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Abstract

In recent years, drought conditions in the Missouri River basin have re-
quired more accurate control of releases at Gavins Point Dam, the further-
most downstream flow confrol structure on the river, fo meet competing
water needs for irrigation and recreation upstream and for navigation and
municipal and industrial water supply downstream. In winter, ice accumu-
lations can seriously affect flow distribution along the river. This paper sum-
marizes a study of such ice effects. It proposes methods to determine mini-
mum flow releases at Gavins Point Dam to meet downstream water supply
without unduly depleting upstream reservoirs.

For conversion of SI mefric units to U.S./British customary units of measurement
consult ASTM Standard E380-89a, Standard Practice for Use of the Infernafional
Systemn of Units, published by the American Society for Testing and Materials,
1916 Race St., Philadelphia, Pa. 19103.

This report is printed on paper that contains a minimum of 50% recycled
mafterial.
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Ice Impacts on Flow Along the Missouri River

JAMES L. WUEBBEN, STEVEN F. DALY, KATHLEEN D. WHITE,
JOHN ]J. GAGNON, JEAN-CLAUDE TATINCLAUX AND JON E. ZUFELT

INTRODUCTION

This project was undertaken as part of the Mis-
souri River Master Water Control Manual Update
Project. One of the major factors prompting a review
of the operation of the main stem reservoirs is the
effects of extended low flow periods, such as the
moderate to severe drought experienced in the Mis-
souri River basin during the last 5 years, on water
needsin thebasin. This recent period of low flows has
resulted in severe impacts on navigation, hydro-
power, water supply, and recreation. Specifically,
this study has examined the impacts of winter ice
formation on flow regulation and water supply re-
quirements from Gavins Point Dam to the confluence
of the Missouri and the Mississippi rivers.

During the winter months, periods of cold weath-
er can causeice covers oricejams toformatnumerous
points along the river. Since such formations retard
the flow of water, they can result in significant quan-
tities of water accumulating (going into storage) be-
hind them. As the water collects, upstream water
levels rise until there is sufficient depth to pass all
approaching water through the ice-covered reach.

During this time when water is being placed in
storage, flow depths increase upstream of the ice-
covered reach, and there is a corresponding decrease
in water discharge and depths downstream. This
flow deficit takes the form of a negative wave of
reduced water flow that travels downstream, reduc-
ing water levels and perhaps impairing or prevent-
ing the operation of water intakes far downriver from
the location of the ice formation. This report reviews
the interrelation of water discharge and weather in
forming these discharge deficit events and suggests
means of regulating discharge in the river below
Gavins Point Dam to minimize disruptions to the
operation of municipal and industrial water intakes.
Since discharge deficit events are the result of com-

plex interactions between weather, water discharge,
hydraulic geometry, and ice processes, theresults are
probabilisticrather than deterministicin nature. That
is, the user must decide upon an acceptable level of
risk prior to determining a future, ice-affected release
schedule.

APPROACH

The overall plan for the project is to develop a
graphical-tabular decision aid for dealing with ice-
related low-flow events. The effort comprised three
basic components: a statistical analysis of weather
records, a review of existing ice records and ice-
related low-flow events, and a synthesis of the first
two components to allow an empirical estimate of ice
effects based on predicted weather conditions and
planned water discharges. This graphical-tabular
approach allows a user to estimate required releases
from Gavins Point Dam for either annual planning
usinglong-termstatisticalinformation or anear-term
response toananticipated cold snap based on current
weather, levels, and flows.

For the case of long-term planning, the user
must select an acceptable level of risk. Then, based
on weather statistics and long-term average dis-
charge patterns and corresponding to the selected
risk, anticipated minimum release requirements
from Gavins Point Dam can be defined to ensure
adequate water depths for water intakes. Using
this approach, the recommended minimum re-
leases are defined for each 2-week time period
throughout the winter ice season. This release plan
is based solely on long-term weather and dis-
charge patterns and does not consider current year
weather or tributary inflows.

The second approach is targeted at near-term
operation. It allows the user to estimate the magni-



tude of an anticipated discharge deficit event (water
placed in storage) based on the severity of the winter
prior to the current date, forecasted weather, and
(once again) an acceptable level of risk. Based on this
estimated discharge deficit and current water levels
and flows throughout the system, the user could
determine whether an increase in water release is
required, and if so, the amount.

ANALYSIS OF ICE AND
DISCHARGE DATA

To develop a predictive method for determin-
ing the required winter releases at Gavins Point
Dam, it is necessary to identify ice events that are
associated with decreases in flow. Two sources of
information are available in this case: visual obser-
vations of ice cover presence and USGS gaging
station discharge data.

MRD ice data sheets

Long-term visual ice observations are rare. Fortu-
nately, Missouri River Division (MRD) personnel
have made careful observations of ice covers on the
Missouri River. These are shown graphically on the
MRD ice data sheets, which span from St. Louis, Mo.
(river mile 0) to Gavins Point Dam (RM 811) for the
period 1963 to present. A portion of an ice data sheet
is shown in Figure 1. These sheets indicate the pres-
ence or absence of anice cover and, in some cases, the
estimated percent coverage of the river by floating
ice. In this study, an ice cover recorded on the sheets
was considered to represent the occurrence of an ice
event capable of causing water to go into storage,
thereby decreasing flow.

Starting and ending dates of ice events are gener-
ally well defined. The initiation point of some ice

jams is clear, but in other cases it must be estimated.
However, theerrorissmall and theice data sheetsare
extremely valuable in identifying the location of
initiation points. The location of the upstream edge
of the ice cover is open to interpretation in many
cases, but very well defined in a few instances. Pro-
gressionand regressionrates of severaliceeventscan
be determined from the ice data sheets.

USGS gaging station records

Normally, discharge in an uncontrolled river in-
creases in the downstream direction, provided con-
sumptive water use is not large in relation to river
flow. Decreases in discharge in the downstream
direction are often a result of water going into stor-
age.Ifasignificantamount of water goes into storage
as a result of ice formation and jamming, discharge
decreases in the downstream direction so that re-
corded discharge is lower at a downstream gaging
station than atan upstream gaging station. Examina-
tion of stream gaging records during the winter
months can be useful in estimating the occurrence
and location of ice jams.

To evaluate discharge data in this manner, the
Missouri River below Gavins Point Dam was broken
upintoninereaches (Fig.2), divided by USGS gaging
stations (Table 1). The reaches are listed in Table 2,
along with the ice jam initiation locations indicated
on the MRD ice data sheets that occur within each
reach. The average daily discharge from November
through March was plotted for water years 1968
through 1988 for the USGS gaging stations listed in
Table 1. Examples of such plots for the 1968 water
year are given in Figure 3.

The most upstream reach (reach 1) extends from
the USGS gage at Sioux City (RM 732.2) to the USGS
gage at Yankton (RM 805.8), which is 5.2 miles
downstream from Gavins Point Dam. There are no

Table 1. Station information for discharge-based reaches.

USGS Location Years of Drainage

Station gage no. (river mile) record* area (mi?)
Yankton 06467500 805.8 1930—current 279,500
Sioux City 06486000 732.2 1939—current 314,600
Omaha 06610000 615.9 1928—current 322,800
Nebraska City 06807000 562.6 1929—current 410,000
Rulo 06813500 498.0 1949—current 414,900
St. Joseph 06818000 448.2 1928—current 420,300
Kansas City, Missouri 06893000 366.1 1928—current 485,200
Waverly 06895500 293.5 1928—current 487,200
Booneville 06909000 196.6 1925—current 501,700
Hermann 06934500 97.6 1928—current 524,200

*Continuous daily records
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Table 2. Overview of discharge-based reaches.

