornes should be
reduced.

On these grounds it will be re-
commended for a scheme of regulation

similar to that for Alta. The discharge
is gradually to be decreased according to
the pattern of natural discharge during
the ice-forming period. When the river is
stabilized it is expected that a constant
winter discharge can be kept through the
winter. A winter discharge in the order
of 25-30 m3/s will probably be proposed
for a trial period of 5 years also in
this case. The ice situation will then be
observed closely. A final scheme of
regulation based on actual experiences
may then be established.
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HYDROLOGIC ASPECTS OF ICE JAMS
Darryl Calkins*
ABSTRACT: The hydrologic aspects of ice have not been heavily researched. 1In the

jams have received very little attention.
During the last 30 years, the major empha-
sis has been placed on understanding the
hydraulics and mechanics of ice jams and
determining their "flood"” levels. How-
ever, a parameter that should be known
with reasonable accuracy is the flow dis-
charge at the ice jam location. This
paper examines hydrologic information that
is important for analyzing ice jam flood-
ing problems, such as flow measurements
under the ice cover and winter stage rat-
ing curves, frequency analysis of winter
flow records, watershed cooling and nat-
ural river thermal regimes, ice discharge
and snowmelt runoff prediction. The
significance of each of these areas is ad-
dressed and suggested research opportuni-
ties are examined.

(KEY TERMS: ice jams, river ice, snowmelt,
thermal analysis, winter hydrology.)

INTRODUCTION

The first question one might ask is:
What is really meant by the term "hydro-
logic aspects” of ice jams? The Inter-
national Association for Hydraulic Re-
search, after years of heated debate, pub-
lished with still much dispute the defini-
tion of an ice jam as "a stationary accu-
mulation of fragmented ice or frazil which
obstructs a waterway.” The hydrologic
aspects within this definition can prob-
ably be as broad and include the "quantity
and quality of water and ice that reaches
an ice jam site.”

The hydrologic aspects of ice jams

past two decades there have been consider-
able advances in understanding the mech-
anics and hydraulics of floating ice jams,
mainly clarifying and applying existing
theories to solving engineering problems
(Pariset et al., 1966, Uzuner and Kennedy,
1976, Calkins, 1983, Beltaos, 1983).
Numerical modeling of the ice processes
and hydraulics has been expanded to offer
greatly improved predictions of the water
levels associated with ice covers and ice
jams (Pashke and Schoch, 1985, Shen and
Yappa, 1984, Calkins, 1984, Petryk, 1981).
However, the significance of the hydro-
logic input to the ice jam has been neg-
lected. For example, the prediction of
the hydrograph and the associated water
temperature at a certain location from
rain on frozen ground or rain on snow or
snowmelt is an important feature that
needs attention. Anderson and Neuman
(1984) recognized the importance of frozen
ground on the runoff processes and pro-
posed a frost index correction to the
National Weather Service flood prediction
model. This is a start in the process
but, as they indicate, a more physically
based model is necessary before signifi-
cant gains can be made. Hydrologic models
that can predict both the flow rate and
the temperature during the winter season
have not been developed because of a lack
of understanding of some of the basic
hydrologic processes.

POTENTIAL RESEARCH OPPORTUNITIES

Several areas have been identified
that are deficient in knowledge or lack

*UJ.S. Army Cold Regions Research and Engineering Laboratory, Hanover, New Hampshire

03755-1290.
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sufficient accuracy in the data when deal-
ing with ice jams. These areas are flow
discharge measurements, flood frequency
analysis of flows and stages, watershed
cooling and freeze-up flow prediction,
natural river thermal regimes in winter,
ice discharge, and snowmelt runoff predic-
tions. The latter has received much
attention from a mass prediction view-
point, but very little has been done on
the quantity of heat available during
these events. For example, melting of the
ice in a river occurs every year and is
often the only relief from ice jam
flooding, yet little is known on the tem-
perature distribution and its timing dur-
ing the runoff period.

Flow measurements and winter records

There are ongoing programs within the
U.S5. and Canadian Water Survey Agencies
that are addressing the issue of poor
records for the winter season. At a re-
cent conference in Michigan, researchers
and engineers presented their work on how
flow measurements were conducted under the
ice and how the stage records were ad just-
ed to account for the ice cover.

