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1. Objective

F
i

The objective of the Susitna Hydroelectric Project is to
optimize the use of water for power generation while meeting
environmental constraints, such as requirements for fisheries and
wildlife. The purpose of this study is to provide information on
hydrological forecasting methods (including basic data require-
ments) to assist the Alaska Power Authority in developing an
effective water supply forecasting program for the project.

Only about half of the annual runoff from the Susitna Basin
originates from snowfall during the winter months (October-April)
and acurate forecasts of this snowmelt contribution to the
seasonal runoff are possible. The gquestion of how accurately
runcff from summer (May-September) precipitation can be
forecasted is more difficult, but forecasts of runcff for two to
three weeks in advance are possible.

For accurate long-term forecasts of the total seasonal
runoff, it is necessary to have a knowledge of;

{a} the amount of runoff that will be contributed from
rainfall and snowfall (including glacier ice) that
have occurred in the basin,

{b) short-period weather forecasts,

{(c) current seasonal trends of precipitation and
temperature, and

{d) statistical indices of climatological conditions
for the rest of the forecast period.

An operational forecast program can be developed that will
provide short and long~term forecasts of runoff of sufficient
accuracy to successfully operate the Susitna Hydroelectric
Project and achieve the objective stated above. This will require
the collection of additional information on the precipitation
regime of the basin and application of hydrological models. To
cost effectively accomplish the collection of required basic data
and to develop an opevational forecasting service for the
project, the following recommendations should be followed,

2. Basic Data Collection Program
A. Findings
The current data collection program does not provide

sufficient information to support either the development nor the
operation of an hydrological forecasting service.

?.ﬂ‘,



B. Recommendations

In order to have sufficient information for development of an
operational forecasting service the following actions should be
taken during the period until the project becomes operational;

(1) Discontinue measuring at metecrologilcal
stations (except at Watana base camp and
for other specialized purposes} all
meteorological variables except preci-
pitation, temperature and wind movement,

{2) Operate and collect in real time measure-
ments from 12 meteorological stations
shown on Figure 2, page 24,

(3) Continue to collect snow survey informa-
tion (in cooperation with SCS) for sites
shown on Figure 3, page 26,

{(4) Continue to collect streamflow records
from the three USGS gaging stations, and

(5) Summarize and archive all basic data
collected for the forecast program.

when the project becomes operational do the following;

(1Y Collect in realtime streamflow, reservoir
stage and information on reservoir re-
lease of waterx,

{2) Continue collection in real time measure-
ments from the 12 meteorological stations,
and

(3) Continue collection of snow survey measure-
ments from those sites whose data are found
to be required for the operational forecast
program.

1t is recommended that data collection be accomplished using
a satellite telemetering system.

3. Development of Operational Forecasting Service

A. BEven with the additional basic data proposed above, it
would not be possible, using presently available models and
climatological information, to forecast the runoff for the
Susitna Basin with sufficient accuracy. Additional studies need
to be accomplished to improve the utility of models that are
currently used for forecasting runoff from other glacierized
basins in Alaska. Actions to be taken include;

J
-



A, Climatological Studies

(L)

B. Model

(1)

Develop seasonal isohyetal (average preci-
pitation maps) for the Susitna Basin.

Develeop climatological statistics of May~-
September weather conditons for Susitna
Basin required for extending short-term
supply forecasts to seasonal forecast
{semi-conceptual model).

Studies
Arrange for application of hydrological
forecasting models to basin as recom-
mended in Chapter 3. Models to be con-
sidered for use are:

(a) Anderson NWS snowmelt model

(b} OQuasi-conceptual seasonal runoff model

{(c) NWSRFS and the SSARR soil moisture
accounting models

4, Other Considerations

Other actions to be considered in the future for improving
the forecasting service include:

(L)

(2)

(3)

(4)

(5)

Adjusting precipitation records (espe-
cially snowfall) to reduce variability and
bias intrecduced by wind action on gage catch,

Incorporating satellite technigues for
enhancing the knowledge of the magnitude
and distribution of summer thunderstorm
precipitation,

Using aerial gamma radiation surveys to
obtain better knowledge of the areal
distribution and magnitude of the snow
cover on non-glacierized areas,

Using meteorological information (such

as upper alr measurements of moisture and
wind) to improve knowledge of precipita-
tion over the high areas of the basin, and

Obtaining reliable measurements of the
areal extent and cf the seasonal water
balance of the primary glaciers in the
basin.
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CHAPTER 1
INTRODUCTION

1. Background

The Susitna Hydroelectric Project includes the construction
of two dams, Watana and Devil Canyon, on the main channel of the
Sustina River. The Watana damsite's drainage area is 5,180 square
miles, the Devil Canyon's, 5,810. The project is designed to
provide electricity to the Railbelt area of Alaska for well into
the next century and to have flow regimes that will minimize
impact on fisheries and other environmental resources.

The proposed Watana Reserveoir will have 9.7 million acre feet
of storage of which 3.7 million will be active storage. The
Devil Canvon Reservoir will not have any significant amount of
active storage. Since power requirements are greatest during the
winter, the project is designed to have as much water in storage
as possible by September of each year.

During visits by Eugene L. Peck and Thomas N. Keefer to
Anchorage, Alaska, and Chicago, Illinois, in December 1984,
discussions were held with representatives of Harza-Ebasco and
the Alaska Power Authority {Mr. Eric A. Marchegiani). The
following i‘nformation pertinent to hydrological forecasting for
the projent was received.

Based on the discussions held in December 1984, the following
hydroclogical forecasts are required for the operation of the
project:

{1y Forecasts of seasonal May-September inflow to
Watana Reservcir (long-term forecasts),

'2) Forecasts of inflow to Watana Reservoir for
two-week periods (short-term forecasts).

The long-term seasonal forecasts are necessary to schedule
releases from the reservoirs to ensure the maximum water storage
by September. These forecasts are required at semi-monthly
intervals starting on April 1 but possibly as early as January 1
of each year. Each forecast should be a probability forecast for
the May-September runoff (or for forecasts after May 1 for the
period from the date of the forecast through September). These
forecasts, used in conjunction with standard reservoir
operational rule curves, will permit the reservoir operators to
plan for having maximum water storage in the Watana Reservoir
prior to the winter.

The short-term forecasts (inflow to Watana Reservoir for the
next two weeks) are required daily from May through September.
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.t@ will vrovide the necessary information to adjus:
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the seasor filow forecasts, to prevent encroachment on dam
freeboard z@wzlvwment and to satisfy downstream river
reguirements with a minimum reduction in storage.
2. Purpose and Scope
This studay is to provide information on hydrological forecast

methods (and on basic data requirements) that will help the
Alaska Power Authority develop an effective forecasting service

hat will ensure that the project's objectives are achieved (i.

!*E}“

. to maximize the use of the reservoir's inflows for energy
generation and to provide flow regimes in the reach of the river
below the reservoirs that will minimize the impact on fisheries
and other environmental resources).

The scope of the study is:

(1) To review sets of alternative forecast systems
that could be used for operational forecasting
for the project;

(2) To evaluate each method's ability te provide the
required type, accuracy, frequency and lead time
of forecasts; and

{3} 7To provide information on the basic data re-
gquirements associated with each alternative
forecast system.

The approach to the study is:

{1y To meet with Harza-Ebasco and Alaska Power
Authority personnel to more fully understand the
needs for the operational forecasting service;

(2) To meet with state, federal and other agencies
in Alaska to evaluate the benefits that can be
achieved from cooperation with such agencies for
developing and operating a forecast servize;

(3) To review the methodologies and the basic data
requirements for a forecasting service;

(4) To review specific forecasting methods and
evaluate their usefulness for the project;

(5) To provide a list of alternative sets of fore-
cast methods together with infeormation on the
accuracy, sensitivity and data requirements forxr
their operational usge; and

(6) To present a draft of & final report and to meet
with Harza-Ebasco officials to review the draft
and submit a final report.



A discussion of the basic data needs for preparing short and
lorng~term hydrelogical forecasts for the Susitna Basin and
specific recommendations for caaﬂges in the existing data
collection network are present@d in Chapter 2. Forecast model
technology is discussed in Chapter 3, with reviews of alternative
forecasting methods. Information and recommendations for an
cperating hydx@logzcal forecasting sexvice for the project and
discussions on collection and processing of data, computer and
manpower requirements and cost factors are presented in Chapter
4.

The executive summary following the Table of Contents
contains recommendations for collecting and processing basic data
for the operational forecasting service for the Susitna
Hydroelectric Project.



CHAPTER 2
DATA REQUIREMENTS

1. RESULTS OF FIELD TRIP TO ALASKA

During the week of December 10, 1984, Eugene L. Peck and
Thomas N. Keefer visited Anchorage and discussed the present data
collection network of the Susitna River Basin with many agencies
and organizations in Alaska. They also surveyed much of the
upper Susitna Basin by helicopter. Considerable information was
furnished by Harza-Ebasco prior to the field trip. Jeffrey H.
Coffin, R & M Consultants, Inc., furnished additional information
with his letter of December 19, 1984.

Hydex personnel were impressed with the attention given to
tne development of the data network for the basin., The
cooperative attitude expressed by federal and state repre-
sentatives, by R & M Consultants and by personnel of Harza-Ebasco
was appreciated.

The major meetings held during the visit in Alaska with brief
comments on items discussed are listed below:

A, Harza-Ebasco Representatives.

General overview of the preject and the cooperating agencies
was given by E, J. Gemperline and Khalid Jawed. Other Harza-
Ebasco personnel participated. The primary discussion items wvere
forecast needs, wildlife habitat and other environmental
requirements. Wayne Dyok provided information on power
reguirements and the reservoir levels that can be maintained at
different times of the year. Eric Marchegiani, Alaska Power
aAuthority, provided specific information on forecast needs. It
was clear that the primary forecast need is for accurate
estimates of the seasonal inflow from early in the calendar vyear
through August 1. A secondary need is for short-term water
supply forecasts (inflow to reservoir for next two weeks) from
May through September. No specific need is foreseen at the
present time for river forecasts for tue river below the Devil
Canyon Reservoir., It was felt that the operation of this portion
of the river could be accomplished by knowledge of reservoir

releases,
B. B & M Consultants.

Jeff Coffin and Steve Bredthauer advised us of their data
collection program and provided information on R & M's overall
activities. They have considerable first hand knowledge of the
Susitna River Basin and the data collection program.



C. Soil Conservation Service.

Gecrge Clagett provided complete records of all snow survey
records that have been collected by the SCS in Alaska George 1is
knowledgeable of snow conditions in Alaska and is Jary willing to
cooperate George classified each snow survey course in the
Susitna B&gxm on the basis of representativeness,

D. Alaska State Climatologist.

Jim Wise, Artic Environmental Information and Data Center,
supplied a photocopy of portions of an annual precipitation map
for Alaska that covers the Susitna River Basin. The office has
printcuts of all climatological records that have been collected
by the Naticonal Climatic Center in Asheville, N, C,, and provided
copies of records for some stations that operated for a short
period of time in the Susitna Basin.

E. U. 8. Geological Survey.

Raymond S. George, Larry Leveen and others discussed w?eﬁﬁwt
streamflow measuring stations and the pr@pssal to establish a
station upstream of the high water level of the major reservoir.

F. National Weather Service,

The hydrologist in charge, Jerry Nibler, and members of his
staff and the meteorologist in charge, Edward Diemer, provided
several reports and personal information on precipitation,
snowfall and thunderstorm climatology of Alaska. These reports
will be of value for understanding the precipitation regime of
Alaska. Jerry also provided complete sets of parameters for the
eleven basins in BAlaska that have been calibrated using the
National Weather Service River Forecast System's (NWSRFS)
conceptual model,

G. University of Alaska.

Will Harrison, glaciologist, Geophysical Institue of the
University of Alaska, presented an interesting discussion on
glaciers and their relation to streamflow and sediment discharge
in the Susitna Basin. He discussed the effects of surges in the
discharge of runoff from the gliaciers and the resulting very
large changes in the sediment discharge. He supplied consi-
derable information on the loag term changes in the glaciers that
indicate the glaciers have, ¢n the average, been wasting for the
last 30 vears and therefore i substantial portion of the
streamflow of the Susitna River has originated from this source,.
From his observations of the2 glaciers and snow cover on the
glaciers during the past three years he has computed the winter
and summer balance (loss o: gain of the glacier during the
season) and the annual balance. These estimates indicate that
some of the glaciers in the Susitna Basin have grown while others
appear to have wasted during the past three years.



The information furnished by Dr. Harrison, Qﬁ@CCI&Eij on the
rcentage of the stream discharge for specific subbasins that
fgimate from the glaciated areas, will help in evaluating

various models for forecasting snowmelt runoff. However, our
cpinion, acd one that is apparently shared by Dr. Harrison, i8S
that his observations are more important for estimating the
effect of glacier contribution to the long-term (30-year)
streamflow than for use in forecasting water supply during a
specific season.

N

. ACCURACY AND REPRESENTATIVENESS OF BASIC DATA

In establishing a basic data network for a hydrological
forecasting service several factors are important. For precip-
itation and snow cover measurements two important factors are
sometimes not given the attention they deserve for the data to be
of maximum value. The first, and most critical of these factors,
is the effect of wind (gsge exposure} in reducing the gage catch
and causing variation in the measurements relative to the true
precipitation at the site. The second factor is the need to have
the site "exposed" to the general paths of storms so that the
records represent the average true precipitation for the general
area (representativeness). Information on these two factors are
presented in the folluwing sections.

A. Gage Exposure

Hydrologists have long recognized that deficiencies exist in
precipitation measurements, especially for snow fall. Errors in
precipitation data account for a large porticn of the
inaccuracies in precipitation-runoff relationships and in the
gimulated streamflow from operational hydrological models. Our
inability to evaliate adeqguately the areal average water
equivalent of the snow cover is the greatest limitation on
improving the reliability of sunowmelt forecasting (1).

Snowfall is the most difficult form of precipitation to
measure. Most precipitation gages have an orifice that is
exposed in a horizontal plane for intercepting falling
precipitation. The effect of wind on a gage is the largest cause
of measurement error (2). Wilson (3) demonstrated that snowfall
and snow cover measurements that were most representative of the
actual snowfall had the high@sr correlation with streamflow
measurements of small basins in the high Sierra Mountains. Brown
and Peck (4) showed that the reliability of a precipitation

easurement (snowfall) was related to how well the site of the
gage was protected from wind movement. Lacson and Peck ({5)
showed that the accuracy of conceptual models for simulating
snowmelt streamflow was enhanced when precipitation measurements
are adjusted for bias in catch due to wind action on the
precipitation gage. Figure 1, from Larson and Peck (3), presents
a summary of gage catch deficiencies that have been observed in
measuring rainfall and snowfall in relation to the average wind
measured at the gage orifice.
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The precipitation measurement problem hes received consi-
derable att@ntzan by international meteoroclogical and hydro-
logical organizations. During the 1972 World Meteorological
Organization symposium on Distribution of Precipitation in
Mountainous Areas held in Geilo, Noxwayp the problems of
measuring precipitation in mountainous areas were discussed (6).
Wﬁ@ conclusions stated that the most reliable and consistent

=
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rasurements are those obtained at sites that are well protected

fz@m adverse wi d action. It was also reported that adjusting
precipitation records using wind measurements was a good method
to reduce the bias and variability induced by wind on the
crifice,

Measurements of the average water equivalent of the snow
cover may also be greatly affected by wind. Snowfall on the site
may be blown from the location by very low (less than 5 mph) wind
speeds. Sites located at the edge of forests or other cover may
collect amounts of snow greater than the average snowfall.

B. Representativeness of Precipitation and Snow Cover
Measurements.

Although it may seem obvious, it is not always recognized
that p. ecipitation (snowfall) and snow survey measurements' are
most valuable for forecasting snowmelt vunoff when the \
measurements are representative of the true snowfall at the site.

Ideal exposure for observational sites for other meteorologi-
cal parameters such as wind, temperature, humidity and
evaporation are different than those for prm61§1tat10nu For
these measurements the best sites are those that are somewhat
open to wind movement. f

For snowfall and snow survey measurements the gaging sites
should be away from the immediate influence of trees, buildings
and water bodies and in such a position as to afford a fair
representation rf surrounding condtions. A station should not be
sited upon, or close to, steep slopes, ridges, cliffs or hollows.
¥or some purposes (e. g., modeling crop conditions) the station
location should be situtated to measure the conditicns in the
agricultural field. However, for use in modeling river basin
conditions the site location should represent average conditions
in the basin rather than those of local conditions.

The location of the site with respect to the general
direction of storm movement during periods of precipitaticn i1s an
important factor as to how well the premxgztat;mn at the site
relates to the average precipitation in the general area. In
this report this is referred to as the representativeness of the
site. Based on experience in developing procedures for

forecasting water supply for the mountainous areas of the western

United States, louating gages at sites that are “exposed” to the
general dzva&txcn of storms is an important factor for the data
to be of most value., Recent work by Hydex in developing
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technigues for network design in mountainous areas hes also
demonstrated that a measure of how well a site is "enpovsed™ o
general storm movement is an important parameter fox \\
understanding the relation of average precipitation at one -
location with average values at other locations.

In summary, for precipitation or snow survey information to
be of most value for forecasting the seasonal snowmelt runoff in
mountainous areas, it is important to know the relation of the
ﬁveci@iuatien catch to the true precipitation and how wmll the

site is “"exposed" (representativeness) to the general direction
of movement of storms.

For high elevation basins like the Susitna there may not be
many sites that provide protection from wind and are also well
"exposed™ to the general direction of storm movement. In the
fnllowing discussions the need for protected and representative
sites where precipitation and snow survey measurements are made
is a major consideration.

Consideration is also given to the techniques for adijusting
precipitation measurements to correct for wind effects and to
obtaining enhanced knowledge of precipitation at high elevations
by using meteoroclogical parameters to extrapolate measurements
observed at lower elevations. The advantages of remote sensing
are also presented.