Reach Upstream Downstream Known jam initiation River
no. station station points within reach* mile
1 Yankton Sioux City Scotland 797
Sioux City Omaha Decatur 691
Blair 648
3 Omaha Nebraska City South Bend 596
4 Nebraska City Rulo Randolph 548
Hamburg 542
Brownville 535
5 Rulo St. Joseph Falls City 495
White Cloud 488
Verdun 491
Clarind 474
Burlington Junction 470
Maryville 466
St. Joseph 448
6 St. Joseph Kansas City, Mo. Atchison 422
Leavenworth 396
Diagonal Creek 395
Agency 393
Smithville/Platte City 392
Kansas City, Ks. 374
Kansas City, Mo. 370
Bonner Springs/DeSoto 368
Kansas City, Mo. 366
7 Kansas City Waverly Grand Ave 365
Choteau Brook 362
Lake City 339
Sibley 336
Napoleon 329
Richman 312
Waverly 293
8 Waverly Booneville Sumner 250
Prairie Hill 239
Glasgow 226
Valley City 217
Clifton Creek 202
9 Booneville Hermann Fayette 186
Booneville West 178
Moniteau Creek 158
Jefferson City/
Capital City WW 144
Bagnell Dam 130
Chamois 117
Rich Falls 104
Hermann 98

*Initiation points from MRD ice data sheets

Approximate river mile of initiation points shown

major tributaries between Gavins Point Dam and the
gageat Yankton. Therefore, for this analysis, changes
in discharge at Gavins Point Dam are assumed to
cause corresponding changes in discharge at
Yankton.

The plots of discharge data were used to estimate
ice jam events in the following manner: If the dis-
charge of the station at the downstream end of the

reach decreased below the discharge at the upstream
station (a “dip”), an ice event was assumed to have
occurred in the intervening reach beginning on that
date.

Some ice jam events may have caused a decrease
in discharge large enough to cause problems al-
though still not decreasing discharge enough to
cause a dip between upstream and downstream
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stations. For example, in reaches with few ice jam
initiation points and those with a large incremental
drainage area, such as reaches 3 and 6, ice events
would have to involve an extensive amount of water
storage to cause a dip. As a result, this type of
discharge analysis is likely to underestimate the
occurrence of ice events that cause localized de-
creases in discharge, but is unlikely to predict an ice
event when none occurs.

The duration of the periods of decreasing dis-
charge (dips) was plotted by water year for each
reachbased onthe discharge data (Fig.4). These plots

Figure 4. Depiction of ice events (by reach and water
year) identified during discharge analysis.

indicate that decreases in discharge between
Yankton and Sioux City can be traced downstream
generally as far as St. Joseph. In some cases, the effect
of the initial dip can be traced farther (see December,
water year 1969). It is difficult to distinguish the
effects of these “traveling dips” from intermediate
ice jams that occur simultaneously in downstream
reaches or later than the initial event.

Evaluation of ice event data
The number and location of ice events estimated
using the two sources of data must be evaluated for
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reliability. Asnoted previously, thenum-
ber of ice events tabulated using the
USGS gaging records may be underesti-
mated in reaches with few jam initiation
points or with large incremental drain-
age areas. For example, reach 7 has the
smallest incremental drainage area
(2,000 square miles) and seven known
initiation points, so it will be likely to
show a high number of ice events by
analyzing discharge records. Reach 3 has
the largest incremental drainage area
(87,200 square miles) and only one
known jam initiation point and should
result in few ice events by analysis of
discharge records. The ice data sheets
may also underestimate ice events, par-
ticularly in the upstream reaches and
other locations where there are few ob-
servation sites.

Ice events have been recorded by both
methodsin all reaches (Fig. 5). The analysis
of discharge records resulted in a sub-
stantially larger number of ice events than
wererecorded ontheice datasheets, except
in reach 6. The Atchison Bend jam, which
forms nearly every year in a highly visible
location, is largely responsible for the high
number of ice events in reach 6 recorded on
the ice data sheets. Reach 6 also has the
most detailed observations of the locations
of the upstream edge of the ice cover and is
probably the area of the most reliable data
on the ice data sheets. Because of the dis-
parity inthenumber of ice eventsidentified
by the two methods, it seems best to use the
ice data sheets for location of jam initiation
points, progression and regression rates,
and verification of the ice events identified
inthe discharge analysis in easily observed
areas (such as reach 6).

The largest number of ice events re-
corded using the discharge records are in
reaches 2 and 7 and the least in reach 3.
Figure 6 shows the incremental increase in
the number of dips by reach; that is, the
amount by which the number of dips in a
particular reach exceeds that of the previ-
ous reach. This figure reveals that dips are
likely to initiate in reaches 1, 2, 4, and 7.
These reaches coincide with areas charac-
terized by low velocity during winter dis-
charge levels. As pointed out earlier, ice
events occurring in reaches 1 and 2 present



the most potential problems, since dips present in
these reaches tend to travel downstream, and the
decreased discharge can exacerbate downstream ice
jams. Therefore, further study of discharge effects is
based on reach 1 data.

STATISTICAL ANALYSIS OF
WEATHER DATA

The daily average air temperatures for the win-
ter season months October to March were col-
lected from 13 weather stations along the Missouri
River from Sioux Falls, S.D., to St. Louis, Mo. (see
Table 3 and Fig. 7). The data were collected by
water years for the period 1950-1989.

WISCONSIN

ILLINOIS

KANSAS ‘
MISSOURI

Figure 7. Location map of weather stations used in tem-

perature analysis.

For each winter month at each station, the cu-
mulative freezing-degree-days (FDD) over 1, 2, 3,
5, and 10 consecutive days were calculated and
ranked in increasing order of magnitude over the
40-year record. The cumulative freezing-degree-
day in °C is defined by

FDDy= § (T,-T) &
i=1

where n = number of consecutive days (1 to 10)
T, = freezing temperature of water (0°C)
T, = average air temperature on day 7 (in

°C).

For each month, each station, and accumulation
period (1, 2,3,5,and 10 days), the calculated FDD,,

was plotted on probability paper against its plot-
position or exceedance frequency (E) defined as

E=—T x100 2)
N+1

where N = number of years in period of records
(40 years or less if there were missing
data).

= rank of particular value of FDD, over
the period of record (r =1 to N)

ﬁ
|

As an example, the particular plots for the month of
January at Yankton, S.D., are presented in Figure 8a.
Every single such plot (for all months at all stations)
could be fitted by a straight line with a correlation

Table 3. Weather stations used in tem-
perature analysis.

Station River mile
1. Sioux Falls —
2. Gavins Point Dam 811
3. Yankton 806
4. Vermillion 773
5. Nebraska City 562
6. St. Joseph 448
7. Atchison 422
8. Kansas City, Mo. 366
9. Lexington 317
10. Booneville 197
11. Jefferson City 144
12. St. Charles 28
13. St. Louis 18

Table 4. Characteristics of normal distribution
function of freezing-degree-days at Yankton,
S.D.

a. Mean FDD (°C)

Duration (days)
Month 1 2 3 5 10

October -0.6 -3.7 -8.8 -22.9 -68.9
November 9.5 16.5 21.1 25.5 25.6
December 18.0 31.8 43.2 63.2 104.2

January 21.9 40.9 57.1 84.3 140.8
February 18.4 34.0 46.4 66.4 106.9
March 11.4 20.6 27.4 37.8 48.0

b. Standard deviation (°C)

Duration(days)

Month 1 2 3 5 10
October 25 5.2 8.1 12.9 22.8
November 5.1 9.8 14.3 22.1 36.4
December 4.8 9.7 14.5 24.8 49.0
January 3.9 7.9 11.8 21.7 43.5
February 45 9.2 13.5 23.1 46.6
March 55 10.5 14.8 24.3 449
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Figure 8. Sample weather statistics, Yankton, S.D.

coefficient of 0.95 or greater. Therefore, in all cases
FDD,, can be said to follow a standard normal prob-
ability distribution function. This function is charac-
terized by a mean and a standard deviation.