A major difficulty in conducting flow
discharge measurements under the ice cover
has been the uncertainty of whether the
current meter was functioning properly due
to ice accumulation on the cups. Vane
current meters are now being used with
only minimal problems. 1In some of the
frazil-laden rivers, finding the flow zone
was a major problem; simply putting down
20 holes evenly spaced across the river
does not adequately find the flow area.

An area that still needs research is
in the conversion of river stage data to
flow discharge. Most countries adjust
their records in a similar manner taking
into account other basin flow records,
air temperature, precipitation, and usual-
ly one discharge reading during the win-
ter. The actual details of correcting to
the proper stage will not be given. The
flow records during freeze—up are probably
more accurate than those during break-up
because of the non-dynamic conditions of
the ice and water and the noticeable trend
of declining discharge as the winter sea-
son begins.
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Ry=hy /2 h = xh, hy=h +t+h,
R, =h, M=M=
Figure 1. An example of flow occurring

beneath and over the ice sheet.

Flow records during break-up can be
improved by accounting for the mechanics
of the ice cover and ice jam conditions.
For smaller rivers the ice cover prior to
break-up may flood with water over the
top. Figure 1 is an example of flow
occurring beneath and over the ice sheet.
The flow hydraulics can easily be written
for both areas, as uniform flow can still
be assumed in both zones and there is no
pressure flow in the lower zone.

The Manning equation is applied to
the two flow areas. For ease in presenta-
tion, the bed and ice cover roughnesses
(both top and bottom) are assumed the
same, n§ = np = ng. The river with
a uniform slope S is sufficlently wide to
assume that the wetted perimeter is nearly
equal to the river width B. The flow
depth over the top of the ice is repre-
sented as some fraction (x) of the flow
depth below the ice cover, h; = xh,. For
the flow over and under a horizontal ice
cover, the discharge is

1/2, 5/3
Q= BS hy x

nb

A potential error could arise when
calculating the discharge if the flow over
the top of the ice is ignored, and this is
computed on the basis of the ratio Q /Q
where Q. is the total flow (under an
over the ice) and Q, is the flow under
the ice at the same stage.

3/3 4 0.63).

The flow under the ice cover is
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Figure 2. Error in actual discharge by
not accounting for flow over the top of
the ice.

1/2
q, = 063 B:b h2/3

where the ice cover thickness t is assumed
to be negligible in the definition of the
total stage, hy = h; + h, + t.

By plotting Q /Q versus h;/h_ in Figure 2,
the error in dctdal discharge 1s seen.

For example, if the flow depth over the
ice cover is only one half the total
depth, the calculated discharge, if one
assumes the cover was fully floating, is
about 20% low. When the ratio h;/h¢ >
0.70, then the flow discharge will be
greater than that assumed for the floating
cover.

The ice sheet will not remain hori-
zontal but will deform due to the buoy-
ancy. It has been assumed for this ex-
ample that a trilangular shape will repre-
sent this deformation and that the ice
sheet bends at the midpoint of the
channel and rises with the water level
(Fig. 3). The combined flow discharge is
now

/3

1/2 5/3 2
S V2B a )

( nb 2

+ x5/3]

If the same ratio of flows Q./Q,
is developed for the triangular-shaped ice
cover, the relationship improves slightly
(Fig. 2). The triangular-shaped formula-
tion would improve the estimate for the
discharge up to h;/h¢ = 0.5, but there-
after the use of a triangular representa-
tion will always underestimate the flow.
A time-dependency creep model could be
developed to predict this shape, which
would be more like that shown in Figure
4. Realistically, the error in calcu-
lating the discharge is probably between
these two curves up to h;/h¢ = 0.5 for a
finite portion of time, and this is why a
time-dependency model would be more use-
ful. Beyond h;/h, > 0.5 the discharge
computation should depend upon the ice
sheet shape in the channel.

Field observations by the writer in
New England have indicated that when the
width is in excess of 100 m, no signifi-
cant water flow over the ice exists.
There is a critical river width that is
related to the stiffness (characteristic
length) of the ice sheet, which would be a
function of the ice thickness and stage
rise.

Figure 3. Triangular representation of
ice cover.