3. EVALUATION OF EXISTING DATA COLLECTION PROGRAM

The data requirements for the forecasting service depends to
some extent on the models selected. How well the data collected
meets the forecasting program needs depends upon the network
design and on the accuracy and representativeness of the
observations.

A. Data Requirements for Long-term Seaonal Forecasting

Data requirements for preparing long-term seasonal water
supply forecasts may be different than those for short-term
forecasts during the May-September period. For seasonal
forecasts issued on or hefore May 1 a knowledge of the winter
precipitation (and/or water equivalent of the snow cover) ia
required. Comments on the usefulness of the measurements from
the established meteorological stations in the basin for 1@ﬂgm
term seasonal forecasting are given below.

{1} Air Temperature. Temperature measurements are not
specifically required for most forecast models
unless there are periods of winter snowmelt. Tem-

perature measurements have been used along with wind

movement for adjusting precipitation records for
deficiencies in gage catch (7).



(2)

Observations now recorded in the basin are the
maximum, minimum and mean air temperature in degrees
Celsius.

7ind Measurements. Like temperature, wind measure-
ments are not required for forecasting long-term
seasonal runoff. Wind measurements are used to
adjust precipitation records for deficiencies in
gage catch and to estimate precipitation at high
elevations using meteorological models.

Six daily values for wind are recorded at the
meteorological stations: average wind speed in m/s,
maximum gust speed in m/s, direction of maximum
gust in degrees, resultant wind direction in
degrees, resultant wind speed in m/s, and pre-
vailing wind direction to 16 points of the compass.

Moisture (humidity and dew point) Measurements.
Generally models that forecast seasonal water supply
generally do not require input of moisture
measurements. Measurements of moisture could have
some value for computing sublimation in snowmelt
models.

Daily values of the mean daily relative humidity
in percent and the mean daily dew point in degree
Celsius are recorded at the meteorological
stations.

Precipitation. Precipitation, along with measure-
ments of the water equivalent of the snow cover, is
the most important meteorological input for models
forecasting seasonal water supply during the winter.

Precipitation is generally not measured at the
meteorological stations during the winter

except occasionally for the month of April.
?recmyitatlan measurements are available from the
Wyoming gage at the Watana meteorological station.

Radiatinn Measurements., Measurements of solar
{short wave) and long wave radiation are not
generally required for seasonal water supply
forecasts made during the winter. The need

for radiation measurements, especially during the
winter, is not clear,

Radiation measurements are made at some of the
meteorological stations using a Photovoltailc
Pyranometer (RS 1008) which measures ircoming direct
solar radiation and diffuse sky radiatiocn. The only
available information on this ;'m%vmmﬁﬂt Was
furnished by R & M Consultants. The instrument

1g



{6)

division of the National Weather Service, NOARA, has
made no evaluation of the accuracy or reliability
of this instrument. The following facts make the
reliability of the recorded data during the winter
months of gquestionable value:

(a) The information on the pyranometer states
that the cosine response of the instrument
is true over a range of 70 degrees. It is
not clear if this is 35 degree each side of
vertical or 70 degrees from the vertical.
In any event, during the winter months the
sun is at a very low angle and the response
of the instrument to the solar radiation
would not be accurate.

(b) Most of the instruments observed during
the field survey were covered with snow and
ice. This probably occurs cften during the
winter esp=cially following periods of
snowfall and the sensors remain in this
condition until the snow and ice are blown
off, melted off, or are removed during an
inspection visit,

{c) The brouchure on the instrument furnish-
ed by R & M Consultants provides some
information on the effects of temperature on
the change in output for constant radiant
input. However, this information is furnish-
ed relative to 28 degrees Celsius and only
down to 0 degrees Celsius., How the instru-
ment responds to the very cold temperatures
of Alaska is not known.

Snow Course Measurements. The depths and water
equivalent of the snow cover are read near five
stakes that are installed in the ground along a line
extending north from the instrument shelter at some
of the meteorological stations. Because these sites
are generally open to wind movement, the depth of
the snow cover is primarily limited to the height of
the stubble along the snow course, Except for those
stations which have natural protection from wind
movement {such as at the Sherman station) these
measurements are of no value to the water supply
forecasting program.

ot



Some snow courses established by the Soil

Conservation Service and by R & M Consultants have
aerial markers that are read from Lelicopters or
light aircraft. This technigue has proven sSuccess-
ful in other high elevation snow areas where some

water eguivalent measurements for computing snow
density are available at similarly located sta-
tions. The value of the readings is related to the
windiness (exposure) of the aerial marker snow stake
site. If the immediate area is protected from wind
movement, such as by trees or by terrain features,
the readings can be of considerable value for
seasonal water supply forecasting.

B. Results of Field Survey.

Comments on nexposure of precipitation and snow survey
measurements sites visited during the field trip on December 13,

1984, follow.

The exposure classification for the immediate area

of the gage or snow course is based on the system developed by
Trown and Peck (4).

(1)

Watana Camp Meteorological Station.

Exposure. The site is open and is classified as a
windy site. There is a slight rise in the terrain
£o the north of the measurement site. The location
is exposed to the west and the site is considered as
representative for storms in the lower portion of
the basin,

Precipitation. A Wyoming precipitation gage has
been installed. However, the maintenance of gage
is poor. The wind vanes dip in the middle

of each section and the northern section was
disconnected at top and hanging down. The precipi-
tation gage catch in properly constructed Wyoming
gages is considered to be more consistent (approx-
imately 90 percent of true value) than a gage in a
windy location without such protection.

Snow cover survey. Records of water equivalent or
of snow depths from the five-stake snow course at

the station are of little or no value for a water

supply forecasting program.

{2) Monahan Flat Snow Course Station (8CS)

Exposure. The present site of the snow course is

in trees southeast of lake. The classification of
the exposure of the site is rated as fairly well
protected to moderately windy. Prior to 1983 the
8CS snow course was located in a much more open site
and therefore records for the two periocds are not

12
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4)

comparable. Measurements have been made from

both sites. All published records are from the oid
site. The SCS plans to published adijusted values
for the entire period when a sufficient overlap of
data is available. Snow appearance in the area
during the field survey indicated that the wind
movement at the Monahan survey site is much less

than 5 miles to the south near the Denali Highway.

The station location is representative for the
central portion of the upper Susitna basin

Susitna Glacier Meteorological Station

Exposure. The measurement site is on a ridge be-
tween two forks of the Susitna Glacier. The
primary drainage wind movement is below the eleva-
tion of the station. However, during storms, the
site could be subject to strong wind movement.
Therefore the exposure of the gage site is classi-
fied as windy. Snow course measurements at the
site would be poor.

The site is open towards the southwest. The site
is considered good for representing the upper
portion of the basin. In fact, true precipitation
or adjusted precipitation values from the site
would be nearly ideal for representing the high
glevation area of the basin.

Caribou Snow Course

Exposure. The site is not protected from wind
accompanying storms but is protected from general
winds, especially the major drainage winds in the
area. The site is classified as fairly well pro-
tected to windy. The measurement site is located

in a saddle at a high elevation south of the Susitna
Glacier. The snow course information is probably as
good as one could obtain from a site at a high
elevation in the basin.

The site is opened to the southwest and measurements
should be representative of snowfall at high
elevations in the basin.

Denali Meteorological Station

Exposure. The gage site is completely open with
no protection from wind. Due to this and the fact
that the site is subject to strong drainage winds,
the gage site is classified as very windy.

The precipitation gage was in need of

repair and was also unlevel., The precipitation

ot
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(6)

(7)

gage in use does not have sufficient

strength for the winds experienced at this site.
Snow course data observed at five surface stakes
extending north from the instrument shelter are
considered useless. A location a half mile to the
northeast of the present site would place the gage
in trees and out of the path of the strong drainage
winds that originate in the glaciers upstream £from
the station. Relocation of the gage would reduce
the bias and variability of the precipitation mea-
surements in relation to true precipitation.

The location of the present site (or the proposed
one) is considered to be such that true information
on the actual precipitation at the site would be
representative of the precipitation at the middle
elevations of the basin.

Tyone Meteorological Station (Discontinued)

Exposure. The site is in thinly scattered trees
near the Tyone River., No strong wind movement
was evident from snow patterns. The gage gite
is classified as fairly well protected to
moderately windy.

The measurements would be considered as repre-
sentative of a large portion of the lower drainages
of the Tyone and Oshetna River Basins.

Kosina Meteorological Station

Exposure. The location of the gage is open with
little or no protection by trees. The appearance
of snow in the area of the gage indicates fairly
strong wind action. The gage site is classified
as windy. A location to the north at lower
elevation in trees would provide a much better
measurement of precipitation and snow cover.

Accurate measurements at this site would be
representative of a large area of the middle
Susitna Basin around the proposed Watana Reservoir,

Devil Canyon Meteorological Station

Exposure. The station is located on a small ridge
with protection from wind movement afforded by the
general terrain. The gage can be affected by wind
during snowfall. Although the exposure of the
present gage site is fairly good (classified as
fairly well protected) relocating the precipitation
gage just to the north off the ridge and in trees
would enhance the protection for the gage {(to well
protected) .



The site is considered to be representative of a
large portion of the lower middle basin.

{(9) Sherman Meteorolcgical Station

Exposure. The gage can be affected only by strong
downdrafts during storms. The site is classified
as well protected. 1In fact, because of the good
protection the snow builds up on the wind sensors.
During the field visit the wind sensors were com-
pletely inoperative because of snow and ice
accumulation. Snow survey measurements at the site
are considered to be very good.

The station location with respect to general storms
makes the site very good for representing precipi-

tation and/or snow cover for the lower portions of

the basin near the village of Gold Creek.

C. Field Observation of Wind Movement in Basin.

The light snow cover that existed over the basin during the
aerial survey on December 13, 1984, provided an unusual
opportunity to observe the general wind movement patterns of the
basin. The snow cover for regions with light wind movement was
smooth and unbroken. In other areas the snow was blown into
ridges or showed other evidence of wind action. The area having
the most effect of wind action was approximately 10 miles west of
Denali near Butte Lake. Strong wind effects were seen south of
Butte Lake as far as Deadman Lake. Flying north from Butte Lake
over the Denali Highway towards Monahan Flat the wind effects
became less observable. There was little evidence of strong wind
movement in the immediate area of Monahan Flat.

Drainage winds originate over the Susitna, West Fork Susitna
and Bast Pork glaciers and flow downhill towards the confluence
of the West and East Forks of the Susitna River. The wind flow
tends to split near Denali with a major flow westward towards
Butte Lake and the rest moving down the main Susitna River
channel,

D. Evaluation of Snow Course Information

The location of all snow course sites (8C. _nd R & M) not
visited during the field survey were located on U. 8. Geclogical
Survey maps and the terrain features for each site were reviewed.
The stations have been well located and are considered to be
re resentative of the snow cover in the general area of each
site.

The following evaluation of exposures for snow survey
courses in the Susitna Basin was provided by George Clagett, SCS
gnow survey supervisor, based on his personal experience:



Table 1

Classification of Snow Course Exposures
by George Clagett

Snow Course Classification
Cathedral Creek (new) ?
Clearwater Lake {(reactivated) pcor
Devils Canyon (aerial marker in trees) good
Fog Lakes faixr
Horsepasture Pass (aerial markey) fairx
Jatu Pass fair
Lake Louise excellent
Malemute 2 {new) ?

Monahan Flat (and precip gage) fair
Monsoon Lake (new) ?

Sguare Lake excellent
Tyone River (reactivated) good
West Fork Glacier excellent
Watana Camp (Wyoming gage) poor

4, Data Requirements for Hydrological Forecasting.

The data used in hydrolecgical forecasts can be divided into
two grouns: the material required to develop the forecasting
method (calibration or parameter estimation) and the information
needed to operate the forecast (operation). Data requirements
depend upon the forecast method used, the time period of the
forecast and the hydrolegical characteristics of the basin.

Factors affecting the decision to use different hydrological
forecasting models are discussed in Chapter 3, Model Technology.
Although available data may restrict the actual choice of
forecasting methods, the recommendations for changes in the
network presented in this chapter assume that the project will
support a network that will meet realistic requirements and that
a physically based (conceptual) model will be an alternative (at
least for headwater areas). ‘

Calibration of a model requires conventional time-series of
hydrological information (i.e., precipitation, temperature and
streamflow) as well as information on constant basin and river
characteristics, such as subcatchment areas, area of woodland,
soiltype, channel dimensions and slopes, and, in the case of the
Susitna Basin, on glaciers.

For operational forecasting, data requirements include the
hydrometeorological data specified by the forecasting scheme to
characterize the state of the catchment immediately before the
issue of the forecast and may include a measurement of the
forecast element itself for monitoring the forecast performance
or updating the forecast model.

}x.«&
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Only the hydrometeorological data required to calibrate and
@zw%@ forecast models are discussed in this chapter. Because
the unusual climatic conditions in the Susitna River Basin,
cial attention has been given to preblems of collecting
urate and representative measurements and to evaluating the
isting collection network.
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5. Climatological Data Requirements for Model Calibration

A primary data need for calibration of a forecast model is
time series of precipitation, water equivalent of the snow cover,
air temperature and streamflow. Care must be taken to insure
that there is not a bias between the data used to develop the
forecast procedure and the data used for operational forecasting.
Consistency of the records is as important for calibration as
having records of sufficient length of the reguired data.

The application of any hydrologic model to a basin requires
experience and hydrologic expertise for best results. A
statistical model {(commonly referred to as a black-box mndel) can
be adopted to a basin without considerable knowledge of the
hydrological characteristics of the watershed. The overall
operational accuracy of a black-box model may not greatly differ
whether applied by someone with experience or by one without much
experience. However, for application of a conceptual model the
operational accuracy from an experienced hydrologist and from one
without much experience can be greatly different.

To best adapt a conceptual model to a basin, the modeler
should understand the mathematical representation of the model
and how this relates to the real world. 1In applying a conceptual
hydrologic model to a basin the model representation must relate

to the real world conditions. Thus, the components of the basic
water balance egquation

Discharge = Precipitation minus Basin Losses plus
Change in Storage (1)

must be realistic. If this condition is not met the calibration
{parameter estimation) may be biased and the model, while
demonstrating a good relationship for the calibration period,
might not be of much value for conditions not covered by the
calibration period. This has been demonstrated in the paper
"advantages of Conceptual Models for Northern Research Basins
Studies" by Eugene L. Peck and Thomas R. Carroll (8). This papetx
also demonstrated that additional information not used in the
calibration can not be used at a later time to improve the
model's accuracy if the calibration is not in line with real
world conditions.

To insure that the calibration of a model in mountainous
areas is in line with real world conditions the modeler must have

.



a good knowledge of the basin's average precipitation. This

requires accurate maps (ischyetal) of the seasonal Qzﬁv%pi@atiﬁﬁ

that are most related with streamflow. At the present time there

are three isohyetal maps of annual precigitati@u for the Susitna
9

River Basin. These were prepared by NJAA in March 1974 (9
the SCS in August 1981 (10) and by the State Climatologist fo
ABlaska (11). As far as can be determined, the maps were
developed using only station means for whatever periods of record
were available -- not specifically taking into account
topographic effects and probably not making maximum use of snow
course measurements.

A good method for developing isochyetal maps in cold climate
mountainous areas is the anomaly technique developed by Peck and
Brown (12). In this technique the authors develop maps for
seasonal periods during which storm paths are fairly consistent
and significant relationships can be established between average
preciplcation values and topographic features., These rela-
tionships are used in preparing the seasonal ischyetal maps.
These seasonal maps are qraphically added to obtain annual maps.

The technique has provisions for using snow cover measurements to
provide additional estimates of winter season precipitation.
Relationships between annual precipitation values and topographic
characteristics are not generally adequate for preparing annual
maps directly.

B substantial portion of the May-September streamflow in the
Susitna River Basin results from precipitation that occurs during
the winter months of October-April, The most useful application
of any conceptual (and even statistical) model for forecasting
the long-term water supply runoff for the basin could be achieved
only with the use of an accurate and representative ischyetal map
for the October-April winter season.

Measurements of year-round precipitation are very limited
for the Susitna Basin. The actual calibration of any model to
the basin should be delayed until this lack of data is improved.
As discussed in Chapter 3, the period of time that records are
required for calibration depends to some extent on the range of
conditions that are covered by the records available for use in
calibration. Most ideally, as wide a range {(from very high
precipitation years to years with very light precipitation)
should be available. If a wide range of conditions does exist,
four to five years of records may be sufficient to obtain a good
calibration for a conceptual model. As many as 20 to 30 years of
records may be required for application of a statistical (black
box) model.

6. Operational Data Requirements

The primary concern in forecasting with any model is the
uncertainty of the forecasts, Measurement errors, model errors
and the natural variability of meteorological inputs are causes
of uncertainty in the forecasts. Methods exist to evaluate the
accuzacy of hydrological instrumentation, to quantify the natural
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hydrological variability of meteorological inputs and to assecss
the accuracy of the hydological models by empirically comparing
simulated results with observed data.

A major source of uncertainty for forecasts whose lead time
{time from forecast issuance to observed flows) is greater than
the time of concentration (time from occurrence of rainfall to
observed flows) is the uncertainty in future weather conditions,
especially the occurrence of precipitation. Thus an early
seasonal forecast issued on February 1 has a high degree of
uncertainty since precipitation for a considerable portion of the
season has not been observed.

Since the Susitna Hydroelectrical Project forecasting need
is primarily for short- and long-term water supply forecasts from
May through September the primary data requirement is for
measurements that adequately describe the magnitude and spatial
distribution of precipitation (especially snowfall) in the basin.
Accurate and representative measurements of the snow cover as of
april 1 have been found to be very useful in describing the
average winter snowfall and for forecasting the runoff that
results from that snow cover in basins where there is little
snowmelt prior to April 1., This is in part due to the fact that
the snow cover as of April 1 is generally near or at the maximum
water equivalent of the snow cover for the season.