The mean and standard deviations of FDD,, for all
stations, the six winter months, and the five selected
durations (namely 1, 2, 3, 5, and 10 days) were then
calculated by fitting a normal probability distribu-
tion function through the data. They are presented in
tabular and graphical form in the appendix. As an

example, the particular values of mean and standard
deviations for Yankton, S.D., are listed in Table 4 and
shown in Figure 8b and 8c. The mean FDD is a
measure of the average severity of cold weather
over the past 40 years, the period of record. The
standard deviation represents a measure of the
fluctuation in weather conditions at a particular site
during the 40 years of record. For example, from
Table 4, it can be inferred that in January the coldest
daily average temperature in the Yankton area will



be on the order of —21.9+3.9°C (-7.5+ 7°F) and that
a period of 10 consecutive days of cold weather
averaging —14.1 £ 4.3°C (6.6 * 7.7°F) is the norm.
It should be noted that negative values of cu-
mulative freezing-degree-days FDD,, indicate that
the average air temperature during the corre-
sponding n consecutive days was above freezing.

STATISTICAL ANALYSIS OF THE
ICE-IMPACTED DISCHARGE DATA

During periods of intense cold weather, the
production of ice on the Missouri River can cause
reductions in discharge in the river that can have
tremendousnegativeimpacts, primarily by expos-
ing important water intakes along the river. In this
section we will investigate the occurrence of the
ice-impacted discharge periods. We will do this
statistically, by describing the exceedance prob-
ability of the maximum discharge deficits caused
by ice. We can determine the exceedance prob-
abilities on an annual basis or on a half-month
basis through the winter months of December,
January, and February. We can also describe the
exceedance probability on the basis of other peri-
ods of time, in this case defined by time required to
accumulate a determined amount of freezing-de-
gree-days. The half-month basis is valuable for
planning future discharges. If the probability of a
certain deficit is known, the risk of maintaining
low discharge levels can be assessed and the
amount of water required carefully assigned. The
accumulated freezing-degree-day (AFDD) ap-
proach is valuable for providing guidance during
the course of winter. During the winter period, the
number of accumulated freezing-degree-days can
be tracked, and the probabilities of a particular
discharge deficit being exceeded can be deter-
mined on an updated basis.

Background

In outline, the following sequence of events
leads to the occurrence of discharge deficits.

First, thereis anintense cold period. This causes
alarge heat transfer rate from the water surface to
the atmosphere. While the heat transfer rate from
the water surfaceisafunction of many parameters,
including wind speed, relative humidity, long and
shortwave radiation, as well as air temperature, it
hasbeen found that, during the winter period, heat
transfer from the water surface is very well corre-
lated with the difference between the air and water
temperature (Ashton 1988). Therefore, we can
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characterize the intense cold periods simply on the
basis of air temperature. A complete analysis of air
temperature was performed in the previous sec-
tion of this report.

During the periods of intense cold, the water cools
rapidly. When the water temperature cools to 0°C
(32°F), ice begins to form in the river. Observations
show that this ice forms as frazil or skim ice that
moves in the downstream direction. The moving ice
collects into large pans as it travels. Aslong as the ice
is in motion, it will have a negligible impact on the
discharge. At some point, the ice may bridge or arch
across the river and its motion will be arrested. This
may occur in bends, at islands, in slow-moving
reaches, or at other points. Moving ice collects at the
upstream edge of the stationary ice, and the station-
ary cover progresses upstream. The presence of a
stationary cover changes the hydraulic conditions of
the channel dramatically from those of an open
channel. By presenting an additional stationary
boundary, the ice cover makes a portion of the chan-
nel unavailable for flow, changes the channel wetted
perimeter and hydraulicradius, and adds additional
roughness. The change in the hydraulic radius is
quite significant. For wide channels, the hydraulic
radiusisessentially reduced by half (Wuebben 1986).
Theneteffectis thattherelationbetween theice cover
depth, Dy, and the open water depth, D, becomes

M)%

o

D= 1.32D0( 3)

where Ny is the effective Manning’s roughness of
the ice-covered channel, and N, is the Manning’s
roughness of the open channel. Carey’s (1966)
calculations indicate 0.73 < N1/N,< 1.37 such that:

1.09 < Pr 159

o

4)

Equations 3 and 4 are valid only for the case of
constant discharge. In the case of the Missouri
River, we can imagine the ice cover progressing
upstream in short lengths, AX. The depth of each
section is initially D, the open water elevation.
The water level of each section must rise to the new
elevation, Dy. By mass conservation we can state

Qv - Qout = B% AX )

where Qpy = flow into the section
Qour = flow out of the section
B = river width
Ad = rise in water level over time At.



Rearranging

Qour = Q[N—Bﬁfd AX
t

(6)

we see that the flow out of the reach will be less than
the flow in as long as the water level is rising. As the
water level rises in response to the presence of the
stationary ice cover, the discharge downstream of
the location where the ice cover initially arches must
be reduced. This reduction will occur as long as the
ice coveris progressing upstream and the waterlevel
under the cover is increasing in elevation.

The impacted discharges can be expected
whenever a stationary ice cover in the Missouri
River is progressing upstream. We would expect
ice-impacted discharges to occur only during or
immediately following cold periods when ice was
generated in the open water areas of the river.
Once a stationary ice cover has formed, further
growthin thickness of the ice has a minimal impact
on the water level. The magnitude of discharge
deficit can be estimated in the following manner.
We rewrite eq 6 so that

Opirr= QIN -~ Qour =B(D1 -Do) Vi (7)

where Vyis the progression rate of the ice cover,
which can be estimated as

- CoVa

\%
: 1-e¢

®)
11where C,, is the volumetric concentration of the ice
arriving at the leading edge of the stationary ice
cover, eis the porosity of the stationary cover,and V,
is the mean arrival velocity. Unfortunately, the value
of these parameters can only be roughly estimated at
this time. We can see that the ice cover progression
rate is strongly proportional to the concentration of
the arriving ice. The ice concentration in turn is a
strong function of the heat transfer rate from the
water surface. We would expect that V7 is at a maxi-
mum when C, is at its maximum, and we would
expect that the maximum impact on the discharge
would occur during the intense cold periods, when
the maximum heat transfer rates occur.

In the remainder of this section we will select a
reach in which the ice-impacted discharge periods
are easily identified, then we will determine all of the
impacted discharge periods over a suitable length of
record. Next we will statistically analyze the maxi-
mum ice-caused discharge deficits on an annual,
half-month, and accumulated freezing-degree-day
(AFDD) basis.
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Selection of initial reach
for study

The ice-impacted discharge periods can be iden-
tified by comparing the discharges recorded at the
upstream and downstream end of a specific reach. If
the upstream discharges are relatively constant and
unaffected by ice, this increases the ease with which
the comparisons can be made. The most appropriate
reach then is the most upstream reach in the study
area, from Yankton to Sioux City, because the flow at
Yankton reflects the discharge released at the Gavins
Point Dam, approximately 5.3 miles upstream. The
releases at Gavins Point Dam are not affected by ice
in the Missouri River.