Figure 4. A more realistic representa-
tion of the ice shape in a river.
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Figure 5. A typical break-up hydrograph.

During ice jam conditions, the flow
estimates should be checked versus the
flow computations one would get using the
knowledge from the equilibrium theory for
ice jam thicknesses (Beltaos, 1983,
Calkins, 1983). At this time one would
still have to rely on the judgement of the
individual reviewing the stage records to
determine when the ice cover went from a
single-layered sheet to a multi-layered
ice jam, which is not hard to determine
from the stage records. Further research
in the analysis of break-up hydrographs
would help selecting the times when break-
up and ice jam conditions were present.
Beltaos (1984) has taken the records from
one hydrometric station to evaluate the
river ice break-up using the stage records
for the winter period and a simple thermal
energy factor. This type of analysis
needs to be extended to many more sites
for further evaluation. 1In Figure 5 is a
typical break—up hydrograph where the
sharp decline represents the initial
break-up (water and ice moving out of
storage), the next steep vertical rise in-
dicates that the ice jam has stalled or is
moving very slowly (positive wave moving
upstream), and the rapid decline again in-
dicates that the jam has moved downstream
(water and ice coming out of storage).
River water surface gradients during this
period will be very steep and a single
looped rating curve is probably not appli-
cable.

Frequency Analysis

The frequency analysis of maximum
annual winter stage and winter discharge
records is becoming recognized as impor-
tant for studies such as ice jam flooding,

hydro-electric winter flows or ice con-
trol, water supply regulation, etc. The
population of peak flows occurring in the
ice-covered and non-ice-covered seasons
can be seperated into "winter” and "sum-
mer"” events and treated as independent
sources because the processes for peak
open channel floods are hydrologically
based without the influence of ice on the
river or runoff from snowmelt or frozen
ground conditions. The winter season is
defined as beginning with the day ice
first forms on the river to the day of ice
out. Distinctions of flow periods within
the winter season are also recognlzed,
e.g. the freeze-up versus the break-up
period. Techniques for analyzing the
stage and discharge frequencies have been
presented in several recent papers (Gerard
and Karpuk, 1978, Gerard and Calkins,
1984) .

Research is needed to determine the
type of distribution the winter flows
follow. Can the distributions be region-
ally characterized? Another area that
needs attention is the proper use of
limited data bases and the kind of confi-
dence limits or risks that are associated
with these data sets.

Freeze-up flow prediction and watershed

cooling

The prediction of flow during the
freeze-up period is critical when trying
to assess an ice jam flooding problem that
occurs as a result of the excessive ice
production. This type of flooding problen
usually occurs when there has been suffi-
cient cold weather to have frozen ground
and little or no snow on the ground. A
warm front then moves through the water-
shed bringing rain on frozen ground. The
warm front is then immediately followed by
a cold front that cools the river water to
its freezing point, and ice generation be-
gins with the river at relatively high
flows for that time of year.

The prediction of runoff at the be-~
ginning of the winter has received 1little
attention. Predicting the water tempera-
ture of the runoff requires knowledge of
the effect of frozen ground on basin run-
off and the heat loss experienced. There
are algorithms for use with various hydro-



logic models that incorporate the effect
of the frozen ground (Anderson and Neuman,
1984) on the response of watershed runoff,
but the heat flow associated with the run-
off has not been evaluated.

This writer has not been able to lo-
cate many references that address the
cooling of watersheds and the impact it
has on the runoff. Groundwater and other
shallow source zones are under the influ-
ence of the cold front that penetrates
into the soil column, but how these
sources influence the river water tempera-
ture during freeze-up has not been quanti-
fied. There have been some observations
on river water temperature and correspond-—
ing groundwater temperatures in nearby
wells, and the definite lag in the ground
water temperatures versus the river water
is clearly evident.

River thermal regimes

The cooling and heating of river
flows has been studied for many years in
relation to excess thermal energy supplied
from such users as nuclear power plants,
sewage treatment outflows and heavy indus-
try. The natural cooling regimes in riv-
ers have not been studied in detail be-
cause of the complexity of this process.
Shen and Yapa (1984) have used a convec-
tion-diffusion model for the cooling of
the river flow in the St. Lawrence River.
At this time the model does not account
for lateral inflow and its temperature.