For forecasting seasonal water supply runoff on dates ocother
than April 1 (using the April snow course data), accurate and
representative measurements of precipitation (rain and snowfall)
are required. Therefore, for seasonal forecasts prior to April
1, for seasonal forecasts after April 1, and for short-term water
supply forecasts, precipitation measurements are essential for an
operational forecast program for the Susitna River Basin.

Data required to support a hydrolegical forecast program in
the Susitna River Basin are discussed by data type in the
following paragraphs:

a. Streamflow. Streamflow measurements are made by
the U. S. Geological Survey. Ideally, observations
of river stages (for conversion into discharge
values) should be available in real time for all
forecast points.

b. Reservoir Storage. To compute reservoir inflow,
lake stage values (for converting into reservoir
storage) should be available in real time for all
reservoirs for which inflow water supply forecasts
are to be issued.

Ce Reserveoir Releases. As for reservoir storage,
real time information on the amount of water
released from reservoirs should be available for all
reservoirs Ffor which forecasts are prepared. The

Lo



yformation would also be required to forecast river
conditions below the reservoirs for environmental
and river operations.

Snow Cover. The primary snow measurements re-

quired are water equivalent for selected snow
courses. The Soil Conservation Service (SCS) has
recommended procedures for establishing and oper-
ating snow survey stations. Measurements of the
water equivalent of the snow cover should be
available either in real time or at set times durinc
the season. The SCS also establishes snow markers
for reading the depth of the snow cover from
aircraft. Some of these are in use in the Susitna
Basin. The National Weather Service has an
operational program to measure the average water
equivalent of the snow cover by means of aerial
gamma radiation surveys (13)., These measurements
provide average values of the water equivalent (or
measure the soil moisture) of the snow cover for an
area about 1500 feet wide and from 6 to 10 miles in
length compared to the small area of a single snow
course. Such measurements would be of value for the
Susitna River Basin.

River Ice. Measurements of ice cover on rivers

is not critical for the water supply forecasting
program. They are of value for other hydrological
or envirommental purposes.

Glacier Measurements. Information on magnitude

of snow and ice making up the glaciers in the
Susitna Basin would be of pctential value for use in
the water supply forecasting program. Knowledge of
the areal extent is an important factor that could
be obtained from aerial (or satellite) photographs
prior to the beginning of snowfall in each season.
Other factors that could be of value include
periodic measuvrements of the albedo of the snow
cover on the gluciers, measurements to determine the
winter balance (what comes in during the winter
period) and the summer balance (what snow and ice
melts dur}ng the summer) and measurements to
determine during a season if a glacier is
accumulating additional ice or is wasting.

Except for measurements of the areal extent of the
glaciec¢s prior to winter and possibly remote sensing
measurements of the albedo of the snow cover, no
other measurements listed above are presently
available or useful for operational forecasting.
Techniques for handling snow and ice melt from
glaciers in an operational forecasting program will
be covered in Chapter 3, Model Technology.
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Precipitation. Measurements of precipitation and

snow cover are the primary inputs for m&dﬁuw that
forecast water supply for basins such the Susitn
River Basin. For seasonal forecasts iﬁam@f monthly,
only measurements of monthly @T@Gl@itﬁ?iﬂﬁ ané/cr
the water eguivalent of the snow cover may be
sufticient to provide generalized @wtiaﬂkg prior to
beginning of the snowmelt seascn. Short-~term
forecasts of water supply (i.e. inflow to a major
reservoir for the next two weeks) require daziy
measurements of precipitation (sncwfall and rain-
fall), air temperature and forecasts of future
precipitation and temperature conditions. The same
measurements would also be required to produce
revised forecasts of the subsequent reservoir infliow
for the rest of the season.
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Meteorological. Various hydrological forecast
models require metecrological measurements of
temperature, wind, radiation and evapcoration. In
addifi@ng knowledge of meteorclogical conditions
i.e.,, parameters relating to prewlyltatxaﬁ and
storm wind directiocn) can be used to improve the
knowledge of the magnitude and variation of
precipitation in a basin. Remote sensing measure-
ments of precipitation, snow cover and scil moisture
may also be used as inputs or for updating some
hydrological forecast models. Comments of need for
meteorological measurements are given below:

(1) Temperature. Measurements of air ﬁ@mpgzw
ature are required in most snowmelt forecast
models. Air temperature is also used in m@my
conceptual hydrological models to estimate
the form of the precipitation (solid or
liquid). It is assumed that daily temper-
ature measurements (maximum and minimum
temperature) will be required for the
recommended operational program.

{(2) Evaporation., Estimates of the rate of daily
evaporation in a basin are not generally
regquired for seasonal water supply fore-
casting but mayv be used for short-term
forecasving. Evaporation estimates can be
based on pan measurements or derived from
meteorological measurements of wind, tem-
perature and some measure of incoming solar
radiation {(i.e., such as percentage of
cloudiness).

{3y Wind. Wind measurements &re not used
directly in wost hydrological models. How-
ever, wind measurements can be useful in



adjusting precipitation measurements
account for adverse wind &ﬁﬁ?ﬁu tha!
the precipitation catch. %
may alsoc be used in @Ctzm
and for computing wind
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(4) Radiation. Some sncw melit models use
radiation as an inpuc. However, based on
experience of the National Weather Service
River Forecasting Service, it is very
difficult to obtain and to maintain con-
sistency in radiation measurements for
operational forecasting. There are alter-
native methods for obtaining estimates of
radiation. Unless there is a c¢lear need for
radiation measurements, their use should be
avoided,

{(5) Meteorological Parameters. Upper air
parameters can be used to enhance the
knowledge of the magnitude and distribu-
tion of precipitation in relation to topo-
graphy. Such parameters can be used for
this purpose in conjunction with point
precipitation measurements or with infor-
mation obtained by remote sensing {(e.g.,
radar or satellite observations).

7. Recommendations for Changes in Data Collection Program

R & M Consultant Stephen Bredthauer's letter ¢f March 8,
1985, (Appendix E} comments on the preliminary recommendations
for changes in the location and operation of the meteorological
stations in the basin have been considered in the following
recommendations:

Caribou Snow Survey site

We agree with Bredthauer's recommendation to operate a
meteorological station at the Caribou snow survey site.
However, it is believed that May-September precipitation
measurements at a site with similar exposure as that for
the Susitna Glacier staticn would be very valuable for
the project.

Tyone site

=

e agree that there may be a better site for the Tyone
station,

23
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Devil Canyon Site

e that the station could be moved to the High Lake

We agre
tion for the reasons indicated.

iocsa
Kogina Site

We agree with relocating to a site near a lake. However,
we feel the station should not be moved too far since its
location fills a major gap in the proposed network.

4. Changes in Winter Measurement Program

The location of the meteoroclogical and snow survey (snow
covrses and aerial markers) stations are well selected to
represent the various areas of the Susitna River Basin. However,
the data collection program does not provide sufficient accuracy
or guantity of information on the precipitation for the entire
area. As indicated in the previocus sections some of the data
being collected during the winter months are not required for
support of a water supply forecasting program. Recommendations
for changes in the data collection program during the winter
months are:

{1y Discontinue all measurements at meteorological
stations except precipitation, wind movement and air
temperature at observation time.

{2} Increase the number of stations at which met-
eorological data are collected during the winter to
those shown on Figure 2 and as indicated in Table 2.

{3} Install eguipment for telemetering meteorological
measurenents.

{4} Develcp or purchase (see chapter 4) computer and
software capability for collecting and processing
the meteorological measurements and to monitor
and evaluate the data in real time.

(5} Maintain March 1, April 1 and May 1 snow surveys
at snow courses and of aerial markers
for the stations shown on Figure 3 and as listed
in Table 3. Possible improvements in locations of
snow survey stations should be discussed with George
Clagett, SCS snow survey supervisor, based on his
evaluation of the sites as listed in Table 1. The
number of snow survey stations required for the
operational forecasting may be reduced when actual
forecast procedures are developed.
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TABLE 2
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Recopnended

Station

Susitna Glacier

Denali

Tyone

Kosina

Watana

Devil Canyon

Monahan Flats

Caribou

Cathedral Creak

Clearwater Lake

Sruare Lake

Sherman Station
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Changes and Variables to Heasure

Discontinue. Locate a precipita-
tion station to operate May-Sep
with similar exposure and distance
to high mountains and not reguiring
over-glacier service flights.
Relocate to protected site (precip-~
itation, temperature and wind move-
ment)
Reactivate at protected site (pre-
cipitation, temperature and wind
movement)
Relocate to protected site (preci
itation only)
Rehabilitate Wyoming gage (pi
n

%«;
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-ing,
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itation, temperature and wi
ent for water supply forecas
other variables as required)
Relocate to High Lake {(precipita-
tion only)

Establish at SCS location (precip-
itation, and temperarture and
wind movement)

stablish at snow survey site
{precipitation, temperature and
wind) Consider installation of
Wyoming shielded gage.

Establish a precipitation gage
only in protected site with
exposure to southwest and not
requiring over-glacier service
flights for May-Sep

period only.

Establish at snow couse location
in protected site if possible

or consider Wyoming ¢age install-
ation., {precipitation, tempera-
ture and wind movement)

Establish at snow course location
in protected site if possible
{precipitation only)

Establish at snow course location
in protected site if possible
€9§waﬁpﬁiﬁi;fn onivl.
Discontinue 1f not needed for
other purposes.
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Figure 3 Snow Survey and Meteorological b%atzmﬂsf Present
and Proposed, Susitna River Basin



TABLE 3

Snow Survey Courses

Station

West Fork Glacier
Caribou

Yaldez Creek

Boulder North

Susitna Glacier Main Fork
East Fork Susita Glacier
Pyramid

Jatu Pass

Monahan Flat

Butte Creek

Cathedral Creek
Clearwater Lake

Tyone River

Lake Louise
Horsepasture Pass

Square Lake

Fog Lakes

Devil Canyon
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B. kacomunended changes in data collection program during
~he summer months (May-September).

The forecasting program will reguire daily streamflow
makzon for the Susitna River at Denali, the MacLaren Rivery
Paxson and the station to be established in lieu of the
ma River at Cantwell. Recommendations for the summer

ions for streamflow gaging stations are;

[
=y
w

e
iy
S0

O3
o ifs

i‘

26 B

(1) Install equipment at the three U. S. Geological
Suvey stream gaging stations listed above for
telemetering river stages. When reservoirs are
in operation, informaticon on reservoirs stages
and reservoirs releases will also need to be
telemetered.

(2) Maintain the meteorological stations listed 1in
Table (2).

{3y Develop computer and software capability for
collecting and processing the streamflow and
meteorological daca and to monitor and evaluate the
data in real time.

{4) Continue pan evaporation measurements at the Watana
Camp. The eguipment consists of a Class A point
measurement evaporztion pan equipped with water
temperature sensurs. A pan anemometer should b@
installed. The site should be an open site and
as free as possible from influence of wet areas.

(5) Collect at the Watana Camp station {(and possibly
at cther sites around the Watana Reservoir)
additional metecrological measurements required
for other purposes. These may include long and

short wave radiation measurements, homidity
meagsurerents and additional wind measurements

Fad

4. Other Recommendations

To insure that the forecasting program will operate at

maximum efficiency when the reservoir is completed, the following

actions must be taken in the near future to have adequats
information for calibratio: of the forecast models.

A. Data Collection Program

The data collection program recommended in the previous
gsection should be commenced as soon as practicaeble.
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B. Preparation of Seasonal Isochyetal Maps

Isohyetal maps (October-April, May-September and annual)
uld be developed for the Susitna Basin. The maps should be
ed on physiographic relations and make maximum use of the
ge amount of information available on precipitation patterns
Alaska. This includes studies on metecorological patterns
oziated with snowfall (14), studies on frequency of occurrence
%muﬂﬁerat@tms {(15) and studies on storm movements (16).

»»a

7

]

e

}1
mr@w méa

O oM

My 0O

C. Techniques for Adjusting Snowfall Measurements

Techniques to adjust precipitation (snowfall) measurements
sing wind movement measurements to improve their accuracy and
pfn%@ntatlveness for use in the hydrological forecasting models
as discussed in section 2 of this chapter) should be developed
so that the technigues can be applied prior to calibration of the
models.

.sm ?"’?

9. Future Items for Consideration

Depending upon the success of the calibration and
operational use of the hydrological forecasting models, other
actions may be considered in the future. These may include
reviewing the use of satellite information to improve knowledge
of the temporal and spatial distribution of precipitation, the
use of aerial gamma radiation surveys to measure water equivalent
of the snow cover over non glacierized areas and the use of
meteorological models to improve the knowledge of precipitation
at the higher elevations of the basin.
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CHAPTER 3

MODEL TBECHHOLOGY

. Facteors for Selecting Forecast Models

s

Many excellent hydrometeorological reports on the Susitna
n have been furnished by Harza-Ebasco and no effort is made
ummarize the findings of these reports. However, there are
;ya} factors that have an important bearing on the
ological regime of the basin that need to be given special
sideration in selecting models for forecasting the short- and
ﬁg term streamflow for the basin.
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L. Data Limitations

A primary consideration as to the type of model that can be
used is the adequacy and availability of basic data for applving
the model to a basii. The only hydrometeorological basic data
that has been recorded continuously in the basin for a fairly
long period of time have been streamflow wmeasurements by the U.
S. Geoclogical Survey and snow survey measurements by the Soil
Conservation Service. Records of other hydrometeorclogical
parameters (precipitation, temperature, wind, radation, etc.)
have been collected by R & M Consultants in the basin since 1980
and are discussed in the Chapter 2.

One result of z sparse data base is a limitation on the use
of statistical models for forecasting seasonal runoff,
Correlations between long-record, consistent precipitation and/or
snow course obscrvations and streamflow records are required for
the development of those procedures. The only records in the
Susitna Basin of sufficent length for developing a statistical
relationship with the streamflow records are snow course
measurements. Even these are limited in their usefulness because
some of the snow courses are subject to considerable wind action
and some have been moved and do not provide a consistent index to
the average sSnow cover.

Correlations between April 1 snow course records and May~-
September runoff for subdrainage areas in the Susitna Basin
indicate that less than half of the variability (coefficient of
determination, r?, less than 0.50) of the runoff is attributed to
the winter snowfall. Marchegiani (17) found a coefficient of
determination of 0.61 between a May 1 index {(weighted April water
equivalent from four snow course in the basin and the April
?f@ﬁipitavian at Gulkana, Alaska) and the April-September runoff
for the Susitna River at Gold Creek, Alaska. Since precipitation
has been measured for only a few years in the bhasin it is
difficult to develop a statistical index procedure using existing
records that would be an improvement over that found by
Marchegiani, It is evident from the low April | water
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eguivalents observed at most SCS snow courses and from the low
coefficients of determination reported above that a large portion
of the total runoff from the basin results from precipitation
durinyg the months of May through September.

B, Glaciers

information on glaciers in the basin is limited to a short
period of time and no consistent periodical measurements of the
areal extent of the glaciers, of the depth of firn ice or of the
perennial snow accumulatica on the glaciers are available.
William Harrison of the University of Alaska and R & M Consulants
(18) have determined that wasting of the glaciers during the past
30 vears was a considerable percentage of the average runoff
during that period. Recent calculations by Harrison {private
communication) indicate that 32 percent of the runoff of the
Susitna River at Denali is from summer melt from the glaciers and
that approximately 11 percent of the flow at Watana damsite is
from summer melt from glaciers.

Larry Mayo, U. 8., Geological Survey, Fairbanks, Alaska,
furnished the schematic diagram shown in Figure 5 depicting the
relative values of the annual precipitation and runoff at various
elevations for the Yukon Tanana Uplands and the Alaska Range area
east and southeast of Fairbanks (private communication). The
upper line on Figure 4 indicates the total precipitation which is
divided into the amount that is from rainfall, snowfall and the
amount that is perennial snow accumulation. The lower dashed
line indicates the total water losses from the basin which is
divided into the evaporation loss, snowmelt runoff, rain runoff
and the perennial ice ablation. Although the relative amounts of
the various portions of the precipitation and runoff would be
different for the Susitna Basin, the diagram provides information
that is important to consider in selecting or developing a model
for forecasting the runoff from the glaciated portion of the
basin.

The information on Figure 4 indicates that on the average
there is no runoff from rain on the glacier at elevations above
2100 meters. Mayo has stated that rain water above this
elevation is retained in the snow cover of the glacier and
hecomes part of the perennial snow cover. This snow cover either
contributes to the runoff at a later time as snowmelt ablation or
becomes part of the firn ice of the glacier.

C. Climatic Regime

The drainage area of the Susitna Basin is subject to
considerable difference in climatic conditions. The eastern
portion of the drainage area (lower elevations of the Maclaren
River basin and the Tyone River basin) are subject to a
continential climate as is the upper portion of the Copper River
Basin (repesented by the Gulkana Meteorological Station of the
National Weather Service). The climate of the lwwer reaches of
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the Susitna River Basin west of the Talkeetna Mountains can be
classifed as modified maritime (represented by the Talkeetna
Meteorological Station of the National Weather Service).

Most of the drainage area of the Susitna River Basin above
the Watana damsite is in a transition zone which is subject to
both modified maritime and continental climatic conditions.

The precipitation data that has been collected by R & M
Consultants from 1980 to 1984 were reviewed to evaluate the
effects of the varying climatic conditions over the basin. Maps
showing monthly values of recorded precipitation for stations
located in and near the upper Susitna River Basin are presented
in Appendix A. R and M Consultants have indicated that
measurements from the meteorological stations operated in the
basin may not include all snowfall. In general, it appears that
precipitation in October and April (the only maps available fot
the winter months) is in line with the amounts that occur over
the Cooper River Basin and is representative of continental
climate conditions.