Determining the ice-impacted
discharge periods

Generally, the flow at Yankton follows a consis-
tent pattern during the winter months. During No-
vember and the earliest part of December the flow at
Yankton is declining until a stable level is reached
and maintained for the remainder of December,
January, and February. There can be some small
fluctuations in the flow at Yankton during this time,
but historically the flow is maintained at a fairly
constant level. The ice-impacted discharge periods
are determined by comparing the discharge at
Yankton and Sioux City. Ideally, the flow at Yankton
should be numerically “routed” to Sioux City and
this routed flow compared to the flow measured at
Sioux City. However, because of the very steady
nature of the flow at Yankton, the relatively close
spacing of both stations (70 miles), and the fact that
only daily average discharges were available, flow
routing was found not to be necessary. The ice-
impacted discharge periods were determined by
subtracting the discharge at Sioux City from that at
Yankton each day. Those days when the results were
positive were then selected as the ice-impacted dis-
charges. This was done for all winters from 1970-71
through 1987-88. The resulting data, listed in Table 5,
are the date on which the maximum discharge deficit
occurred (that is, the largest difference between the
Sioux City gage and the Yankton gage), the magni-
tude of the discharge deficit, the length of the im-
pacted discharge period in days, and the accumu-
lated freezing-degree-days (°C) from 1 December at
the time of the maximum discharge deficit. There are
65 recorded periods of discharge deficits.

Statistical analysis of ice-impacted
discharges by time period

A histogram of discharge deficit maximums that
occurred during the ice-impacted periods is shown



Table 5. Discharge deficit record.

Max Length AFDD Max Length AFDD
deficit of period at max deficit of period at max
Date (1000 f35)  (days) (°C) Date (1000 f35)  (days) (°C)
19Jan 71 2.5 18 467.8 20 Dec 80 0.7 2 72.5
1Feb 71 3.3* 5 553.1 2 Feb 81 3.5% 2 258.3
9 Feb 71 1.9 5 657.2 9 Feb 81 27 4 323.9
22 Dec71 0.8 1 151.9 20 Dec 81 0.8 2 90.0
15Jan 72 5.5% 3 343.3 10 Jan 82 4.0* 3 305.6
20Jan 72 5.0 10 375.3 18 Jan 82 3.0 4 433.9
10 Feb 72 1.0 10 676.4 24 Jan 82 2.0 3 504.4
15 Feb 72 0.5 2 716.9 5 Feb 82 1.0 4 649.2
18 Feb 72 3.2 2 727.2 18 Jan 83 0.3* 1 135.0
10 Jan 73 0.8* 3 390.0 13 Dec 83 0.3 1 190**
11 Jan 74 4.0* 14 420.3 22 Dec 83 11.5% 11 370%*
4 Feb 74 0.4 2 509.2 6 Feb 84 0.7 1 750%*
13 Jan 75 6.2* 4 201.7 25 Dec 84 1.0 1 128.6
6 Feb 75 32 3 366.9 30 Dec 84 0.7 1 157.2
17 Dec 75 0.9 1 102.5 2 Jan 85 1.3 2 200.0
8Jan 76 8.0* 7 289.2 12 Jan 85 0.8 2 277.8
17 Jan 76 1.7 1 367.2 15 Jan 85 1.0 2 303.6
27 Jan 76 0.3 1 420.8 21 Jan 85 2.6 4 363.9
5 Feb 76 2.6 4 455.8 31]Jan 85 4.0* 16 457.8
11 Dec 76 0.6 1 111.1 25 Dec 85 4.1* 3 296.4
21 Dec 76 0.8 1 126.1 29 Dec 85 0.7 2 322.2
18 Jan 77 0.3 1 480.6 7 Jan 86 3.1 3 382.2
30Jan 77 4.0* 7 579.4 27 Jan 86 0.7 1 407.2
6 Dec 77 4.6* 6 26.9 11 Feb 86 1.2 6 482.5
2Jan 78 0.6 1 235.6 21 Feb 86 1.3 2 570.0
9Jan 78 0.7 1 323.6 5]Jan 88 7.4% 11 132.8
17 Jan 78 1.0 2 466.4 13 Jan 88 2.0 2 263.9
28Jan 78 1.0 2 650.3 21 Jan 88 1.4 4 3119
25Jan 79 2.5% 9 610.8 26 Jan 88 0.8 1 363.6
8 Jan 80 6.8% 2 101.9 2 Feb 88 0.8 2 4242
10 Jan 80 0.3 1 135.3 8 Feb 88 0.5 2 519.4
12 Jan 80 1.2 1 152.5 13 Feb 88 0.5 2 599.7
29 Jan 80 0.9 5 226.9

* Annual maximum
** Estimated

in Figure 9. It can be seen that nearly half the
maximum deficits were 1000 ft3/s or less. The
annual maximum return interval can be found by
selecting the maximum discharge deficit that oc-
curred during each winter. The return interval is
found by assigning each maximum discharge defi-
cit a probability, P, defined by J/(N+1), where ] is
the rank of the deficit and N is the total number of
data pointsavailable. Thereturnintervalis then1/
(1-P). The annual maximum return interval is
shown in Figure 10. It can be seen that the distribu-
tion is nearly normally distributed, and that there
is one apparent outlier. This outlier occurred on 22
December 1983 and has a value of 11,500 £t3/s. This
is by far the largest ice-impacted discharge deficit
recorded during the period of record.
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The discharge deficit record can be further ana-
lyzed by grouping the recorded discharge deficits
into half-month periods, as shown in Table 6. It can
be seen that impact periods do not occur every year
during each half month. The most likely half
months are 16-31 December (61%), 1-15 January
(65%) and 16-31 January (61%). Again, the return
interval for each half-month period is found in the
same manner as the annual maximum return in-
terval. The annual maximums occurring in each
half-month period are shown in Figures 11 through
14. The periods 1-15 December and 1628 February
were not plotted because there were too few data
points. We can see that, in large part, the data are
normally distributed except for the period 16-31
December. The data for this period seem to suggest
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Table 6. Discharge deficit by half-month periods, winter 1970-71 through 1987-88.

1-15Dec 16-31 Dec 1-15Jan 16-31 Jan 1-15Feb 16-28 Feb

Years with ice-impacted 4
period
Total ice-impacted periods 5

Percentage of years with 22
ice-impacted period
Years in which annual 2

maximum occurred

11

15
61

3

10 11 8 4
17 17 13 5
55 61 44 22

7 3 1 1

amixed population, and separate probability curves
havebeen drawn to indicate the two populations. At
this time it is not possible to explain the mixed-
population appearance of this data.

To complete the statistical analysis, we must take
note that discharge deficit cannotbe expected during
each half-month period every winter as shown in
Table 6. We can find the conditional probability by
multiplying the percentage of years in which an ice-
impacted period occurred by the exceedance proba-
bilities associated with the return intervals shown in
Figures 11 through 14. These conditional probabili-
ties define the risk of a particular ice-impacted dis-
charge deficitbeing exceeded in any year. Theresults
are shown in Figure 15. To determine the conditional
probabilities for the period 1-15 December, the
excedance probabilities in Figure 11 (16-31 Dec)
were used, but these probabilities were multiplied
by 22%, the percentage of years in which a discharge
deficit occurred during the period 1-15 December.
To determine the conditional probabilities for the
period 16-28 February, the probabilities in Figure 14
(1-15 Feb) were used, but they were multiplied by
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22%, the percentage of years in which a discharge
deficit occurred during the period 16-28 February.