The cooling of the river water to its
freezing temperature is important for pre-
dicting the onset of ice production and
the subsequent ice cover formation. 1In
assessing ice jam flooding, the solution
that is often reached, because no other
option is available, is to let the jam
melt and the water levels subside. The
question is, how long does the jam take to
melt? If the water temperature and flow
discharge are known or can be predicted,
then the available heat to melt the ice
jam can be computed, as well as the time.
Water temperature immediately following
break-up is extremely important. Parkin-
son (1982) reports that the water tempera-
ture at the leading edge of the break-up
ice jam on the Mackenzie River was in ex-
cess of +8°C. Which is the major heat
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source: short wave solar radiation,
sensible heat, groundwater contribution,
tributary flow or all of the above? Pang-
burn (personal communication) has recently
measured the water temperature during the
1986 snowmelt season at the Sleepers River
Watershed in Danville, Vermont.

There is a tremendous shortage of
data on the temperature regimes of natural
rivers immediately prior to freeze-up or
just after break-up. With the use of pre-
cision thermistors, accuracies of 0.05°C
are easily attainable and are necessary
for research in this area. Portable water
temperature instrumentation with data log-
ging capability is now available.

Ice Discharge

One of the unknown quantities of riv-
er flow during freeze—up is the ice dis-
charge, but it is an extremely important
factor when trying to predict the water
levels and the ice cover progression
rates. Very little field data have been
collected and limited analytical develop-
ment on the heat loss at the water/air
interface has been performed. A few stud-
ies have been undertaken to understand how
surface and frazil ice is incorporated in-
to the shore ice and anchor ice. Attempts
have been made to measure the ice dis-
charge on the Susitna River (personal ob-
servations, Carl Schoch, R&M Consultants),
but conclusive results have not been
achieved as yet when compared with analyt-
ical computations and field measurements
of ice cover progression rates.

Another important aspect of the river
ice discharge is the role it plays in de-
termining the locations of the initial ice
bridges that start the progression of the
ice cover. Predicting the first ice
bridge and its location is important and
significant to any modeling effort when
one is attempting to change the hydraulic
regime in some manner, i.e. increased
flows or channel modification. An equal-
ly important consideration is how much
ice can be expected to reach a jam site
during break-up.

The first step in improving our
knowledge is to develop field equipment
and techniques for measuring the freeze-up



ice discharge. Sampling and measuring the
collected ice will be the problem. 1Is a
full depth sampling apparatus necessary or
does only the upper few centimeters of the
flow depth need to be considered? How
wmany samples in a cross section are
needed? 1Is using a calorimeter the only
method that ensures that trapped water
around the ice crystals is not included
in the calculation? How will the ice that
is trapped in the shore ice or anchor ice
be accounted for in the heat budget
approach to calculating the total ice pro-
duced? As one can see, there are many
questions to answer.

Snowmelt runoff prediction

This paper will not go into much de-
tail on this subject, but the reader is
referred to recent conferences and sympo-
sia that have focused specifically on the
sub ject material, for example Unesco-WMO-
IAHS 1972, CRREL 1978, the Northern Re-
search Basins Symposiums, the Eastern and
Western Snow Conferences, etc. and other
journal articles. The one area that needs
consideration 1s the prediction of water
temperature along with the flow discharge,
and this has been addressed in another
section.

SUMMARY AND CONCLUSIONS

The importance and significance of
hydrologic information for the analysis of
ice jams has been emphasized. Areas of
tesearch to streungthen the quality of the
hydrologic input have been suggested.
These major areas are:

1. Discharge calculations during
the ice cover break—-up and ice jam periods
based on the mechanics of the ice cover
and equilibrium thickness of ice jams.

2. Statistical distributions for
winter peak flows and enhanced analytical
techniques for sparsely populated sam-
ples.

3. Runoff prediction for freeze-up
periods where the impact of frozen ground
is important.

4. Field data on the water tempera-
ture of natural streams and analytical
methods for predicting the cooling of
water and melting of the river ice in
these streams.

5. Field measurements on the quant-
ity of ice being generated and transported
in rivers, both at freeze-—up and break-up.
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