During the summer, the precipitation over the upper Susitna
River Basin is more representative of a maritime climate. The
large amounts of precipitation recorded during some July and
August months at the Susitna Glacier station (Maps A-4, A-6 and
A~7) are a result of the inflow of moisture from the Gulf of
Alaska. Studies of thunderstorm activity in Alaska as discussed
in Chapter 2 (15) also show that this area of the basin is
subject to considerable thunderstorm activity in July, August and
sometimes September. The thunderstorms form over the southern
and western Talkeetna Mountains and move to the northeast.

1t is evident that a large percentage of the upper Susitna
Basin, especially the primary and west forks of the Susitna
River, recieve a major portion of their annual precipitation
during these summer months. Studies on the Gulkana Glacier east
of the Susitna Basin have shown that fairly heavy preciptiation
does occur on this basin during the late summer months. However,
the upper elevations of the Susitna Basin may receive more summer
thunderstorm precipitation than does the upper elevations of the
Gulkana Glacier. One reason is that the high mountains of the
Alaskan Range are oriented as to receive maximum precipitation
from thunderstorms that move from the southwest and that
originate over the Talkeetna Mountains. The mountains above the
Gulkana Basin are alsoc similarly oriented. However, the overall
summer thunderstorm activity in this area is probably somewhat
less since the mountains where the thunderstorms originate are
lower in elevation and are also more glacierized.

33



D. Runoff and Precipitation~Runoff Analyses
{1} Runoff Analyses.

Daily discharge records from streamgaging stations in the
upper Susitna Basins were plotted for the summer months for the
vears 1981, 1982, 1983 and 1984. Daily precipitation as recorded
at the Paxson and the Talkeetna weather stations operated for and
by the National Weather Service were also plotted for the same
periods as the daily discharges. For each year the following
plots are presented in Appendix B:

1. Susitna River near Denali, Alaska
2. Maclaren River near Paxson, Alaska

3. Susitna River near Cantwell by solid line and
combined daily flow for Denali plus Paxson by
dashed line

4, Daily precipitation for Talkeetna and Paxson

A subjective review of thece plots for the Susitna River at
Denali and of the temperature variations that occured each year
provide a good view of the runoff characteristics of this basin,
During the months of May and June rises in air temperature result
in an increase in the snow and ice melt with only a small lag
between the rise in temperature and a rise in the discharge.
Following heavy rain during the later months of July, August and
September there are also fairly rapid responses in the discharge.

For the Maclaren River near Paxson, increases in discharge
resulting from increases in air temperature during May and June
appear to be less noticable and generally start later. The rises
resulting from rainfall during the latter part of the summer are
more in line with those for the Susitna above Denali. Review of
the combined plots (Cantwell and Denali plus Paxson) shows that
the contribution from the intervening area below the upper gaging
stations and above the Cantwell gaging station (indicated by the
spacing between the dashed and solid lines} during May and June
varies considerably in relation to the amount of runoff from the
glacierized areas above the upstream gaging stations.

Semilog plots of the daily discharges for May-September forx
19811984 for the Denali and Paxson streamflow stations and for
the runoff contributed by the intervening area are presented in
apendix B (Figures B17 through B-28). Review of these plots for
May and June each year shows that the discharge peaks resulting
from snowmelt at the Denali and Paxson gaging stations are fairly
well correlated with possibly a longer delay of one to two days
in the time to peak for the Denali station hydrograph.
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An interesting fact observed from the Denalil and Paxson

lots is the gradual decay in the flows during August and
eptember (day 93 to day 153). The decay in runoff results from
he decrease in the areal extent of the snow cover. Peaks in the
uncff resulting from rain are superimposed on the decay curve.
This is an indication that a snowmelt model that accounts for
variability in the areal extent of the snow cover should model
the basin snowmelt very well.
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" {Z) Precipitation-runoff relationships

Studies on Probable Maximum Precipitation for the Susitna
River Basin were received from Harza-Ebasco {19 and 20). These
reports contained results of studies on unit hydrographs for
subbasins of the area and some application of the HEC-1 rainfall-
runcff procedure. In the report prepared by Acres (20) the SSARR
{(Streamflow Synthesis and Reservoir Regulation) model developed
by the U. 8. Army Corps of Engineers was adapted to the entire
basin above Gold Creek for part of the years of 1964, 1971 and
1972, The above applications of precipitation-runoff models to
the basin are sufficient to demonstrate that the basin can be
reasonably fitted with models. The accuracy of the relationships
was limited because of the lack of precipitation and temperature
data from within the basin.

ABlthough it was not planned to fit any model during this
study, in crder to better understand precipitation-runoff
relationships for the area and to obtain a knowledge of the
relative importance of different basic data, some statistical
,analyses were performed. These included correlations of snow
course, precipitation and temperature data with streamgaging
records for the Susitna River at Denali, the Maclaren River at
Paxson, the Susitna River near Cantwell and for the lower
intervening area of the basin (the area above Cantwell gaging
station excluding the area above the Denali and Paxson stations).

The August anoff of the Susitna River at Cantwell has a
0.77 correlation with the combined runoff observed during August
at the Denali and Paxson streamgaging stations. Using the
precipitation recorded during August at Talkeetna as an
additional variable increases this correlation to 0.84 even
though Talkeetna is over one hundred miles away. It is also
interesting that the July-September Talkeetna precipitation has a
corcelation of 0.77 with the July-September runoff from the lower
intervening area above Cantwell.

Summer runoff for the glacierized basins is not as well
related to precipitation observations. The best single cor-
relation with the May-September runoff of the Susiina River at
Denali is with the April 1 snow survey data observed at Monahan
Flats (r = 0.60 or a coefficient ot determination of oniy 0.36).
This indicates that the winter precipitation accounts for
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only a small portion of the May-September runoff of the Susitna

River above Denali. Other factors that influence how much runoff

will ocecur during the May-September period for this basin are:

1. Amount of energy received in the basin during the
summear months

2. The summer precipitation over the basin

-

3. The amount of snow carryover in the basin

A multiple correlation analysis was made to determine if the
effect of each of the above factors could be found using the
avaialable data base. Monthly departures from the average
temperatures at the Talkeetna meteorological station for five
months (May through September) were summed each year for an index
of the amount of energy received during the runoff period. The
May-September precipitation at Talkeetna was used as an index of
the summer precipitation in the basin, The May~September
precipitation of the previcus year was used as an index of the
amount of snow that was carried over from the previous year.

Most of this is seen as patches of snow on non-glacierized areas
at higher elevations prior to the snow cover of the current year.

The data uwsed in the correlation anlysis and the statistical
results are shown in Appendix C. The final correlation using all
four variables was 0.8" and the separate contribution indicated
for =ach of the four variables appears to be significant from the
t and F test statistics.

Although the correlation is not high, tne results are very
good since the analysis was made using only seasonal values for
data recorded a very long distance from the basin. The results
support the hypotheses that the winter precipitation for the
Susitna basin above Denali accounts for abcut half of the total
runoff from the basin during the period from May to September,

A trend analysis was made on the basic data. This gave a
correlation of 0.52 between the May-September runoff and time
{year to 2 digits)) with a trend towards increasing amounts.
This could be related to changes in the discharge measurements,
changes in the amount of wasting of the glacier, a real trend
towards wetter years or a combination of these factors.

During meetings with the various scientists in Anchorage an
interesting statement was made by William Harrison. It was his
observation that during years with very heavy precipitation there
seemed to be less runoff than would be expected for the Susitna
River at Denali. He also stated that there¢ seemed to be a
negative correlation between summer precipitation and the May-
September runoff. Althcugh no conclusive evidence has been
develop=d to prove Harrison's statements, the results of the
correlation studies using monthly means values seem to
substantiate to some degree his observations. In addition



correlate negatively with the May-September runcff of the Susitna
River at Denali..

There is no way to prove the interactive role played by
precipitation and temperature in the Susitna River basin above
Denali without detailed measurements from the basin. However,
assuming that the results of the correlations analyses made using
available monthly values are related to the true conditions, some
observations can be made. When heavy precipitation occurs during
the summer months the cloud cover is much greater and the amount
of energy reaching the basin is reduced. Although the total
runcff from the basin may be greater than it would have been with
less summer precipitation, the amount added to the perennial snow
cover above elevation 2100 could be greater than the amount
ablated. Thus the amount of snow added to the perennial snow
cover (and on the non-glacierized areas) during those years with
heavy summer precipitation (and consequently proportional less
snowmelt) should be much greater than during years with light
summer precipitation. This supports the use of the previous May-
September precipiation to account for the apparent increase in
runoff during the current vyear.

The method selected for forecasting the May-September runoff
'of the Susitna River at Denali and the Maclaren River near Paxson
should take into account the importance of the summer
precipitation and the carryover effects. If accurate and
consigstent measurements of the perennial snow cover on the
glaciers and of the carryover snow cover of the non-glacierized
areas of the basin were available they could be used to account
for this factor., However, such measurements are difficult to
obtain. Without such measurements, techniques can be developed
to handle this effect for forecasting the seasonzl water supply.
This can be done by finding a variable, such es the previous May-
Sentember precipitation, that is an index to the amount of
carryover and correlating this variable with the errors in the
forecast procedure for the seasonal runoff.

2. Model Alternatives

The factors discussed in the previous section are the
primary ones to be considered in selecting the models for use in
the forecasting program for the Susitna River Hydroelectric
Project. Another important factor for consideration is the
ability of the model to be updated using real time streamflow
measurements and/or other hydrometeorological measurements that
may become available in real tgm@ in the future.



The first part of this section consists ¢f a review of the
models that could be used for forecasting short- and long-term
runoff in the basin. This includes discussions on accuracy of
the forecasts for the various models and on the sensitivity of
the riodels to the basic data input.

The term "modeliling of hyvdrological systems"” generally means
the application of mathematical and logical expressions which
define the quantitative relationships between the flow
characteristics (output) and the flow-forming factors {input).
This is a very general definition which covers an entire spectrum
of approaches. At one extreme are the purely empirical 2
statistical "black box™ technigues that make no attempt to model’
the internal structure and response of the catchment system. At
the other extreme are technigques involving complex systems of
equations based on physical laws and concepts, the so-called
conceptual models. Both the statistical black box and the
conceptual models are deterministic models and any classification
of a particular model to cone class or the other forces a decision
on the degree of empiricism. In this review the terms black box
and conceptual will be used to classify the models.

Most deterministic models must be calibrated to a basin
using past records of hydrometeorological variables to determine
a set of paramters to fit the model to a particular basin. 1In
general, black box models require a longer length of record to
‘determine the most suitable parameter set. For conceptual models
some of the parameters can be determined directly from physical
characteristics of the basin (i.e., so0il type) and from analyses
of streamflow records (i.e., coefficients for ground water
discharge).

Because the Susitna basin has a large percentage of runoff
resulting from melting of snow and glacier ice, special attention
is given to review of approaches for forecasting the melting of
snow and ice.

Water supply forecasts for basins with considerable snow
cover {and glaciers) are made by three basic technigues:

a. Snowmelt forecasts,
b. Conceptual models, and

C. Time series analysis.

The models for forecasting the snowmelt will be considered
first, followed by a review of conceptual models for forecasting
the entire runoff from a basin (complete or in conjunction with a
snowmelt model). Many snowmelt models use a simple degree day
approach as an index of snowmelt.



A. MODELS FOR FORECASTING SNOWMELT AND RUNOFE FROM
GLACIERTED BASINS

{1) USSR Modeling

V.G. Konovalov (21, 22} and cothers in the USSR have
developed tecnniques for forecasting snowmelt and glacier melt.
For mountainous areas, most of the models compute snowmelt by
elevation zones and reguire considerable input of snow
measurements. For glacier melt forecasting; Konovalov (21) has
discussed the relative importance of knowing the ratio of the
accumulation and ablation areas of the glacier. In addition, he
has stressed the need for computing the separate estimates of the
volures of melting of pure ice, ice under the moraine, old firn
and winter and summer snow making up the total volume of melting
from a glacier region. The data requirements for these
approaches are deemed to be more than necessary for the Susitna
pvroject.

{2} Models for Predicting Runoff from Clacierized Basins

Andrew Fountain (U.S. Geological Survey, Tacoma, Washington)
has provided a copy of a chapter (23) prepared by him and Wendell
V. Tangborn (HyMET Cowmpany, Seattle, Washingtcon) for an
unpublished report by the Working Group on Snow and ice Hydrology
of Glacierized Basins, International Commission on Snow and Ice,
International Association of Hydrological Sciences. This report,
"Contemporary Techniques for Predicting Runoff from Glacierized
Basins," provides comments on .he advantages and disadvantages of
several models and includes a table summarizing the main features
of each mondel.

Most of the models reviewed in the report are research
models that have been applied to only a single basin. Exceptions
to this are the model by E. A. Anderson (National Weather
Service, Silver Springs, Maryland) which has been applied
coperationally by the national forecasting services in the United
States and Canada (including 11 basins in Alaska) and the
Tangborn model which was reported as being applied to three
basins in Canada.

{3) Eric Anderson Model (NWSFRS Snowmelt Model)

The Snow Accumulation and Ablation Model of the National
Weather Service (NWS) has been in operationrnal use by the NWS
since 1973 (24). Nibler, National Weather Service River Forecast
Center, Anchorage, Alaska, has modified the model to include the
presence of glaciers in the basin. The snowpack depletion curve
{area of snowcover as a function of snowpack water equivalent)
was altered so the minimum sgnowcovered area 1s equal to the
basin's glacierized area. This area is then assigned a snowpack
thickness greater than what could be lost by summer ablation.
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Nibler reports that this modification works satisfactorily

r estimates of seasonal runcff from glacierized basins, but it

disappointing for daily forecasts. Calculated runcff has a
guick and "flashy" response relative to the more slowly
onding observed runoff, which he suggests is caused by
neglecting storage factors of the glaulmrsc Parameter values for
eleven basins that are forecasted operationally by the NWS in
Alaska have been furnished by Gerald Nibler {private
communication). For most of these basins the model has been
applied with two zones (based on elevation).
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Although the NWS Anderson snowmelt model has generally
satisfactory results, certain deficiencies do exist. Insuffi-
cient knowledge of the actual occurrence (and of the normal
precipitation during the various seasons of the year) of
precipitation at higher elevations can result in runoff volume
errors. There is also a problem in cias<sifying precipitation as
to rain or snow based solely on maximum-minimum temperatures.
This is mainly a problem in basins where both rain and snow
fregquently occur during the same event. The above are
deficiencies in basic data and not in the structure of the model
and wo. .d be applicable to all models.

The Anderson Model uses temperature as the sole index to

" suowmelt but not in a degree day approach. Under certain
temperature conditions the use of air temperature as the sole
index of snowmelt has proven to be inadequate. This can occur
under clear skies with abnormally cold temperatures {under-
predicts), under very warm temperatures with little or no wind
{overpredicts) and with very high dew points and high winds
{underpredicts). The latter two conditions would not be a factor
in the Susitna Basin. The first condition should not be a major
oune because of the high amount of cloudiness that occurs during
snowmelt period in the basin. 1In any case, these conditions
affect the timing and magnitude of the peak runoff more than the
total volume for a period.

The Anderson model was reviewed in a report prepared by the
authors for the National Aeronautics and Space Aministation
(NASA), a diagram from that report (25) illustrating the model is
included in Appendix D {Figure D-1). Also included in Appendix D
are listing of the states and parameters for the model (Table D-1
and D=-2). Information on the schematic diagram and on the
definitions of states and param<ters as used in the NASA report
is included in Appendix D.

The parameters for the Anderson model have been found to be
related to climatic and physiographic characteristics and
reasonable initial parameter values can be obtained from a
knowledge of typical conditions over a watershed.

A discussion on the possible application of his model to the
Susitna Basin was held with Eric Anderson. Anderson believes
that for glacierized basins the daily forecast values of runcff



would have more variance than cobserved values but that this
effect would tend to average out for longer periods (such as for
a two-week forecast). He alsc stated that reliable seasonal maps
of precipitation would be required to properly calibrate the
model. He agreed with Gerald Nibler that a separate zone should
be included and assigned a large water equivalent value for the
glacierized area of the basin. With an areal depletion curve as
used in his model, he believes that you would not need many zones
(probably 2 but a maximum of 3). For models not having an areal
depletion curve many zones would be required as is done in the
USSR. Anderson furnished an unpublished report summarizing the
findings of the recent comparison study on snowmelt models
discussed in the next section. '

Anderson has fitted his model in Al=ska. An interesting
result is the difference in the shape of his curves for
distributing melt factors through the year as shown in Figure 5.
In the contiguous United States the curve is a sine wave; in
Alaska the curve stays at a minimum until it starts to rise
sharply during April. Anderson attributes this to the
differences in length of sunlight and is a reason why the streams
in Alaska do not have a significant increase in snowmelt runoff
until after May 1 as may be seen in the report on Daily Flow
Statistics of Alaskan Streams by Chapman of the NWS (26).

(4) WMO Comparison of Snowmelt Models

During the period 1978-1983 the World Meteorological
Organization (WMO) carried out an international comparison of
conceptual models of snowmelt runoff (27}, The final report of
this study has not been released by WMO but comparison figures
have been furnished to the participants and were reviewed 1in
Anderson's office. Three models developed in the United States
were included in the WMO comparison study and the calibration
used in the comparison study were those fitted to each basin by
the authors of the models.

The unpublished paper furnished by Anderson was prepared for
WMO by two Canadians (28). The statistics for the results of the
calibration and verification runs for the three U. S. models are
summarized below and are considered to be more representative
than most comparison studies where the models are often
calibrated by hydrologists who may not be experienced in
calibrating the models compared.