Statistical analysis of
ice-impacted discharges by
accumulated freezing-degree-days

The number of freezing-degree-days for any day
is defined by difference in the average daily air
temperature and 0°C (32°F). For example, if the daily
average air temperature is —10°C (14°F), this would
translate into 10 freezing-degree-days (°C-day) for
thatday. We can characterize a winter by thenumber
of freezing-degree-days that are accumulated dur-
ing the winter. In this study, we accumulate the
freezing-degree-daysstarting on 1 December. There-
fore, we can define the accumulated freezing-de-
gree-days (AFDD) on any day as the number of
freezing-degree-days accumulated between 1 De-
cember and that day. A plot of the exceedance prob-
abilities of AFDD for Yankton, S.D., is shown in
Figure 16. The probabilities are shown for the dates
1 December, 15 December, 1 January, 15 January, 1
February, and 15 February.



1000
| | 111 1T T T 71
2]
z ® Decl
E 800 — © Dec15
g m Jan1
a O Jan 15
=y A
£ 600 |— Feb 1
3 A Feb 15
T
ke
9
< 400 —
>
1S
>
Q
Q
<
5 200 —
fa)
LL
<
0

2 5 1020

A im _—

100 Figure 16. Yankton accumulated freez-
Return Interval (years) ing-degree-days (December 1 start
date).
ot A N L L L A
AN
12— N\ _
\\'
@ 10— Envelope —
% N
< N/
g 8 . N 7
&) ]
a . N
S 6 . AN —
£ ‘. N
'g 4: . % ° o O\\ —
. :- ... L4 . \o
2— ° ° 3 ° \ —
. 23 ®e .o..... ® * oo .\
RS ST A R R SRR LIk I N
O 100 200 300 400 500 600 700 800 900 1000  Figure 17. Maximum discharge deficit vs.
AFDD AFDD (Yankton).

In Figure 17 the maximum discharge deficits list-
ed in Table 5 are plotted against the AFDD that
occurred on the day that the maximum discharge
deficit occurred. It can be seen that in general there is
an “envelope” that describes the limit of the dis-
charge deficit and that the upper limit of this enve-
lope decreases with increasing AFDD. This decrease
reflects the fact that as each winter progresses (and
the number of AFDD increases), the amount of ice in
the river is increased and the amount of open water
decreased. With the reach fully ice covered, dis-
charge deficits should not occur.

To complete this analysis, we can group the dis-
charge deficits into AFDD categories as shown in
Table 7. It can be seen that not every AFDD category
is reached every year and that ice-impacted periods
donot occur every year during each AFDD category
that is reached. The annual maximum discharge
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deficits occurring in each AFDD category are shown
in Figure 18. As with the previous statistical analysis,
the return interval for each AFDD category is found
by assigning each maximum discharge deficit a
probability, P, defined by J/(N+1), whereJis the rank
of the deficitand N is the total number of data points
available. The returnintervalis then 1/(1-P). We can
see that, in large part, the data are normally distrib-
uted except for the category 100-200 AFDD. This
category is somewhat comparable to the time period
16-31 December. As with that time period, the data
for this category suggest a mixed population, and
separate probability curves have been drawn to indi-
cate the two populations. At this time it is not pos-
sible to explain the mixed population appearance of
this data.

To further extend the statistical analyses, we
must take note that discharge deficit cannot be ex-



pected during each AFDD category every winter as associated with the return intervals in Figure 18.
shown in Table 7. We can find the conditional prob- These new probabilities define the risk of a particular
ability of exceedance by multiplying the percentage ice-impacted discharge deficit being exceeded in any
of times that ice-impacted periods occurred during year in which that AFDD category is reached. The
the AFDD category by the exceedance probabilities results are shown in Figure 19.

Table 7. Discharge deficit by AFDD periods, winter 1970-71 through 1987-88.

0-100 101-200 201-300 301400 401-500  501-600 601-700  >700

Years in which AFDD 18 18 17 16 15 13 9 5
category reached
Years with ice-impacted 4 8 9 11 9 6 6 2
period
Total ice-impacted 4 14 9 16 12 7 7 3
periods
Percentage of years in 22 44 53 69 60 46 66 40
which impacted period
occurred during AFDD
period.
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station, say Yankton, and a given month, say
January 1970, all of the mean daily flows were
averaged to come up with a mean monthly
daily flow. The mean flows for all months of
January from 1955 through 1988 at that station
werelikewise determined, and thenaveraged
to determine a mean of the mean monthly
discharges for all January flows at Yankton.
The starting year of 1955 was selected, as that

was the year storage behind Gavins Point
Dam was first available for regulation of
downstream flows. Monthly mean dis-
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Figure 19. Discharge deficit risk associated with AFDD prob-

CORRELATION OF
ICE-IMPACTED DISCHARGE
AND RIVER STAGES

Baseline flows

While the objective of thestudy is to determine the
required releases from Gavins Point Dam to ensure
adequate flows for water intakes downstream, the
performance of those intakes is dependent not only
on those releases but also the incremental discharge
entering the river from tributary sources. When de-
termining an appropriate release in anticipation of a
cold weather period in the near future, decisions can
be based on the water levels and flows in the river at
the time of its occurrence. However, long-term plan-
ning efforts must rely on predicted flow distribu-
tions.

For each of the 10 discharge gaging stations listed
in Table 1, mean daily flow information was sorted
by month to determine representative variations in
flow along the river. That is, for a given gaging

charges prior to 1955 were normally much
lower during winter months.

This averaging process was repeated for all
months between October and March and for
all 10 gaging stations. The results of this pro-
cess for the months of December through
March are presented in Table 8. This information is
also presented graphically in Figure 20 in terms of
discharge variation with drainage area below
Gavins Point Dam. Discharge measured at Yankton
is considered equivalent to releases from the dam.
For comparison, an actual, single-day flow distribu-
tion from a low flow period in January 1970 that had
thesame Gavins Pointrelease as thelong-term mean-
of-meansis included in both Figure 20 and Table 8. A
comparison of this single-day flow distribution with
that of the January mean-of-means distribution
shows good correlation.

Since the release from Gavins Point Dam is not
directly coupled to inflows elsewhere in the river
downstream, those releases have been assumed to
constitute an independent variable, distinct from
inflows elsewhere in the system. Under this assump-
tion, whether 1,000 or 30,000 f£3/s was to be released
from Gavins Point, downstream incremental in-
flows would remain unchanged. Therefore, in Table
9 the Yankton discharge for each month shown in

Table 8. Mean monthly discharge distributions.

River Discharge (ft3/s), mean of means Q (/)
Station mile December January February March Jan 70
Yankton 805 17,500 15,000 14,600 18,600 15,000
Sioux City 732 18,400 15,600 15,700 22,000 16,500
Omaha 616 20,000 16,700 18,700 26,900 17,000
Nebraska City 562.6 24,500 20,200 25,500 37,500 19,000
Rulo 498 26,000 21,300 27,100 40,700 19,700
St. Joseph 448 28,200 23,100 30,000 45,000 20,750
Kansas City 366.1 33,200 27,000 36,500 54,525 25,000
Waverly 293.5 34,100 27,900 37,600 55,000 25,500
Booneville 196.6 41,000 33,200 46,500 69,500 34,800
Hermann 97.9 58,100 46,400 64,600 96,000 40,000
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Figure 20. Mean monthly discharge distributions.

Table 8 has been subtracted from the discharges at
the other stations. Any planned release would then
simply be added to the values for the applicable
month in Table 9 to find a representative flow distri-
bution along the river.

Minimum flow requirements

To estimate flows necessary to ensure adequate
water surface elevations at municipal and industrial
(M&I) water intakes along the river, MRD personnel
conducted a survey of all known intakes.” Among
the information solicited in this survey were esti-

* W. Stern, CEMRD-ED-TH, 1991, personal communica-
tion; minimum flow requirements for water supply, sur-
vey and associated analysis conducted in conjunction
with Missouri River Master Water Control Manual Re-
view and Update—Phase 2.

mates of the minimum stage necessary for normal
intake operation and the critical stage at which the
intake would be effectively shut down. The water
surface elevation information obtained in this sur-
vey, presented in Table 10, was used as the basis for
estimating the discharge magnitudes necessary for
water intake operations.

To estimate the discharge distributions required
to satisfy water users along the river, the informa-
tion in Table 10 was compared with the results of a
water surface profile analysis by MRD personnel®
using the HEC-2 computer program (USACE 1990).

t A. Swoboda, CEMRD-ED-TH, 1991, personal commu-
nication; verified HEC-2 Water Surface Profile data deck
and associated analysis conducted in conjunction with
Missouri River Master Water Control Manual Review
and Update—Phase 2.

Table 9. Mean monthly incremental discharge distributions.

River Discharge (ft3/s), mean of means Q (f3/s)
Station mile December January February March Jan 70
Yankton 805 0 0 0 0 0
Sioux City 732 900 600 1,100 3,400 1,500
Omaha 616 2,500 1,700 4,100 8,300 2,000
Nebraska City 562.6 7,000 5,200 10,900 18,900 4,000
Rulo 498 8,500 6,300 12,500 22,100 4,700
St. Joseph 448 10,700 8,100 15,400 26,400 5,750
Kansas City 366.1 15,700 12,000 21,900 35,925 10,000
Waverly 293.5 16,600 12,900 23,000 36,400 10,500
Booneville 196.6 23,500 18,200 31,900 50,900 19,800
Hermann 97.9 40,600 31,400 50,000 77,400 25,000
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Table 10. Minimum required stages and discharges required for water

supply.
Critical Minimum discharge
River stage Intake* Reach
Plant name mile (ft) (f3/s) (ft3/s)
Yankton Water 805.90 1150.00 6000 6000
Terra International 718.7 6000 8000
Neal North 3 718.40 1052.50 8000 8000
Neal North 2 718.30 1052.50 8000 8000
Neal North 1 718.30 1052.50 8000 8000
Neal North 4 716.70 1049.50 6500 8000
Blair Water 648.5 981.00 6000 8000
Ft. Calhoun Power 645.90 979.00 6000 8000
Florence Water 626.3 964.70 6000 8000
N. Omaha Power 625.20 963.00 7500 8000
C. Bluffs Water 618.9 957.70 8000 8000
Furfuryl (QuakeB Energy 1 & 2) 606.00 946.00 6000 6000
CB Energy 3 606.00 948.00 6000 6000
OPPD Neb City Power 556.30 896.00 6000 6000
NPPD Cooper Nuclear Power 532.60 869.00 6000 6000
Missouri Amer. Water 452.3 787.50 6000 6000
St. Joseph Power 446.00 787.00 7000 9500
Atchison Water 423.3 763.00 6000 9500
KCPL Iatan Station 411.10 755.00 7000 9500
Leavenworth Water 397.4 740.70 6000 9500
Johnson County Water 379.9 723.50 6000 9500
Nearman Creek Power 378.60 724.00 9500 9500
BPU Quindaro 373.50 717.50 7000 9500
Quindaro Power 373.40 717.50 7000 9500
KCMO Water 370.5 716.30 9500 9500
KCPL Grand (Summer) 365.70 6000 7500
KCPL Hawthorne Station 358.40 704.50 7500 7500
Independence (Stdby) 345.30 693.00 6000 7500
Sibley Power 4 336.40 676.00 6000 7500
Sibley Power 5 336.40 676.00 6000 7500
Lexington Water 317.1 666.30 7000 7500
Glasgow Municipal Water 226.7 592.10 16000 16000
Booneville Water 197.5 566.10 11500 16000
Capital City Water 144.0 519.00 7500 8500
Chamois Power 117.10 492.80 6000 8500
Callaway Nuclear Station 115.50 495.00 8500 8500
Labadie Power Station 57.90 442.00 6000 7000
St. Louis Howard Bend 37.1 420.00 6000 7000
St. Louis Central 36.5 423.00 7000 7000
St. Louis North (west) 20.50 406.00 6000 7000
St. Louis North (east) 20.20 409.00 7000 7000

*Note: A value of 6,000 ft3/s indicates a required flow of less than or equal to 6,000
ft3/s. Many sites had stage requirements well below the calibrated range of the

hydraulic model.

Using stage-discharge rating curves generated by
HEC-2 at each site, it was possible to turn the
critical shut-off stages for an intake into a required
local discharge. The resulting discharges are
shown in Table 10 along with the minimum dis-
charges required to satisfy all water intakes within
river reaches defined by two adjacent discharge
gaging stations. Discharge requirements listed as
being equal to 6,000 t3/s include those sites hav-
ing stage requirements falling below water surface
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elevations corresponding to the minimum dis-
charge value of 6,000 ft>/s employed in HEC-2.
Extrapolation to these very low stages would be
unreliable and is unnecessary for the purposes of
this study. These minimum flow requirements are
also shown graphically in Figure 21. For the re-
mainder of the report we will use the reach-based
minimum flow requirement distribution as a basis
for required releases from Gavins Point Dam.
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Comparison of
baseline flows with
minimum flow requirements
Figure 22 presents a comparison of the long-

term, monthly mean discharges with the reach-
based minimum flow requirements determined
above. Subtracting these minimum flow require-
ments from the monthly mean discharges provides
the long-term average discharge in excess of that
required for water supply shown in Figure 23. In this
figure, it can be seen that river reaches closest to
falling below the minimum required stages are typi-
cally between river miles 616 to 806. Further, January
is clearly the month of greatest concern from a purely
open water hydraulic standpoint, followed by De-
cember and February.

If we subtract the minimum excess discharge for
each month shown in Figure 23 from the long-term
monthly mean release at Gavins Point, the resultis a
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long-term average minimum release from the damto
meet the specified minimum discharge distribution
along the river. In Table 11 these minimum excess
discharges have been subtracted from all corre-
sponding monthly mean excess discharge values to
give not only the minimum release from Gavins
Point but also the distribution of flow in excess of
that required for water supply at all gaging stations
along theriver for the case of tributary inflows equal
to their long-term averages.

In the Missouri River Master Water Control
Manual Review and Update (USACE 1990), under
the section on baseline for plan comparison, it is
stated that “...the minimum release considered to
be applicable at this time is 6,000 cfs. Even though
higher releases are currently required to provide
water at the intakes downstream from the main
stem system, the minimum nonnavigation release
baseline will continue to be 6,000 cfs.”



Table 11. Monthly minimum release flow distributions.