The U. 8. models included in the WMO comparison study were:
a. NWS Anderson Model

b. The Precipitation-runcff Modeling System
(PRMS) of the U. S. Geological Survey

c. The Streamflow Synthesis and Reservoir
Regulation Model (SSARR) of the U. S. Army
Corps of Engineers
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The statistical values of the simulated and observed
eamflow were compared in the unpublished study for
gnificance using four statistical variables. A value for each
the four statistical variables was computed for the
calibration-complete year, calibration-snowmelt period, verifica-
tion-complete year, and verification-snowmelt period) for each of
the three river basins that were calibrated by all three of the
U. 5. models. This provided a total of 48 cases. For each case,
each model's results were compared with the results ~¢ the model
having the best statistical value for that case. Th.oe hat were
found to be as significant as the best model for that c.se
(within a 95 percent confidence interval) were considered to be
as good as the model that had the best statistical value and were
considered as a tie for first place.
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Tables showing the ranking of the models for each of the 48
cases were presented in the unpublished report. The following
indicates how often each of the three U. S. models were ranked in
first place;

NWS Ranked first in all 48 cases
PRMS Ranked first in 22 cases
SSARR Ranked first in 21 cases

The Anderson model is the most physically based snowmelt
model in use today and the results of the test program indicate
its accuracy and reliabity for forecasting basins in different
climates. The model was developed from physical concepts using
detailed measurements of all measurable variables yet was
designed to use only standard measurements of precipitation and
temperature.

B. Conceptual Soil Moisture Accounting Models

Five conceptual soil moisture accounting models were
selected to be considered as alternatives for the operational
system for the Susitna Hydroelectric Project., These are:

Tangborn Model (HyMet)

National Weather fervice River Forecast System (NWSRFS)
Precipitation-Runoff Modeling System (PRMS)

Stanford Watershed Model (S5WM)

Streamfow Synthesis and Reservoir Regulation (SSARR)

Three of the above models were included in the review of
models completed by Hydex for NASA (25) and by the WMO (30).
This study provided a good method to study and compare models.
Since information on three of the models is available in the form
psed in the NASA study it was felt it would be beneficial to have
all models in the same format.
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The authors of the two models that weve not included in the
NASA study were contacted to obtain more complete information on
the models and their structure. Wendell V. Tangborn (HyMet
Company, Seattle, Washington) furnished information on the HyMet
model and George H. Leavesley (U. S. Geoleogical Survey, Denver,
Colorado) on the PRMS model. Schematic diagrams and <cefinitions
of states and parameters for the two models were prepared and
submitted to Tangborn and Leavesley for review. The schematic
diagrams and lists of definitions for all five models are
presented in Appendix D along with the same materiai for the
Anderson Snowmelt Model. .

A glossary of terms used in review of the models for NASA
and a legend for the schematic diagrams as originally published
in the NASA report (25) are reproduced in Appendix D. By
developing the diagrams and studying the states and parameters
used in the models, a reasonable understanding of the structure
and operation of each model can be achieved. Based on this
knowledge, and on our experience, comments on the models for
possible selection for the project are given below.

(1) HyMet Model (Diagram D-2, Tables D-3 and D-4)
{a) Data Regquirements

The operation of the model requires only the
standard measurements of precipitation,
temperature.

(b} Field Experience

The HyMet model is being used operationally
for seasonal forecasting in the Pacific
Northwest and in Central Arizona. As far as
can be determined there is no complete
documentation for calibration or operational
use of the model.

Short term streamflow forecasts of 1-3 days
duration require weather forecasts of preci-
pitation and temperature. Seasonal forecasts
are based on regressing indices of the total
water in storage {in snow cover, soil, surface
and groundwater) in the basin on the day of the
forecast with subsequent runoff for a specified
time period,

(c}) Accuracy

The model has not been included in any of the
WMO comparison tests and no results of
comparison with other models have been found.
The only available results are those published
Y the author with little ox no supporting



(d)

(e}

information for evalulating the model perfor-
mance.

Use in Snow and Glaclierized areas

It is evident from the Diagram in Figure D-Z
that the original Tangborn model has been
adapted for use in glacierized areas. Tangborn
furnished a paper "Prediction of Glacierxr
Derived Runoff for Hydroelectric Development™
(29) which presents the basis for the glacier
protion of the model. The paper reports on the
analyses made for two small basins in British
Columbia, Canada. The assumption is made that
englacial storage of water (from ablation of
snow, firn and ice, and precipitation) occurs
during the period from November 1 to July 14
and that outflow from this stored water occurs

© from July 15 to October 31, From the

information furnished on the model it was not
clear exactly how the model handles the states
in the model for firn ice and glacier net
balance. Bacause the precipitation input to the
glaciers in the Susitna Basin is considerably
different than for glaciers along the west
coast of North America (less than half of the
input during the winter compared to a very
large percentage for glaciers along the west
coast of the United States), it is not certain
if the adjustment technique for englacial
storage as used in the paper would be of direct
value for the Susitna Basin.

For glacierized areas the HyMet model uses up
to five elevation, zones and snow accumulation
for each altitude is determined using standard
precipitation measurements from one or two
selected weather stations. The snow, firn and
ice melt are calculated from the mean air
temperature and the range of daily temperature.

Updating

B technique using the error for a short-term
forecast as an index to the error in the
seasonal forecast is used for adijusting the
seasonal forecast on the basis of comparison of
simulated and observed flows. For example, a
seasonal forecast prepared as of May 1 uses the
error in the simulated versus observed flows
during May ..r revising the seasoconal forecast.
This has more value for basins where the majox
portion of the input for the seasonal flow
occurs prior to the date of the forecast. It




is not certain how it would work for the
Susitna Basin. The updating procedure has
not been incorporated into the short-term
forecasting method (31).

The soil mositure accounting structure of the
model is similar to other models and it is
clear that the model was not developed with the
concept of having states of the model to relate
directly to measureable hydrological variables
in the real world. There is no indication that
techniques have been developed that would
objectively use remote measurements (i. e.,
water eguivalent of the snow cover) for
updating the model.

(£) Operational Factors

Unless the model was applied by the HyMet
Company the lack of documentaticn for the model
would be a serious limitation. There is
insufficient information to determine how the
moedel would be used for short and long-term
forecasting.

(2) NWSRFS Model (Diagram D-3, Tables D~5 and D-6)
(a) Data reguirements.

The operation of the model requires only
standard measurements.

(b) Field Experience

The NWSRFS is used operationally throughout the
United States and Canada. There is complete
documentation for the NWS River Forecast System
and for each of the models used. A report on
techniques for catchment modeling and initial
parameter estimation for the NWSRFS soil
moisture accounting model was published by Peck
(32).

(cy Accuracy

The NWSRFS was included in the WMO comparison
study on so0il moisture accounting models and
although no formal comparison was reported on
the results, a review of the published
comparison indicates thet the model performed
as well or better than any of the models
tested. The Hydrologic Research Laboratory of
the NWS did an extensive testing program in
1971, Three models were compared with a
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(3)

()

(£)

PRMS

(a)

(b)

continuous API model developed for the test
program. The models tested were the Sacra-
mento RFC Hydrologic Model (later adapted as
the NWSRFS model), the SSARR model and the
Stanford IV model. Based on those tests the
Stanford model was selected for the NWSRFS.
Later additional tests were made and it was
determined that the Sacramento model was more
adaptable to all forecast situtations and
this model was accepted for the soil moisture
accounting model for the NWSRES.

Use in Snow and Glacierized Areas

The NWSRFS is used in many snowmelt areas and
in some glacierized areas. The model has been
calibrated and is used to forecast 11 streams
in Alaska of which one has some glacierized
area. Parameters for these calibrations have
been furnished by Jerry Nibler of the Anchorage
River Forecast Center of the NWS.

Updating

There are several updating techniques for the
NWSRFS (33) ranging from simple blending
approachs to objective techniques for adjusting
states in the model using correlation methods
(34) and a full state-space estimation theory
approach. A method to update the snowmelt
model when used in conjunction with the soil
moisture accounting model was developed by
Carroll (35). Techniques for updating the
NWSRFS using soil moisture and water eguivalent
of the snow cover were investigated during the
studies by Hydex for NASA (36).

Operational Factors

The model has been used for operational
forecasting for many years.

Model (Diagram D-4, Tables D~7 and D-8)
Data requirements.

The model .ses standard measurements but
requires considerable information on basin
characteristics for application.

Field Ezperience

The model was developed for use in studying
effects of land use changes and therefore has



(4)

(c)

(d)

(e}

(£)

been prepared only for prediction use where all
data for one year (or a long period of time) is
imput at one time. There is nc operational
model for use in forecasting but Leavesley
states that they plan to prepare one.

Accuracy

The only known evaluation of the model that has
been published is that reported above from the
WMO snowmelt comparison study.

Use in Snow and Glacierized Areas

The model has a component for handling snowmelt
runoff as may be seen on the schematic diagram
(Figure D-4) 'and it 1s based on energy balance
equations. The model has not been adapted for
glacier areas.

Updating

Since there is no forecasting mode there are no
updating techniques.

Operation Use

The model is well docunented (37).

SWM Model (Diagram D-5, Tables D-9 and D-10)

(a)

(b)

(c)

(d)

Data Requirements
Same as foi NWSRFS model
Field EBxperience

The model has been used throughout the world by
the authers but it is not certain where the
model is presently being used.

Accurccy

The SWM was included in the test conducted by

the NWS Hydrologic Research La“oratory and in

the WMO comperison tests. In both studies the
resulis were very comparable to those for the

NWSRFS.

Ugse in 8Snow and Glacierized Areas

The model has been used in snow melt areas but
no information is ava’lable for glacierized
areas. The Anderson model is used for snowmelt
model ing.
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Updating

The authors have updating technigues using
cbserved streamflow but no specific information
is available.

Operational Factors

Similar to those indicated for the NWSRFS.

SSARR Model (Diagram D-6, Tables D-11 and D-12)

(&)

(c)

(d)

(e}

Data Reguirements
Standard measurements.
Field Experience

The SSARR model has been used throughout the
world and is used operationally by the joint
NWS~Corps of Engineers river forecast center in
Portland, Oregon. Excellent documentation
exists for the model.

Accuracy

The SSARR model is primarily a river routing
and reservoir regulation model. The components
for its soil moisture accounting and snowmelt
components are not as conceptual as for the
other models considered. Tests conducted by
the NWS and the WMO (on both the soil moisture
accounting and the snowmelt comparisons) have
shown the model to have more limitations in
forecasting for individual basins.

ise in Snow and Glacierized Areas

The model has been used in many snowmelt areas.
There is no component for accounting for
glaciers. The model has been used to calibrate
the Susitna River Basin for the months of
August and September using standard tables by
Bredthauer of R and M Consultants.

Updating

Some subjective methods for updating the model
operationally have been used. However, the
structure ¢f the model (large use of tables)
makes it very difficult to develop procedures
for objective updating the model. 2nalysis by
Hydex for NASA has determined that the use of
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remote sensing measurements for updati
states of the model would be very dif

(f}y Operational Factors

There are no known problems for using the SSARR
model operationally.

3. Forecast Errors

Knowledge of the souirces of error that would occur in
forecasting short- and long-term runoff of the Susitna River 1is
an important factor for determinin, the forecast models that
should be used. Possible sources of forecast errors are shown by
the schematic diagram in Figure 6; chese are model, basic data
and climatological.

Model error results from the fact that the model (and its
parameterization) does not accurately represent the real world.
The magnitude of the model error in forecasts of short- and long-
term seasonal runoff would be approximately the same for either a
statistical or a conceptual approach.

The accuracy of a seasonal forecast for water supply depends
on the ability to knew the true basin averages cof
hydrometeorclogical parameters used in the model. Even if a
perfect model and a perfect set of parameters were available,
inadequacies in basic data would introduce large errors in the
forecasts of the May-September runoff for the Susitna River
Basin. The basic data error for the winter precipitation (due to
fairly good correlations among the April 1 snow course
measurements) 1s probably less than the data error for forecasts
during the summer thunderstorm period. Improvement in the
knowledge of the actual precipitation by proper locating gages,
by a&justlng precipitation measurements for gage catch defi-
ciencies, and by improvements in the network (additional stations
and representative exposures as recommended above) all help to
reduce the basic error component of the total forecast error.

The climatological portion of the forecast error results
from future weather conditions which are unknown at the time the
forecast is issued. The percentage of the total error due to
climatological error for forecasts for the Susitna Basin above
penali is directly related to the percentage of the total input
that has occurred up to :he date of the forecast. Since this is
approximately less than aalf of the total seasonal input as of
April 1, the climatologi- 1l error is probably much greater for
the Susitna River Basin rnan for basins where the percentage of
the seasonal input is much larger prior to April 1.
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It is not possible to determine the relative errors
{climatological, basic data and model) that would be associated
with -each model without completely applying the models to the
Susitna River Basin. However, the climatclogical error should be
approximately the same for each model used. The basic data error
associated with the use of the five models reviewed is primarily
dependent upon the basic data and only marginally on how the data
are processed in the models. It is assumed that the basic data
error and the model error may be approximately the same for
forecasts prepared using the PRMS, SWM, HyMet or NWSRFS models
. d somewhat greater for the SSARR model.

The actual error of the forecasts finally developed for the
project will depend much more on other factors than on the
selection of the model or models to be used. Basic data error
resulting from inconsistency (change in time or inconsistencies
in the data used for calibration and for operational forecasting)
can be very great. The successful application (and minimum
forecast error) using any model depends to a large extent on the
experience of the modeler and on the characteristics of the
basin.

One advantage of using a conceptual model over a black box
regression model is the increased ability to forecast extreme
(dry or wet) conditions that were not experienced in the set of
data used for calibration of the model. For a conceptual model to
realize this advantage the input data for the model should be as
representative of "true" values as possible., For calibration an
accurate knowledge of climatological averages of the magnitude
and distribution of the seasonal precipication over the basin is
required {seasonal isohyetal maps). For operational use
information on the climatclogical averages of the possible
weather conditions for the rest of the season are required
{statistical indicies of climatological conditions),

The only way to reduce the climatological error of forecast
is by using forecasts {(that have information content) of future
weather conditions. Availability of short- and long-range
weather forecasts and monthly outlooks have been summarized by
Nibler (38). Forecasts of temperature and quantitative preci-
pitation forecasts (QPF) are available from the National
Meteorological Center, National Weather Service, Suitland,
Maryland, and are received directly by the NWE offices in
Anchorage. Specific forecasts of precipitation and temperature
conditions are issued for 12-hour periods for the next 48 hours.
Other prognostic information issued for up to 72-hours periods
and for 6~10 days ahead can be used to derive forecasts for
precipitation and temperature for up to 10 days in the future. In
addition, information on expected average monthly values is
available from published monthly outlooks for Alaska.
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. Model Recommendations

Several individuals with whom the study has been discussed

ave indicated that forecasting the snow and ice melt from the

cierized portions of the basin would be difficult., However,
ased on the review of the hydrometeorological data for the basin
nd the results of previous model studies, it is believed that
the Anderson model will provide the accuracy and reliability for
such forecasting when used with available updating procedures and
real-time measurements of the streamflow. Thus, the Anderson
model is recommended for use in forecasting snow and ice melt for
the project.
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The lack of accurate and consistent data for a number of
years (except for some snow survey and streamflow data) makes 1if
difficult, if not impossible, to use regression type "black-bax"
approacnes for forecasting the long-term water supply runoff.

Assuming a realistic knowledge of the magnitude and
variability of seasonal precipitation is provided by the proposed
basic data collection program, simple quasi-conceptual models can
be used to prepare long-term forecasts of the water supply
runcff., Forecasts of the long-term water supply runoff can also
be prepared by extending the forecast periods for the conceptual
models discussed in this report. This can be done by
initializing the model as of the date of the forecast by using
measurements of the water in storage (in the snow cover and
englacial), by using forecast weather conditions for the near
future and by applying Extended Streamflow Prediction (ESP)
procedures used by the National Weather Sevice (39) for time
periods for which weather forecasts are available.

The long-term water supply forecasts can be issued in terms
of conditional probability that will provide considerably more
information for the reservoir operations than a simple volumetric
forecast. For example, probability distribution relations can he
produced providing the expected probability of occurrence of the
range of water supply that could be expected. Such information
is valuable for reservoir operational decision making.

The time and expense to develop a data base and process all
data for use in forecast modeling is considerably greater than
the time required to test and evaluate the use of different
forecast models. Therefore, it is recommended that more than one
model be tested for the soil moisture accounting and the long-
term forecast models for the project. This is considered viable
in view of the fa~t that the actual operation of the reservoirs
will not commence for several years. Recommendations for models
that should be investigated for use in the project are:

A. For short-term forecasting:

(1) NWS Anderson snow ablation and accumulation model
for forecasting snow and glacier melt for the basin.
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Test the SSARR and NWS models for soil moisture
unting and use as a routing model.

For long-term forecasting;

(4]

{23

Use the conceptual forecast model selected for
issuing short-term water supply runoff to forecast
long-term (from date of forecast to September 30)
we ter supply using weather forecasts and

Evtended Streamflow Prediction procedures.

For early season forecasts (prior te May 1)
develop a simple guasi-conceptual rodel Lased
on watershed conditions as of April 1 and sta-
istics of climatological conditions during

the May~-September period.
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CHAPTER 4

OPERATIONAL CONSIDERATIONS

1. Introduction

This chapter addresses operational matters, covering such
items as who might run the operational models, how necessary data
might be relayed to a central location, and system maintenance as
well as recommendations for a data collection system for the
Susitna Hydroelectric Project.

2. Operation of the Forecast Models

In the long run, the goal for the forecast models should be
routinely operated by persons not necessarily trained in
hydraulics and hydrology. In the short run, however, this will
be both impractical and impossible. For approximately one to two
years the models should be watched and run by the persons who set
them up At the same time, "Hands-on% training for the
nv&tﬁi@glst who will have operational responsibility for the
models should take place. At the end of the one to twc year
period, most of the operational procedures will have been ironed
out and the electric utility or other operators of the dams can
take full responsibility., After an additional year of experience
the models will have been "fine tuned" and much of the day-to-day
operations can be turned over to less technically trained people

Several options are open to the operators of the reservoir
system in choosing who should run the models. The first choice
will probably be to use an in-house hydrologist. A second choice
is to contract out the modeling in the same way that the data
collection and maintenance are currently contracted to R&M
Consultants., Hydex Corporation, for example, could both set up
and operate the models by makinc use of data relayed to the GOES
central satellite receiving site in Wallops Island, Virginia
(more on gatellite systems shortly). Hydex could also set up and
run the models for the two-year shakedown period and at the same
time train in-house personnel for long-term operations.