River Qumin M&1 Minimum monthly flow distributions
Station mile (reach) Dec Jan Feb Mar
Gavins Point 811 7,100 7,400 6,900 6,000
Yankton 805 7,100 1,400 900 0
6,000
Sioux City 732 0 0 0 1,400
6,000
Omaha 616 3,600 3,100 5,000 8,300
8,000
Nebraska City 562.6 8,100 6,600 11,800 18,900
6,000
Rulo 498 9,600 7,700 13,400 22,100
6,000
St. Joseph 448 8,300 6,000 12,800 22,900
6,000
Kansas City 366 15,300 11,900 21,300 34,425
9,500
Waverly 293.5 7,700 4,300 13,900 26,400
7,500
Booneville 196.6 22,100 17,100 30,300 48,400
16,000
Hermann 97.9 40,700 31,800 56,900 76,400
8,500
St. Louis 0 40,700 31,800 56,900 76,400
7,000
I
0x 103} _
——————— December
— = — January
B —— —— February —
March
60 |— —
g [ =
m—-
C 40k=—_ _; —
- i
i 1___| B ]
20— —.-_______{r———i——--?::"j'._-_ —
I I__ T T e
- e .
B L i L
———— —
0 l r l | i | |
0 200 400 600 800
River Mile

Figqure 23. Excess mean monthly discharge.
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At least for the case of tributary inflows down-
river being at or below their long-term averages, a
Gavins Point release of 6,000 ft2/s would be clearly
insufficient for most winter months—even in the
absence of ice. As shown in Table 11, the lowest
acceptable long-term average release would be ap-
proximately 6,000 ft>/s in March. Although not
shown in Table 11, the minimum releases for the
months of October and November would be 7,200
and 7,100 ft3/s, respectively. January would require
the greatest release from Gavins Point at 7,400 /s,
but downstream tributary inflows that differ from
the long-term means could of course change the
value during any specific event.

DETERMINATION OF
REQUIRED RELEASES IN WINTER

Two basic approaches for the determination of
required releases due toiceimpactshavebeen devel-
oped. The first is based on long-term statistics and
would be appropriate for annual or long-term plan-
ning when little is known about weather and runoff
conditions to be expected. The second approach is
targeted at determining an appropriate short-term
response to an anticipated cold weather—ice event.

Long-term planning approach

This approach would be applicable for develop-
ing a general operating plan or an annual operating
plan when little information is available on water
supply and weather to be encountered. It relies on
thelong-term average incremental discharges devel-
oped earlier and statistical representations of wea-
ther patterns to provide a suggested release schedule
from Gavins Point Dam.

Inthesection of thereport dealing witha compari-
son of baseline flows with the minimum flows re-
quired for water intake operation, minimum releases
from Gavins Point Dam during the winter months
were developed assuming noice effects. Asshownin
Table 11, these minimum releases varied from a low
of 6,000 ft3/s in March to a high of 7,400 ft3/s in
January. Those values can be used in conjunction
with the information presented in Figure 15 on the
probable magnitude of discharge deficit events dur-
ing each 2-week time period throughout the winter
for various levels of risk. The result is presented in
Figure 24, which provides recommended minimum
releases throughout the winter season.

To use this information, it is merely necessary to
select an acceptable value of risk and read the dis-
charges corresponding to that risk line on the plot.
For example, to protect against 5-year recurrence

Oct Nov Dec Jan Feb Mar
3 10 20 10 20 10 20 10 20 10 20 10 20
24 x 10
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
Open Water
———— 10%
—————— 20%
16— et 40% |
—_—— 50% l— _I
@ r— ...l
Tt TN [ i i
~ [ ‘ir L i
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Figure 24. Minimum release from Gavins Point Dam (ice-impacted flows).
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interval events the user would follow

Table 12. Minimum releases from Gavins Point Dam for ice-impacted

the 20% chance line to come up with flows.
minimum recommended releases.
Similar information for the prima Decentber Jauary February
, primary Risk 115 15-31 1-15  15-31 115 15-28
ice event months of December
through February is also provided in Openwater 7,100 7,100 7,400 7,400 6,900 6,900
Table .12' 50% 7,200 7,500 9,800 8,200 7,100 7,000

This approach could also be
modified to address releases during 20% 7,400 9,000 12,800 10,400 8,800 7,900
aspecific year. It would still be based 10% 8200 11,300 14,300 11,400 9,700 82900
on long-term weather statistics, but

5% 10,500 13,500 15,600 12,400 10,300 9,600

could allow consideration of years

thatarerelatively wetter or drier than

normal. If information was available

onexpected tributary inflow rates, the monthly mini-
mum release flow distributions, such as those pre-
sented for long-term averages in Table 11, could be
calculated for specific time periods. Combining this
with the discharge deficit probability information
contained in Figure 15 would provide recom-
mended release information similar to that in Figure
24, but tailored more to the inflow conditions ex-
pected for a given year.

Short-term approach

This approach would be applicable for near-term
modification of the planned winter release schedule
in anticipation of an approaching cold weather pe-
riod. Asinthelong-termapproachjust discussed, the
estimation of required releases from Gavins Point is
again based on an acceptable level of risk. Since the
travel time of releases from Gavins Point Dam to
many of the water intakes is significantly longer than
the time period of reliable weather forecasts, winter
releases mustbe based on probabilistic, conservative
estimates of required flows.

To use this approach it is first necessary to esti-
mate the potential severity of theevent. The probable
level of discharge deficit can be determined from
either Figure 15 or Figure 19. The most straight-
forward approachis touse Figure 15, which provides
the probablelevel of discharge deficit corresponding
to a selected level of risk based on calendar date.
Thus, a 10% chance of exceedence on, say, 23 Decem-
ber would give an estimated discharge deficit of
4,200 ft3/s, whereas on 23 February it would be only
2,000 f3/s. This estimated deficit could then be
coupled with current known (or projected) levels
and flows to determine whether such a deficit might
create a problem and if so, how much the Gavins
Point discharge should be increased.

For example, using the long-term monthly mean
incremental discharge distributions in Table 9, an
assumed Gavins Point discharge of 10,000 ft3/s,and
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further assuming that it is 3 January, we could esti-
mate that there is a 10% risk of discharge deficit of
6,900 ft3/s or greater occurring. Since the discharge
in reach 2 would be 10,600 ft3/s, and the minimum
required reach flow is 8,000 /s, the discharge from
Gavins Point would have to be increased by 4,300
t3/s to avoid difficulty in that reach. Further, since
the water travel time from Gavins Point toreach 7 for
January 1970 flow rates is on the order of 8 days and
the wave travel time about 6.5 days, the release
would have to begin before the normal 3- to 5-day
weather forecast period would provide reliable fore-
casts. Should a cold weather system be anticipated,
the response would need to be based on known
water discharge distributions and a risk-based esti-
mate of cold snap severity.

Alternately, if the accumulated freezing-degree-
days (AFDD) have been tracked as described earlier,
a discharge deficit estimate can be made that ac-
counts for the severity of the current winter. In this
case, the user would check the current AFDD tabu-
lated since 1 December, enter Figure 19 within that
AFDD range and read the discharge deficit magni-
tude corresponding to the preselected level of risk. If
a cold snap is anticipated that would increase the
AFDD to the next range in Figure 19, then values in
eachrange should also be considered in determining
an appropriate response.

For example, if the January 1970 discharge sce-
nario is assumed along with 180 AFDD, a 10% level
of risk would correspond to a discharge deficit of
6,800 ft3/s. However, if it is 3 January we could
estimate (using Fig. 8a) that there is a 50% risk of a 5-
day cold snap exceeding 80 FDD and a 10-day cold
snap exceeding 140 FDD. In that case we would
expect that in one out of two years we could go from
180 to 260 AFDD within the next 5 days and to as
much as 320 AFFD within 10 days. Thus, the ex-
pected discharge deficit might actually decrease
from 6,800 f£3/s to 6,400 and then 5,300 as the cold
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a. At Yankton.

b. At Nebraska City.

c. At Booneville.



snap continued. Of course, for the immediate future
3- to 5-day period, the weather forecast should be
more reliable, but longer term operations must be
dealt with in a statistical framework.

Using this method, if the weather forecast pre-
dicted the approach of a major cold front such that
a significant discharge deficit event might be
expected, plots corresponding to Figures 8 and 9
could be employed to determine probable cold
snap severity and duration for the current time
period for the various river reaches. The onset of a
significant discharge deficit event typically in-
volves a 3-day or longer cold snap with tempera-
tures reaching —12°C (10°F) or below. If such an
event is anticipated, then the current AFDD totals
for the various reaches along the river, coupled
with these estimates of near-term additional
FDDs, would allow an assessment of expected
discharge deficits at various levels of risk.