3. Data Collection and Relay

The most sophisticated of models for the Susitna River
Basin will be useless unles: sufficient and timely data are
available for thei. operation. This section provides an analysis
of ways to obtain the necessary data.



The section includes a short summary of current data
collection and relay methods, a discussion of reguirements for
cperational forecasting, several alternative communications
schemes, and recommendations.

A. Existing Data Collection Methods

The existing data collection methods are well summarized in
previous portions of this report. At the present time all data
from the Susitna Basin is recovered by helicopter and to a
limited extent by ground transportation after having been
recorded by automated weather or stream gaging stations. Data
from the basin are thus available at approximately monthly
intervals., The time delay from collection until the data are
processed into useful form can run from one to seven weeks.

B, Data Collection Requirements for Operational Modeling

Discussions held during the field trip to Alaska indicate
that operational forecasts will be required as often as daily
during the summer months. The forecast time interval dictates
the minimum time which can elapse between recording of data in
the field and recovery and processing,

Models can obviously be run at any time. However, if the
sophistication of rainfall-runoff models is toc be used to maximum
advantage {i.e., 1f short time interval runoff from thunder
storms is to be modeled) then data must be available at short
intervals and soon after the events occur. Hourly data in real
or near-real time would not be an unreasonable requirement.

C. Alternative Data Gathering Systems
(1) Continue Present Methods

One alternative which must be given consideration is to
continue data gathering just as it is done now. This may, in
fact, be a satisfactory alternative during the winter months
where forecasts will not be made as often. During che summer the
freguency of site visits could be increased to weekly or
biweekly. Further automation of the data handling process could
take place so that data can proceed directly from the field tapes
in a form suitable for input to the models. Current methods can
not provide the timely information needed for rainfall/runoff
modeling in the late summer period.

{2) Automated Telemetry Systems
There are several types of automated telemetry systems

available for the Susitna Basin Project. Fach system requires
field processing and telemetry hardware, a communications link or

56



links, central receiving equipment, and data processing
equipment.

{(3) Field Site Hardware

Most current automated telemetry systems make use of
field hardware called "Data Collection Platforms" (DCPs). DCPs
incorporate microprocessors, opticonal tapes or other form of
storage, and one or more telemetry modules. The telemetry
modules can be line of sight radio transmitters, satellite
transmitters, or telephone modems, some even including voice
capability. The meteor burst system (to be discussed later) uses
remote data terminals that operate only with that system.

DCP's are designed to interface with a wide variety of
stream gaging and meteorological equipment. They are widely used
by the U.S. Geological Survey, Corps of Engineers and other
agencies. They are normally small in size and powered by 1l2-volt
batteries charged by solar panels. Currently there are three
U.S. firms actively manufacturing DCPs. They are Sutron
Corporaticn, Handar Corporation, and Synergetics Corporation.

All of the firms have sizeable numbers of platforms in service
and all offer similar capabilities iun distinctly different
packages.

Considerable experience by government agencies indicates
that the use of DCPs and real-time data obviates the need for on-
site recording. This is contrary to the suggestion by R&M
Consultants (R&M review memo dated March 8, 1985) that additional
mechanical recorders be added at each site. The -2lemetry
equipment has been found to be more reliable than on-site
recozding instruments. It makes little sense to make duplicate
recordings of bad data on-site. No goocd data is no good data
whether recorded on~site or telemetered to some central location
and recorded there. Not only that, but the odds on the central
site computer functioning properly are much higher than for any
field recorder. The less moving parts in the field, the better.
However, there would be some value in retaining on site
precipitation recorder during the period when data are being
collected for model calibration purposes.

{4) Central Receiving Stations

Central receiving equipment is specific to the
communictions link used. Line of sight radio systems require an
antenna, (usually a2 whip or Yagi mounted on a tower) a receiver,
and an RF modem (modulator-demodulator) for data recovery in
computer compatible form. Satellite systems also require an
antenna, but this must be a 3 to 5 meter dish permanantly focused
on the satellite being used. A receiver, demodulators, and
multiplexing equipment are also required to reduce incoming data
to computer compatible form. Telephone systems require only a
modem to receive incoming calls and interface with a computer.
Enormous variations are poscsible in central site data processing
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eguipment. Options vary from desktop personal computers to
minicomputers capable of not only receiving the data but
processing it in real-time and updating the models.

4. Blternatives for the Susitna Basin

At the current time the writers believe that there are
three alternatives for the Susitna Basin:

(1) A combined line-of-sight radio (with or
without voice capability) and telephone
system,

(2) A satellite system with a variety of central
site options, and

{(3) A Meteor Burst system.
The alternatives are discussed below.
A. Line-cf-Sight and Telephone System

The wide open nature of the Susitna Basin makes a line-
of-sight system reasonably attractive. It should be possible to
relay data from virtually any part of the basin to a central
location such as Watana using a minimum number of repeaters. Two
or three should be sufficient. The system can be designed
strictly for data purposes or it may be combined with a voice
network for use in managing the reservoirs. A small minicomputer
at Watana can save the data and relay it to Anchorage on a daily
basis by telephone. The assumption being made, of course, is
when the reservoirs are built that phone service will follow. If
such is not the case then line-of-sight is probably not a
practical alternative.

Discussions during the field trip indicate that
thunderstorms are a frequent occurrence in the Susitna basin.
Thunderstorms are the most frequent cause of failure in line-of-
sight systems., Lightning strikes near repeaters nearly always
cause failures. Any system should probably be designed with dual
data paths (multiple repeaters) to minimize data loss and allow
for time to repair. Hot standby repeaters could alsc be
considered. Hot standby uses duplicate transmit/receive equip-
ment with a spare ready to take over the minute the operational
unit fails. The cost for hot standby is fairly substantial since
it doubles the amount of equipment at each repeater,.

It is possible to design a line-of-sight system using
polling, wherein the central sight queries the field sites for
data. This requires more complex equipment on both ends and is
not recommended. DCPs are easily capable of determining when
data should be sent and with great reliabilitv.
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. Satellite Data Relay System

An attractive way te recover data from the Susitna Basin is
mmaﬁs of the GOES (Geostationary, Operational Environmental
system. The GOES system, owned by NOAA, 1s the same
which provide the satellite weather pictures seen on
3@%1313& newscasts. The Data Collection System (DCS) on the
atellites provide 256 channels for environmental data
ransmission. The two U.S. GOES satellites provide sufficient
eographic coverage to send data from Florida to Alaska with no
nte
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ermediate repeaters. GOES is truly the "ultimate" line-of-
ight repeater.
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The GOEE satellite data collection system has been in use
for many years. The U. S. Bureau of Reclamation operates a
network of over 150 DCP's in the upper Snake River Basin for
which part of the area has cold temperature extremes similar to
those experienced in the Suisitna River Basin (near Yellowstone
Park Wyoming). The contractor in charge of the system
maintenance is paid based on the percentage of data received
(percentage of 15 minutes readings from many types of sensors).
The formula is such that the contractor receives full payment for
data reception of 95 percent or greater, 90 percent payment for
90 to 95 percent reception and so on until no payment is received
1f reception falls below 50 percent. To date the contractor has
rzceived 100 percent payment over the life of the contract. The
Ue §. Bureau of Reclamation officials in charge of the project
using the GOES system is Dan Lute, USBOR, Box 043, 500 West Fort
Street, Boise, Idaho, 83724, telephone 208-334-1976.

A newly installed GOES collection system at high elevations
along the Rocky Mountains in Colorado for the Office of the
Colorado State Engineer has been demonstrating similar
performance as that for the USBOR in Idaho after initial
installation bugs were worked out.

C. Moteor Burst Communications

The Third method for relaying data from the Susitna River
Basin is the Meteor Burst or Meteor Trail technique. Meteor
Burst communications make use of lonization trails in the
atmosphere to refliect high frequency (HF) radio signals. The
trails take the place of the satellite in the GOES system or the
repeaters in the line~of-site systems.

Metecr Burst systems are, by nature, more complex than
satellite or line of site systems. First, the systen is two-way.
A base station sends out signals to one or more remotes
requesting them to report stored data. The remotes then send out
data signals. The requirement for a polling scheduler and on-
site receivers more than doubles the cost of the hardware over a
one~way system. Second, the meteor burst field sites require 2
to 3 times the average power to operate as a satellite or other
one~way system. The receiver at the site must be on at all times



32 to 5 times the transmitter power (2% to 40 watts) is
ired to bounce signals off a meteor trail as compared to a
1lite (8 watts) or line-of-site repeater (2 to 4 watts).
essed in a different way, that battery will last 3 to six

when both transmit the same message length. Finally, meteor
burst hardware are larger in physical size than satellie or line-
of-site systems. The transmission units are larger, and much
larger solar panels and more batteries are required.

Meteor burst's one true advantage is the presenc. of a
receiver at the remote sites. It is possible to send and receive
text messages at the remotes which may offer some further safety
for field crews in remote locatins.

The basic cost of a meteor burst remote station is roughly
twice the cost of a satellite DCP, exclusive of the accessories
and installation., Accessory cost is also higher with antennas
costing 2 to 3 times as much as GOES ($500 to 8700 compared to
$250) or line-of-site.

At a meeting with Harza-Ebasco and Alaska Power Authority
officials in Anchorage, Alaska, on May 30, 1985, George Clagget,
SC8, Anchorage Alaska, indicated that considerable improvement
has been experienced in the operation of the SNOTEL data
collection program (meteor burst system) of the SCS. However,
Clagget did not have detailed information on the performance of
their system. Zontact was made with the SCS offices in
Washington, D. C. and in Portland, Oregon to obtain first hand
information. Art Crook, Water Supply Forecasting Staff, Soil
Conservation Service , Portland, Orgeon (503-221-2843) supervises
the SNOTEL program for the SCS and provided information on the
system.

Figure 7 and Table 4 were provided by Crook and provides
specific information on the SNOTEL system performance {for data
collected by two master stations, one in Boise, Idaho, and one in
Ogden, Utah) from February 1981 to May 1985. The sclid line on
Figure 7 represents the peicentage (by a four-month moving
average) of sites that successfully responded during the once-a-~
day colletion period (from 0500 to 0800 local time). The dashed
line represents what the SCS believes the collection percentage
would have been assuming that the collection would have been
accomplished with present day software (5 percent improvement)
and without a master station failure during the 1983-84 winter.

D. Comparison of Meteor Burst and GOES Satellite Systems

As indicated in the above dicsussion a radio line~of-site
system is not recommended primarily because of the need for
repeater stations and the thunderstorm activity of the area.
There are many factors to be considered in making a decision
between Meteor Burst and the GOES Satellite system. Cost of the
initial hardware and accessories {(including antennas) is much
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Table 4

Monthly Average Percentage of Sites Repovrting
Daily Momial Polls

1981 1982 1983 1984 1885
January e 81.6 89.3 79.2 88,4
February 74.1 78.8 88.2 82.5 87.5
March 80. 2 83.8 91.1 85, 4 91.5
April 82.5 85,6 0.0 87.3 93.4
May 82.7 90.4 89.5 90.5 96.1
June 80. 4 89.2 91.6 90.8 oo e
July 81.7 88.8 90.9 84,4 -
August 54,1 86.6 89.4 90.1 e o
September e 87.7 88.9 89.9 -
Cctober 85.7 89.7 90,2 89.3 -
November 86.0 88.7 86.5 90.7 -
December 85.5%5 87.% © 80.6 89.5 -

less for the GOES system. Installation costs would be very
comparable., Maintenance costs would alsc favor the GOES system
since the power requirements for the Meteor Burst system is much
greater,

The reliability of the two systems for once a day collection
of reports is assumed t¢ be about the same based on recent
performance information. However, the reliability of c¢btaining
15 minutes or hourly readings for an entire day would be much
greater using the GOES system.

The two way communication potential of the Meteor Burst
system was indicated as a plus by the federal agencies in Alaska
that attended the May 30, 1985, meeting. However, this would be
of advantage only during the maintenance visits. For the Bureau
of Reclamation network for the Snake River Basin this is often
only once a year. The GOES system does allow for text ("related
text”) and emergency messages to be sent from the DCP. In fact,
NOAA, owner of the GOES satellite, currently operates a program
called SEAS (Shipboard Environmental data Acguisition System)
which prefaces each data transmission with text detailing weather
and ship locations. The message are keyed in by the shipboard
operators. If it is truly important to have the meteor burst 2-
way messages it may be best to buy a single transmittor for the
Meteor Burst system for use by the servicing field crews to carry
and operate it in cooperation with the S5CS meteor burst system.

When operation of the hydroelectric system commences there
will undoubtedly be a greater need for data for short periods of
time, i. e., for information on reservoir releases and downriver
streamflow to ensure that envirornmental requirements below the
reservolirs are satisfied. The added reliability of the GOES
system for collecting 15 minute or hourly data for the entire day
would be of value.



g, Recomrendation

Lased on the above considerations, it is recommended that
the GOES satellite system be investigated for use in the project.
this should include an onsite field survey to ensure that all
selected sites requiring collection of data can be seen by the
satellite.

6. Cooperation on Data Reception

A large number of firms and agencies own and maintain GOES
¢ata receiving stations. The U. 8. Geological Survey, for
example, operates a portion of its own gaging network by means of
a receiving station in Anchorage. Any such site can collect the
necessary data and hold it for telephone transfer to the computer
where the models will be run. The geographic coverage of GOES is
emphasized by the fact that Hydex Corporation using the Sutron
Corporation downlink in Herndon, Virginia could easily receive
the data, run the models, and return the answers to Anchorage.

In the initial stages, however, the U.S8.G.S. site will certainly
be attractive.

A satellite system using the U.S.G.S8. site would regquire
only an investment in DCPs and sufficient telephone equipment and
software to take the data from the ground station to the computer
where the models will be run. Larger, more modern ground
stations in the $50,000 to §100,000 range come with complete data
base software and model interfaces. This more sophisticated
system should be considered if cooperation with U.S.G.8. is not
desirable.

7. Purchase of dedicated ground station

Purchase of a dedicated ground station will have to be
weighed on the basis of cost effectiveness. Such stations are
available with a wide range of capabilities and corresponding
wide range in prices.

Zhere are currentiy only twe manuiactursrs of ground
stations in the U.8. = Sutyon Corporation ang SBynergstics
Corporation. Sutron is the newer of the two corporations and
offers more data handling capability and smaller, fully digital
electronics. Synergetics has more stations in place. The market
is highly competitive. The simplest receiving site from either
manufacturer costs approximately $27,000. For that price the
user receives an antenna, freguency downconverter, receiver,
cabling, and demodulators for monitoring the satellite channels.,
also included is a personal computer to select channels on a time
schedule basig and to store and print out data. Such botton end
receive sites are minimally useful and are usually used as “"front
ends® fory iarger systems.

To increase the receiving site capability is primarily a
matter of adding computer capacity. Manufacturers offer
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increased processor and disk space in roughly $10,000 dollar
increments. A realistically useful receive site with a computer
capable of running the real-time models and a good data base will
cost approximately $60,000 without such extras as an
uninterruptible power supply or installation. Additional money
must be considered for data handling software. Sutron offers a
license data base package designed to provide real-time data
displays and to interface with models. It currently lists for
$25%,000. This is approximately the cost for single-purpose
custom software if a "bare bones" receiving site is interfaced to
an existing computer.

8. Budget Estimation Figures

Detailed budgeting at this time is not practical. However,
estimates of telemetry system costs are needed for planning
purposes, The following are reasonable price estimates in 1985
dollars for various items which would be needed for a satellite
system:

o Data collection platforms ~ satellite $4,500 ea.
{includes antenna, solar panels cables,
batteries and insulated container), and

¢ Minimum satellite ground station for $52,000 ea.
interface to existing computer
(includes $25,000 custom software), or

o Batellite ground station capable of $85,000 ea.
running real-time models as well as :
recelving data (includes data base
softwarej .

5, Additional Recommendations

1f the Susitna Hydroelectric Project will have a line-of-
sight communications system installed for other reasons it would
make sense to multiplex in the data gathering and combine the
maintenance. However, if no such system is planned a satellite
svstem as recommended above seems highly attractive,

1f sufficient funds are available a ground station should be
purchased. The USGS site is fairly old technology and the data
handling software for it is primitive by today's standards. A
new receive site could be purchased with on-~line guality control,
a complete data base, and sufficient capability to run all the
forecasts.

In the mean time, it would make a great deal of sense to buy
DCPs and place them at the existing data gathering network sites.
pata should be monitored daily and as-needed maintenance
undertaken. By using DCPs and the USGS ground station it is
possible to know immediately when problems occur and would
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onsiderably up the reliability of data retrieval. If DCPs are
5 it will be possible to get rid of tre on-site recorders.
move would also up the reliability of the sites. all data
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The considerable experience of R&M Consultants in the
installation and maintenance of the current system would seem to
indicate them as a logical choice to install and maintain a
satellite system. They have accurately defined the cost of
needed instruments and varying kinds of maintenance schedules.

They could easily be trained in the installation and setup of
DCPs.
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Maps of Monthly Precipitation, Susitna River Basin
(Figures A-1 to A-9)

Plots of Daily Discharge and Daily Precipitation,
Susitna River Basin (Ffigures B-1 to B-16) and
Semilog plots of Daily Discharge, Susitna River
Basin (Figures B-~17 to B-28)

Results of Multiple Regression Analysis, Susitna
River at Denali, Alaska

Explanatory Information (Figure D), Definitions of
States and Parameters (Tables D-1 te¢ D-12), and
Schematic Diagrams for Conceptual Hydrological
Models (Figures D-1 to D-12)
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PROBLEM NUMBER ELP
REPLACEMENT AND DELETION 3

DEPENDENT VARIABLE 1S NOW 2
NUMBER OF VARXABLFS DELETED 1
VAR IABLES DELETED.

AHALYSIS OF VARIANCE FOR RECRESSION

SOURCE OF VARIATION D.F. SUM OF
SAUARES
DUE TO REGRESSION, ..,....... . 4 3388, 70308
DEVIATION ABOUT REGRESSIQN 14 24241, 41992
oo ig 8010, 12500
INTERCEPT (A VALUESD I8 B89. 04927
VARTABLE HEAN SETANDARD REG.
WG, NAME s DEViAT!DN COEF,
3 X3 68, 42108 21. 61871 0, 4180331E+00
4 X2 94, 47368 35.958&9 0. 2997810E+00
-] X3 198, 22631 a4, QB489 0. 1a87337E+00
& X4 199. 94726 33, 22941 0. 1018247E+00
DEPENDENT
2 Y 181, 68420 21. 07218
COMPARE CHECK ON FINAL CDEFFICIENT...... 0. 10182

[N N

Water equivalent,
SNoW course,
Sum of monthly departures from average

MEAN F
BOUARES YVaLUE
1397, 17627 8. 07810
172. 938346
STD. ERROR COMPUTEDR
0F REQ, GOEF T VALUE
0, 13347 7392
0. 06sab . BagBl
0 07553 1, 96117
013 1. 69349
CURULATIVE
STD. ERROR SUMS OF
OF ESTIMATE SQUARES
17. 34319 2893. 37861
14, 91230 4492, 09766
13. 94620 2092. 78676
33. 19137 59588. 70508

Descriptions

Two digits for year (71982
May-September runoff, Susiina River at
1,200 mcre fest

April 1 Monahan Flat
1/198 inches

62)

PARTIAL
. CGEF.

RECRESSIONS
PROP. VAR, .

= R £Q.

0. 35381 1

6. &9773

temperature for May-September, Talkestna
degrees F (plus 1@ degrees F)

INCREMENTS FOR INDEPENDENT VARIABLES
VAR IABLE SUMS OF PROP, F VALUE
NO. NAME SQUARES VAR. EACH TEARHM
3 X1 £693. 37861 0. 36149 9, 62448
L3 X2 1396, 31929 Q. 19432 &, DVYI47
5 X3 640. 37983 0. 07997 3. 29333
& X4 4946, 02869 0. 06193 2. 86790
PROPD ﬁTION OF VARIANCE SPE-
CIFIED TO LIMIT VARIABLES ¢. 00000
: Marciashls
No. Name
i Yaar
2 Y
' Denali,
a X1 '
4 X2
5 X3
1716 inches
. B X4

Regression ecquation

Y = 71,

Value of X3 for previous

yaar

1+ 0.42 X1 + 0.26 X2 + 0.15 X3 + 6.10 X4

May-September precipitation, Talkeeina,

&
YALUE
9, 62448
C. 01026
B, 72798
8. 478190

FMULTIPLE

0 x1puaddy
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Inputs
The set of driving forces required periodically by
the model. Commeon examples are precipitation, poten-
tial evapotranspiration, and temperature. For most
hydrologic models the inputs are all meéteorologic
factors, but some require inputs describing man’s
activities (cropping practices).

The key phrase in the definition of the inputs
of a model is "required periodically." If it is
possible to run the model without providing a valve
for a particular item, that item is not an input.
Likewise, if the model can be run with a particular
item provided only once or perhaps intermittently,
that item is not an input. Some models, however,
may have default values for certain inputs (e.g..,
precipitation is zero if not entered).

Parameters

The set of values that are changed to make a general
hydrologic model apply to a particular location.
Parameters ar constant with time or at most, vary
only slightly with time as compared to inputs.

Statgg

The set of internal model values sufficient to start
the model. The states of the model completely define
the past history of inputs. These are usually values
of moisture stored in various model components (e.g.
upper zone tension water contents), indices to model
status(e.g.,API}), or computational carryover values
{e.g., the carryover values of a unit hydrograph opera-
tion). In each time step of operation,the model uses
the initial values of the states along with parameters
and inputs for that time step in order to compute the
state for the next time step.

Outputs

Variables of interest that can be computed from knowl-
edge of the states and inputs. Usual examples are
streamflow and actual evapotranspiration. In many
cases an output will be identical to some state of

the model, but such .does not have to be the case. The
model may produce an output that is of vital

interest to the model user but is not necessary to

the model computations.
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Table D=1 PARAMETERS (DEFINITIONS) NWSRFS SNOWMELT MODEL

AREAL DEPLETION CURVE Curve that defines the areal extent
. of the snow cover as a function of how
much of the original snow cover remains.
It also implicitly accounts for the re-
duction in the melt rate that occurs
with a decrease in the areal extent of
the snow cover.

DAYGM 4 Constant amount of melt that occurs at

the snow-soil interface whenever snow is
present.
MBASE Base temperature for snowmelt computations

during nonrain periods.

MFMAY ' Maximum melt factor during nonrain periods;
assumed to occur on June 21.

MFMIN Minimum melt factor during nonrain periods;
assumed to occur on December 21.

NMF The maximum negative melt factor.

PLWHC Percent (decimal) liquid water holding
capacity; indicates the maximum amcount of
liguid water that can be held against
gravity drainage in the snow cover.

PXTEMP ' The temperature that delineates rain from
SCF ‘ A multiplying factor that adjusts pre-

cipitation data for gage catch deficiencies
during periods of snowfall and implicitly
accounts for net vapor transfer and inter-
ception losses. At a point, it also
implicitly accounts for gains or losses
from drifting.

SI The mean areal water-equivalent above which
there is always 100 percent areal snow cover.

TIPM Antecedent temperature index parameter
{range is 0.1<TIPM<1.0).

UADJ The average wind function during rain-on-
snow periods.




Table D-2 STATES (DEFINITIONS) NWSRFS SNOWMELT MODEL

ATI Antecedent Temperature Index; represents
the temperature within the snow cover.

LAGRO LAGRC and S together define the amount of
excess liguicd water in transit in the
snowpack.

LIQwW The amount of liquid-water held against

gravity drainage.

MAXWE _ The maximum water-equivalent that has
occurred over the area since snow began
to accumulate.

NEGHS Heat Deficit; the amount of heat that must
be added to return thg snow cover to an
isothermal state at 0°C with the same
liguidwater content as when the heat deficit
was previously zero.

)

S and LAGRO together define the amount of
excess liquid water in transit in the snow-
pack.

*SB The areal water equivalent just prior to
the new snowfall.

*SBAESC The areal extent of snow cover from the
areal depletion curve just pricr to the
new snowfall.

*SBWS The amount of water equivalent above which
100 percent areal snow cover temporarily
exists.

WE Water equivalent of the solid portion of
the snowpack.

*These states are only used when there is a new snowfall on a
basin with a partial snowcover.
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Teble D-3 HYMET SIMULATION MODEL PARAMETERS

TROS

TMIN

THAZ

SMIN

SMaX

UZIN

gzZour

GWIN

GWOUT

GLOV

TF

GLIN

GLOUT

TFF

GLSPK

THRESHOLD TEMPERATURE FOR RAIN OR SNOW
THRESHOLD TEMPERATURE FOR EVAPORATION
THRESHOLD TEMPERATURE FOR SHOWMELT
AMOUNY OF RAIN 7O SOIL HMOISTURE

AMOUNT OF SNOWMELT TCO SOIL MOISTURE
VARIATION IN MELT RATE DUE TO SUN ARGLE
VARIATION IN MELT RATE DUE TO RADIATION
SNOWMELT PRODUCED BY AIR TEMPERATURE
DEPLETION OF SNOW COVERED AREA
SUBLIMATION FROM SNOWPACK

INPUT TO UPPER ZONE STORAGE

OUTPUT FROM UPPER ZONE STORAGE

IRPUT TO GROUNDWATER STORAGE

CUTPUT FROM GROUNDWATER STORAGE

GLACIER COVER FRACTIOR

GLACIER MELT DUE TO RADIATION

INFLOW TO ENGLACIAL STORAGE

OUTFLOW FROM ENGLACIAL STORAGE

GLACIAL MELT DUE TO AIR TEMPERATURE

GLACIAL MELT FACTOR DUE TO ORIENTATION
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Table D4 HYMET SIMULATION MODEL STATES

5PK

SNACC

GLAC

SUMST

UZST

GWS

GLST

CLDST

SCAF

GBAL

GLACC

SNOWPACK

SHOW ACCUMUYATION

GLACIER MASS

SCIL MOISTURE

UPPER ZONE STORAGE

GROUNDWATER STORAGE

ENGLACIAL STORAGE

COLD STORAGE IN SNOWPACK

SNOW COVERED AREA FRACTION

GLACIER BALANCE

GLACIER ACCUMULATION
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PARAMETERS (DEFINITIONS) NWSRFS MODEL

ADIMP

RIVA

SIDE

UZEFWM

UZK

UZTWM
ZPERC

That fraction of the basin that becomes
impervious as all tension water reguire-
maents are met.

Maximum capacity of lower zone primary
free water storage.

Lateral drainage rate of lower zone primary
free water expressed as a fraction of contents
per day.

Maximum capacity of lower zone supplemental
free water storage.

Lateral drainage rate of lower zone supple-
mental free water expressed as a fraction of
contents per day.

Maximum capacity of lower zone tensicon water.

Fraction of impervious basin contiguous with
stream channels.

The percentage of percolation water that direct-
ly enters the lower zone free water without a
prior claim by lower zone tension water.

Fraction of lower zone free water not available
for transpiration purposes (incapable of re-
supplying lower zone tension water).

An exponent determining the rate of change of

the percolation rate as the lower zone deficiency
ratio varies from 1 toc 0 (1 = completely dry; 0 -
lower zone storage completely full)

Fraction of basin covered by riparian vegetation.
The ratio of unobserved to observed baseflow.
Maximum capacity of upper zone free water.

Lateral drainage rate of upper zone free water
expressed as a fraction of contents per day.

Meximum capacity upper zone tension water.

A fraction used to define the proportional in-
crease in percolation from saturated-to-dry lower
zone soil moisture conditions. This parameter,
when used with other parameters, indicates the
maximum percolation rate possible when upper

zone storages are full and the lower zone soil
moisture is 100 percent deficient.




) Table D=6 STATES (DEFINITIONS) NWSRFS MODEL

ADIMC Additional impervious area.

LZFPC Lower zone free primary water storage.
LzFrsc Lower zone free supplemental water storage.
LZTWC Lower zone tension water storage.

UZFWC Upper zone free water storage.

UZTWC Upper zone tension water storage.
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TABLE D-7 PARAMETERS (DEFINITIONS) PRMS MODEL

BEsT Temperature below which precipitation is snow and
above which it is rain (degrees F or C).

CECN Convection-Condensastion engery coefficient for
months 1-12 {cal/degree above 0°C)

COVDNS Summer cover density for major vegetation for
each HRU (decimal percent)

Winter c¢ 2r density for major vegetation for
each HRU (decimal percent)

CTs Air temperature coefficient for ET computation
for months 1-12

CrX Air temperature coefficient for ET computation
for each HRU

ARIP Impervious drainage area for each HRU (acres)

ENT Initial density of new-fallen snow (decimal
percent)

DERRAX Average maximum density of snow pack (decimal
percent)

EAIR Emissivity of air on days without precipitation

EVC Evaporation pan coefficient for months 1-12

EVIMP Evaporation loss from impervious area for each
HRU (inches)

FWCAP Free water holding capacity of snowpack (Decimal

percent of snowpack water equivalent)

GSNK Coefficient to compute seepage from each ground-
water reservoir to a ground-water sink

ICoV Vegetation cover type for each HRU (0= Bare,
1= Grasses, 2= Shurbs, 3= Trees)

IRTYP Type of routing for each surface reservoir
{8= Puls; 9= Linear)

Ispl Julian date to start looking for spring snow
melt stage

ISp2 Julian date to force snowpack to spring snow
melt stage

ITNC Month that transpiration erds for each HRU



——
THETS
N

RESTW

RSEP

&1

SNST

SRY

s2

Proportion of rain in rain/snow event above
which snow albedo is not reset for snowpack
melt stage

Interception storage capacity of unit area of
vegetation for rain during summer period, for
each HRU (inches)

Interception storage capacity of unit area of
vegetation for rain during winter pericd for =ach
HRU (inches)

Seepage rate from each subsurface reservoir io
ground water reservoir (inches/day)

Minimun contributing area for surface runoff when
I85R1= 0; Coefficient in contributing area - soil
moisture index relation when ISSRl= 1

Maximum possible contributing area for surface
runcff as proportion of each HRU

Coefficient in surface runoff contributing area -
soil moisture index relation

Seepage rate from soil moisture excess to each
grourdwater reservoir (inches/day)

Snowpack settlement time constant

Maximum available water holding capacity of soil
profile for each HRU (inches)

Interception storage capacity of unit area of
vegetation for snow, for each HRU (inches, water
equivalent)

Maximum daily snownelt infiltration capacity of
soil profile at field capacity for each HRU
{inches}

Storage values in outflow/storage table for Puls
routing (CFS days)

Lapse rate for minimum daily temperature for
months 1-12 (degrees C or F)

Lapse rate for maximum daily air temperature for
months 1-12 (degrees C or F)

Transmission coefficient for shortwave radiation
through vegetation canopy for each HRU



ji-

RETIP

Month to begin checking for start of tran-
spiration for each HRU

Tranpsiration switch for each HRU (0 = veg-
etation dommat; 1 = vegetation transpiring)

Month that thunderstomm type events end

Month that thunderstorm type events start

Outflow-storage table values for Puls routing

Maximum air temperature, which when exceedeq,
forces precipitation to be all rain

Adjusted snowpack water eguivalent computed from
cbserved snow course data

Routing coefficient for each groundwater
reservoir

Linear routing coefficient for each subsurface
reservoir

Non-linear routing coefficient for each sub-
surface reservoir

Surface storage reservoir linear routing
coefficient for each reservoir

Y - Intercept for relation between temerature
{X) and 1) degree day (Y) or 2) sky cover (¥)
when MRDC= 1 or 2

Slope for relation bef@een temperature (X) and
1) degree day (¥) or 2) sky cover (Y) when
MRDC= 1 or 2

Maximum percent of potential solar radiation
{decimal)

Maximum value of RECHR for each HRU (inches)

Coefficient for routing water from each sub-
surface reservoir to groundwater reservoir

Maximum retention storage on impervious area for
each HRU (inches)

Coefficient for routing water from each sub-
surface reservoir to groundwater reservoir

Proportion of rain in rain/snow event above which
snow albedo is not reset for snowpack accumula-
tion stage



TABLE Dp-8 STATES (DEFINITICNS) PRMS MODEL

ALB . Computed ALBEDO for each Hydrologic Response Unit
{HRU)

DEN Density of snowpack on each HRU

pepT Depth of snowpack on each HRU (inches)

FREL'T Free water content of snow on each HRU (inches)

GwW Storage in each ground-water reservoir {acre-
inches)

GWENK Total seepage to ground water sink for each

ground-water reservoir (acre-inches)

PACT Snowpack temperature {Degrees (), each HRU

PET Potential Evaporanspiration, computed by model
{inches)

PICE Portion of snowpack existing as ice on each HRU
{inches)

PKDEF Calories reguired to bring pack to isothermal

state, each HRU

PSS . Accumulated sum of net precipitation beginning on
the first day of snowpack formation

PWEQV Water equivalent of snowpack on each HRU (Inches)

RECHR Storage in upper part of soil profile where
losses occur as evaporation and transpiration
{inches)

RES Storage in each subsurface reservoir (acre-
inches)

RSTOR Retention storage on impreviocus area for each

HRU {inches)

SLST Number of days since last snowfall on each HRU

SMAV Daily available water in soil profile for each
HRU ({inches)

SNSV Depth of new snow on each HRU (inches)
STO initial storage in each surface reservoir
(CFS~Days)

XIN Interception for each HRU (inches)

e
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T&blé "D-%  PARAMETERS (DEFINITIONS) STANFORD WATERSHED MODEL IV

A Percent impervious area.

CB -Infiltration index.

cC Interflow index, which determines the ratio of
interflow to surface runoff.

EPAM Maximum amount of interception storage.

ETL Ratio of total stream and lake area to the total
watershed area. ‘

IRC Daily interflow rececsion coefficient.

KK24- Daily groundwater recession coefficient.

KV Weighting factor to allow variable groundwater
recession rates.

KZ24EL Percent of watershed stream surfaces and riparian
vegetation.

K241, Percent of groundwater recharge assigned to deep
percolation.

K3 Evzporation loss index for the lower zcne.

L Overland flow length.

NN Manning's "n" for overland flow.

LZSN Nominal lower zone storage, an index to the
magnitude of lower zone capacity.

UZSN Nominal upper zone storage, an index to the
magnitude of upper zone capacity.

SS Overland flow slope.




D-10 STATES (DEFINITIONS) STANFORD WATERSHED

MODEL

iv

RES

SRGX

sew

N

0

G%’
uzs
LZS

EPX

Surface detention depth.
Interflow storage.

Active groundwatey storage.
Groundwater inflow index.
Upper zone storage.

Lower zone ztorage.

Interception storage.
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Table D-11 PARAMETERS (DEFINITIONS) SSARR MODLL

BFL

BFP

22z

ROP

;

TSBF

Base flow infiltration limit.
Base flow, percent.
Evapotranspiraticn index.

Percent effectiveness of ETI {function
of rainfall intensity, RI).

Limiting subsurface infiltration rate.

Number of routing phases (surface flow)
Number of routing phases (subsurface flow)
Number of rcouting phases (baseflow).

Runoff percent.

Surface runoff percent, function of
RS/RGS table.

Time of storage; surface flow.
Time of storage; subsurface flow (interflow).

Time of storage; baseflow.




Table D-12 STATES (DEFINITIONS) SSARR MODEL

BII

PHASE STORAGE

PHASE STORAGE

PHASE STORAGE

Soil Moisture Index.
Base Flow Infiltration Index.

Phzse storage (discharge or stage) for
surface flow. ’

Phase storage (discharge) for subsurface
flow. '

Phase storage (discharge) for baseflow.
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March 8, 1985 REM Nos. 452419 & 452443

Harza-Ebasco Susitna Joint Venture
711 "H" Street
Anchorage, Alaska 99501

Attention: Dr. Larry Gilbertson

Re: Review of Hydex Streamflow Forecasting Feasibility Draft Report

Dear Dr. Gilbertson:

We have examined Chapter 2 of Dr. Peck's draft report, dealing with data
requirements for streamflow forecasting, and have several comments.
These comments primarily address the major conclusions and recommenda-
tions in the report. A few additional recommendations are given for vyour
consideration:

i. The objective of the hydrological-meteorological data-collection network
will be to obtain input data for a streamfiow forecasting system for
the hydroelectric project. Other purposes of the data collection
should be kept in mind, such as terrestrial game studies and impact
monitoring. Many of the existing stations were established to support
such efforts during the feasibility assessment. Future data require-
ments will be oriented toward project operation and monitering.

2. An additional application currently being made of meteorological data
is air quality modelling for the Watana site. Required parameters
there are wind speed, wind direction, and standard deviation of the
wind direction (known as sigma theta). The sigma theta has been
measured since October 1384. At least one year of data is felt to be
necessary for satisfactorily modelling of the air quality.

3. The network of existing and proposed met. {(meteorological) stations
in Figure 2 and Table 2 of the report recommends that data be col-
fected at a total of 11 sites in the basin.abev Devii Canyon. Five
stations would be at or near existing sta.ons, one would be
re-established at a former meteorological station site, and the other
five would be new stations established at existing snow course sites.

Factors which we consider important in selecting specific station
locations at each site are:

a. Ability for meteorological data from the site to be representative
of a large area.

b. Protection afforded by natural objects, such as trees.
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Relationship to location where long-term data at the site have
previously been collected.

Logistical advantages offered, such as accessibility by fixed-wing
aircraft for winter maintenance and location on an efficient
transportation route relative to the other stations %o economize
aircraft logistics.

. Availability of and access by a local observer to provide "con-

trol" data in the event of a system failure.

The 11 total proposed sites, shown in Figure 2 of the report, fairly
well cover the expanse of the upper basin. However, a few advan-
tages may be offered by shifts in some of the locations. Considering
each of the sites in numerical order, with report recommendations
shown in parenthesis:

1)

2)

3)

4}

3)

6)

7)

Susitna Glacier (retain existing site). Relocation to near a small
lake, a few miles southwest of the existing site at the existing
"Caribou” snow marker location would permit access by
fixed-wing aircraft and still be exposed to much of the "glacier”
weather conditions prevalent at the higher elevations.

Denali (relocate to protected site). This sounds favorable,

likely utilizing the vegetated area to the north of the present
site.

Tyone {reactivate). While this would be a good location, satis-
factory data for the area could probably be obtained from sites
g9, 10 and 11 around it.

Kosina (relocate to protected site). A more favorable location
may be higher up in the Kosina Creek basin, where a greater
percentage of the annual precipitation falls. As with site 1,
above, a lake is present which would permit fixed-wing access.

Watana (rehabilitate Wyoming gage). Agree that this site's
proximity to the base camp makes it favorable. Perhaps relocate
to the north near a small lake and utilize a local observer.

Devil Canyon (consider small relocation). Rather than simply
relocating to the trees near the present site, a complete move to
near a lake on the other site of the Susitna River would offer
fixed-wing access as well as natural wind protection. High
Lake, which has a lodge and an airstrip, is a possible site, with
potential for a local observer as well.

Monahan Flat (establish at SCS location). Agree.

Cathedral Lake (establish at snow course location in protected
site if possible). Agree.
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9) Clearwater Lake iestabiish at snow course location in protected
site if possible). Agree.

101 Lake Louise (establish at snow course location in protected site
if possible). Agree. Use local observer, if possible.

1) Square Lake {establish at snow course locatzon in protected site
is possible). Agree.

if site 3 is deemed superfluous, as discussed above, a new installa-
tion could be made in the upper Tsusena Creek basin. There is a
fairly large "hole” in the data network in this area. The site would
represent the upper elevations of the Tsusena and Deadman Creek
watersheds and to some extent Watana Creek, each of which contrib-
utes to one of the two reservoirs. It is also close to the headwaters
of Portage Creek, the largest tributary to the Middle Susitna River
and an important salmen stream.

A few additional sites, besides the 11 discussed above, may offer
advantages for other specific data-collection purposes. These are
locations downstream of the project and would thus not be directly
applicable to forecasting of streamflow into the reservoirs. The sites
and suggested uses of the data are described below:

1} Middle Susitna River - Since mainstem Susitna flows in this
reach, from Devil Canyon to Talkeetna, are of concern for
fisheries habitat and spawning, knowledge of the meteorologic
conditions influencing river inflow fron. below Devil Canyon Dam
is important for forecasting and impact analysis. The existing
station at Sherman could be continued, or a new station could be
established at Gold Creek. Each site would offer shelter by
surrounding trees. Sherman would offer an existing record

which would be extended; Gold Creek would offer potential for a
locai observer.

2) Lower Susitna River - Temperature conditions in the lower basin
are of concern because of their effect on river freeze-up and ice
conditions. Some data have been collected for one season at
Susitna River Mile 61. T his station could be continued if
desired.

Dr. Peck has noted that the important meteorological inputs for
modelling and forecasting streamflow are prec»p;tatson temperature,
and wind speed. The c¢ne most important is precipitation, both
summer and winter. The most efficient and  economical
hydro-meteorological system would consist of a series of weather
stations at intervals throughout the watershed to record and ultimate-
ly transmit representative data to a central location. The system
should provide the data for calibration and operation of the forecast-
ing model, yet remain flexible enough to accommodate additional future
requirements. By the time the hydroelectric project has become
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operational, installations would most likely be transmitting real-time
data to be utilized in the forecasting model to a central location.

1. The discussion of which parameters are necessary to measure at each
site focused on precipitation, temperature, and wind speed, and min-
imized the importance of other data currently reported: wind direc-
tion, relative humidity, shortwave radiation, and longwave radiation.
We feel also that these latter wvariables would not be critical for
streamfiow forecasting and could be dropped from the data-collection
program except possibly for continued efforts during the summer at
Watana. Relative humidity, in particular, currently poses great
problems in assurance of reliable data. |f not required, its omission
would ease the data-reduction effort considerably. As noted, the
radiation measurements are also difficult to obtain reliably, especially
in the winter, and are not very applicable to streamflow forecasting
models. Wind direction sensors have occasional winter problems, too,
but the data would be useful for analyzing storm movements if it is
not too difficult to continue the measurements. It is possible that
measurement of temperature may be satisfactorily performed by re-
cording only the daily maximum and minimum temperatures.

Continued measurement of all the parameters could be desiratle dur-
ing the summer at Watana Camp to expand the data base for reservoir
temperature modelling. Sensors could be more easily maintained on a
-daily basis once a camp is operated continuously.

8. Where installation of new equipment is planned for one or more sites,
consideration should be given to installing mechanical stations {(rather
than the electronic digital instruments now in use). Advantages that
could be offered include the following:

e Lower initial cost. Since the stations record fewer parameters
and are less technically sophisticated, they are less expensive.

Less expensive repairs. Sophisticated electronics in the existing
stations are difficult to repair in the field.

®  Greater reliability.

® No need for a special enclosure since artificial heat is not
required. Existing stations do require a shelter and heat
source.

° An immediate visual record of the data provided on strip charts.
This aids equipment troubleshooting at the site and can make
data-reduction less costly, since the complete range of
meteorologic analysis would not be required.

9. in consideration of the desire to improve reliability of the data record

and reduce the amount of missing data, one of two approaches could
be taken. The first would be to install a back-up system of sensors
and recorder at each station, which would provide a partially
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redundant record with the primary system. The data from the
secondary would not need to be reduced unless a problem caused
some of the primary data to be lost. Then only the data to replace
the missing records would need tc¢ be obtained. Back-up equipment
would consist of a thermograph to record continuous temperature and
a precipitation can -to permit measurement of accumulated
precipitation.

The other alternative would be to install data-collection platforms at
the station and telemeter the data for daily monitoring and review at
the office. In this configuration, the redundant recorders would be
useful but not necessary, but a commitment would have to be made to
immediately maintain the field stations when data-coliection or trans-
mission problems are indicated.

10. The report recommendation to install data-collection platforms (DCP’s)
at data sites as soon as possible is very agreeable in concept. This
would permit opportunity to get the system up and running before it
is critically needed, would make real-time data available to benefit
ongoing field operations, and would increase the reliability of the da-
ta-collection system. However, the ability to limit instrument
down-time when problems are revealed via the telemetry depends on
the ability to visit the site immediately. This is naturally subject to
weather, daylight, and helicopter or other logistical considerations.

11. Along the same line as comment number 10, we do not agree with the
report suggestion to remove on-site recorders after DCP's have been
installed. Even with the telemetry, back-up recording systems are
needed, especially if reliability of data-collection is a concern. Expe-
rience with data-collection in the Susitna and other remote Alaskan
basins has shown that data can easily be lost from problems besides
just sensor malfunctions. Losses can also occur due to malfunctions
of the transmitter, receiver, or communication link or due to delzcys
in access to the site caused by weather, daylight, or helicopter
availability. Back-up data does not necessarily need to be reduced
unless data gaps occur in the telemetry system.

12. Measurement of pan evaporation at Watana has been recommended in
the report. These measurements have been collected at Watana since
1981. A pan anemometer, which aids in applying the data, has not
been part of the installation but will be installed this season. Daily

observations are recorded by hydrology staff or camp logistics per-
sonnel.

13. There are several statements in the report that snow surveys at
existing weather stations are of no value. The reason the surveys
were initiated, even though some of the areas are extremely
windblown, was because game biologists were very interested in snow
conditions in situ, i.e. , the snow depths that moose and caribou
actually had to contend with in the open areas. Since regular visits
are made to the sites, the data are very easily obtained. The state-
ment is correct, however, in describing the windblown snow courses
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14.

15,

as of little value to streamflow forecasting, so perhaps snow surveys
could be performed in nearby protected areas as well.

As was mentioned above, retention of observers 1o record daily
observations at selected sites would increase system reliability and
provide data at times when the instrumentation goes down. Such
information could even be transmitted by radio or telephone to a
processing center if necessary. Observers would probably be avail-
able at the following sites:

(2) Denali (probably iess than 100% of the year)
{5) wWatana (as long as the camp is occupied)
(6) Devil Canyon (if moved to High Lake Lodge)
{10} Lake Louise

An additional alternative would bte relocation of the Devil Canyon
station to Gold Creek instead of to High Lake. Gold Creek is below
both damsites buit would represent Middie Susitna areas {(in place of

the existing Sherman statien) and would offer reliable railroad per-
sonnel as observers. :

Rough cost estimates have been developed for various instrumentation
alternatives considered. These are listed below:

a. Approximate cost of continuing existing stations (including
recommended improvements to each): $4,400 per station
$30,800 for 7 stations

Costs for reduction, review, handling, editing, and reporting of
the electronic station data are estimated to be $1,230 per month
per station, including labor and computer costs.

Reported data would include many of the same precipitation,
temperature, and wind parameters currently reported (since the
software already exists):

e Precipitation (hourly and daily totals)

Temperature (daily min/max/average)

Wind (daily resultant speed and direction, daily average
speed, daily peak gust speed and direction, and daily
prevailing direction. Wind roses could also continue to be
prepared if desired. Wind sigma theta should continue to
be measured at Watana, and reported when needed.)

The back-up data system would permit reporting cof daily
min/max/average temperatures and total accumulated precipitation
since the last inspection.

The above estimate includes construction of new shelters,
relocation where necessary, construction of Wyoming wind gages,
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and installation of a back-up data recorder at each site.
Elimination of the back-up recorder would reduce the per-station
cost approximately $1,200 (88,400 for 7 stations).

The estimate does. not inciude telemetry costs or helicopter costs
for sling-loading to new sites.

These stations could be improved in turn, over several vears if
desired.

Approximate cost of acquiring mechanical weather stations:
$6,600 per station
$26,400 for 4 stations

Costs for reduction, review, handling, editing, and reporting of
the mechanical station data are estimated to be $1,250 per month
per station.

Reported data would include:

o

Precipitation (daily total)

Temperature (daily min/max/average)

[+]

Wind (daily total wind run or daily average speed)

The back-up system would permit reporting of  daily
min/max/average temperatures and total accumulated precipitation
since the last inspection.

The estimate includes purchase of mechanical instruments
(precipitation, temperature, wind), purchase of a backup system
to provide redundant measurements, installation of both systems,
and construction of a Wyoming wind gage at each site. As
above, elimination of the back-up system would reduce the
per-station cost approximately $1,200 ($4,800 for 4 stations).

The estimate does not include telemetry costs or helicopter
logistics for sling-loading to site.

Approximate cost of hiring local observer for daily observation:
$1,500 + $300/month
at each station

Costs for review, handling, and reporting of the observer data

reports are estimated to be an additional $250 per month per
station. .

Reported data would include the same values listed above for the
mechanical stations:

]

Precipitation {daily tetal)
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Temperature (daily min/max/average}

o

Wind (dafi!y total wind run or daily average speed)

The estimate includes purchase of instruments {min/max
thermometer, totalizing anemometer, and accumulating
precipitation can), instrument shelter, Alter wind screen, and
installation. Observers to be paid $10 per day.

i6. Another concideration for measurement of precipitation at higher
elevations, where greater amounts of precipitation fall, is installation
of large-volume storage gages and recorders. The advantage of the
larger site is that the danger of the gage overflowing and losing data
during large rainstorms and snowstorms is reduced. The SCS
currently operates one of these at the Monahan Flat site. The cost of
installing additional storage gages is estimated to be approximately
$5,000 per site, not including helicopter logistics. Additional
installations would be beneficial at sites 1, 4, 8, and 11 in the list
under comment 4, above, and at the Upper Tsusena site if

established.
17. Operation of the 11-station network would increase field labor time
and helicopter time during maintenance trips. The six existing

stations can normally be maintained on a 1-2 day trip. A total of two
to three days would probably be required to maintain the full 11
stations. Helicopter usage would be approximately four flight hours
per day. The stations should continue to be inspected and main-
tained once per month to verify their proper operation. The logistics
costs for maintenance trips would be slightly higher when Watana

Camp is closed, since helicopter flights would originate and end in
Talkeetna instead of at the camp.

i8. An alternative logistics plan which should be considered in the net-
work planning process is use of fixed-wing aircraft for access to the
meteorclogic stations. All stations recommended above for future
station locations should be accessible by fixed-wing airplane most of
the time, with the exception of the Upper Tsusena site suggested.
For estimation purposes, using a helicopter cost of $320 per hour (Jet
Ranger) and a fixed-wing cost of $200 per hour (Cessna 206), the
following are approximate monthly costs for each alternative:

1) Helicopter {2 days @ 6 hours per day = 12 hours per month)
(12)(320) = s3,840/month

2) Fixed-wing (2 days @ 6 hours per day = 12 hours per month,
plus 1 hour from Watana Camp by helicopter)

(12)(200) + (1)(320) = $2,720/month
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As is emphasized in the report, data for streamflow forecasting will
have to be available in a timely manner. This will best be accom-
plished by telemetry of the data from the stations, either by the
telephone-repeater network or the GOES satellite system, and then
incorporation into the data storage and modelling system, as Dr. Peck
has discussed. The alternative selected depends primarily on other
communication requirements of the project.

in summary, our recommendations at the present are:

D

2)

3)

4)

5)

6}

7)

8)

To make sure field data needs of other environmental and engineering
studies are considered and coordinated in design of the data-collection
network. This would include terrestrial studies, air quality
management, river ice monitoring, and fisheries monitoring, as well as
the water supply forecasting.

Operate a total of eleven meteorological stations in the basin above
the Devil Canyon damsite. Select sites in the vicinity of those
proposed in the report in Figure 2 and Table 2, modified as discussed
above in comments number 3 and 4.

Continue precipitation, temperature, wind speed, and wind direction
measurements.

iIf not required for other purposes, measurement of relative humidity,
solar radiatior. and longwave radiation should be discontinued (with
the possible excoption of Watana).

The existing electronic digital recording metecrological stations should
be maintained. There are seven recorders and associated sensors
available for field use. The eighth unit also currently available
should be retained as a spare. The field installations and shelters
should be upgraded as described above.

Mechanical recording meteorological :tations should be acquired and
installed at four new sites to measure precipitation, temperature, and
wind speed. .

Hire local observers where possible to improve data reliability. This
could be done at Denali, Watana, Devil Canyon and Lake Louise, and
Gold Creek.

install telemetry at one or more metzorologic stations to start develop-
ment of the real-time data-collection system. Recorders should be
retained at the stations even after installation of data-collection
platforms.

Install back-up sensor and recorder systems to provide redundant
measurements at stations which do not have either a local observer or
a data-collection platform.
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10) Continue snow surveys at exis*&ing weather stations but also make
measurements in nearby protected areas to improve the data quality
for forecasting and for development of isohyetal maps.

11) Consider conversion of the data-collection program to at least a

partial fixed-wing aircraft network by selecting compatible station
locations.

[t is expected that these recommendations will be considered along with
those of Dr. Peck in his report, and the data-collection programs for FY86
and beyond will be refined over the next several months. We look forward
to working with you in the system planning effort. Thank you for the
opportunity to comment on the report. {f you have questions or comments
on any of the above material, please do not hesitate to contact Jeff Coffin

or myself.
Very truly yours,
ReM CONSULTANTS, INC.

Stphon [Secnt gt

Stephen Bredthauer, P.E.
Susitna Hydrology Coordinator

SB:JHC;bje

cc: B.H. Wang
G. Gemperline