Note that the coldest weather does not always
correspond to the greatest discharge deficit levels.
Initially, as AFDDs increase the magnitude or the
probable discharge deficit event also increases.
However, as the total AFDD continues to increase,
the magnitude of a discharge deficit event begins
to decrease in response to water surface area al-
ready being covered by ice such that the potential
or additional water storage begins to decrease.
Further, the location where the discharge re-
sponds to a cold snap can vary through the winter.
Figure 25 shows probable cumulative freezing-
degree-day totals in 2-week time intervals. For
example, at the 50% risk level, the 180 AFFD total
used in the January 1970 example above would be
reached in late December at Yankton, late January
at Nebraska City, and not at all at Booneville.

Thus, depending on the pattern of an indi-
vidual winter’s weather, we might find that the
magnitude of a discharge deficit event (at a given
risk level) is greater in reach 1 early in the season,
butgreaterinreach4atsomelater date whenreach
lislargely ice-covered and reach 4 still has signifi-
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cant open water areas. The AFDD totals should be
monitored for several stations along the river and
estimates of the potential discharge deficit calcu-
lated for each to determine the appropriate Gavins
Point release response.

SUMMARY

This report has provided two basic approaches to
the regulation of Gavins Point Dam releases during
the winter ice season: a long-term seasonal statistic-
based method and a short-term response method
based on expected weather severity. Both methods
are statistically based, but the second approach takes
into account the severity of the weather preceding
the date of analysis. Each method might be used on
either a full-time basis throughout the winter or only
when significant cold weather periods are antici-
pated.
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APPENDIX: STATISTICAL RESULTS OF AIR TEMPERATURE ANALYSIS

Mean and standard deviation of freezing-degree- Mean and standard deviation of freezing-degree-
days at Sioux Falls. days at Gavins Point.
MONTH  MEAN (°C-day) ST DEV (°C-day) MONTH  MEAN (°C-day) ST DEV (°C-day)
1-0AY 1 -DAY
OCTOBER -.03 2.62 OCTOBER -1.907 Z2.65
NOVEMBER 19.22 5.42 NOVEHBER 8.49 4.83
DECEMBER 13.256 4.35 DECEMBER 17.04 5.43
JANUARY 23.16 %.88 JANUARY 21.97 5.93
FEBRUARY 19.67 4.654 FEBRUARY 18.37 4.81
MARCH 12.03 5.77 MARCH 16.67 4.93
2-0AY 2-DAY
OCTOBER -2.11 5.14 OCTOBER -4.88 5.96
NOVEMBER 18.34 10.57 NOVEMBER 14.76 8.43
DECEMBER 35.18 9,82 DECEMBER 30.86 10.865
JANUARY 47.93 7.64 JANUARY 40.58 7T.78
FEBRUARY 36.17 5.70 FEBRUARY 33.27 9.42
MARCH 21.63 16.3¢ MARCH 19.09 3.51%
2-DAY 3-DAY
OCTOBER -6.46 3.00 OCTOBER ~9.99 3.31
NOVEMBER 24.36 15.50 NOVEMBER 16.69 13.40
DECEMBER 47.85 14.37 DECEMBER 41.84 16.21
JANUARY 61.46 11.73 JANUARY 56.85 12.3
FEBRUAR' 50.54 14.06 FEBRUARY 45.76 13.60
MARCH 28.75 15.42 MARCH 24.96 13.4
5-0AY 5-DAY
OCTOBER -18.60 12.65 CCTOBER -24.85 15.11
NOVEMBER 32.73 25.85 NOVEMBER 22.B65 19.88
DECEMBER 63.72 23.36 DECEMBER 61.23 26.70
JANUARY 31.80 20.54 JANUARY 65.96 22.12
FEBRUARY 73.037 23.27 FEBRUARY 66.40 23.4
MARCH 39.35 24.57 MARCH 33.13 24.01
10-0AY 1@-DAY
OCTOBER -69.54 24.09 OCTOBER -72.24 286.35
NOVEMBER 3748 38.45 NOVEMBER 15.00 36.83
DECEMBER 113.32 43.54 DECEMBER 86.19 51.28
JANUARY 155.70 42 .45 JANUARY 139.91 42.58
FEBRUARY 113.65 45.33 FEBRUARY {06.79 46.33
MARCH 57 .15 43.585 MARCH 37.87 44.73
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Mean and standard deviation of freezing-degree-

Mean and standard deviation of freezing-degree-
days at Yankton.

days at Vermillion.

MONTH MEAN (°C-day) ST DEV (°C-day) MONTH MEAN (°C-day) ST DEV (°C-day)
1 -DAY 1-DAY
OCTOBER ~-.586 2.47 OCTOBGER -1.67 3.00
NOVEMBER 9.47 5.14 NOVEMBER 8.27 5.18
DECEMBER 17.97 4.64 DECEMBER 16.90 5.65
JANUARY 21.89 3.86 JANUARY 20.68 3.83
FEBRUARY 16.37 4.45 FEBRUARY 17.74 5.10
MARCH 11.43 5.55 MARCH 39.84 5.33
2-DAY Z2-DAY
OCTOBER ~-3.69 5.19 OCTOBER -6.586 5.91
NOVEMBER 16.50 9.61 NOVEMBER 13.92 3.60
DECEMBER 31.83 5.66 DECEMBER 29.34 1111
JANUARY 49.89 7.60 JANUARY 33.30 7.7
FEBRUARY 33.98 9.15 FEBRUARY 30.69 9.00
MARCH 20.63 10.46 MARCH 17.04 9.84
3-DAY 2-DAY
OCTOBER -8.7 8.12 OCTOBER -13.60 6.88
NOVEMBER 21.066 4.28 NOVEMBER 17.53 14.18
DECEMBER 43.19 14.48 DECEMBER 39.85 65.83
JANUARY 57.10 11.79 JANUARY 52.97 11,17
FEBRUARY 46.38 13.55 FEBRUARY 41.94 13.66
MARCH 27.37 14.76 MARCH 22.13 13.97
5-DAY 5-DAY
OCTOBER ~-22.94 12.90 OCTOBER ~31.58 13.985
NOVEMBER 25.53 22.14 NOVEMBER 20.56 21.30
DECEMBER 63.232 24.77 DECEMBER 56.75 27.28
JANUARY 64.354 y JANUARY 78.63 21.20
FEBRUARY 66.40 23.68 FEBRUARY 57.49 23.14
MARCH 37.85 24.29 MARCH 27.83 22.27
10-DAY 16-DAY
OCTOBER -66.87 22.7 OCTOBER -83.31 27.56
NOVEMBER 25.64 J36.44 NOVEMBER 5.56 39.28
DECEMBER 104.21 45.96 DECEMBER 91.29 53.25
JANUARY 140.79 43.47 JANUARY 128.56 44 .25
FEBRUARY 106.90 46.65 FEBRUARY 87.07 49.37
MARCH 47.98 44.92 MARCH 26.57 41.68
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Mean and standard deviation of freezing-degree-

days at Nebraska City.

MONTH

OCTOBER
NOVEMBER
DECEMBER
JANUARY
FEBRUARY
MARCH

GCTOBER
NOVEMBER
GECEMBER
JANUARY
FEBRUARY
MARCH
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JANUARY
FEBRUARY
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Mean and standard deviation of freezing-degree-

days at St. Joseph.
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Mean and standard deviation of freezing-degree- Mean and standard deviation of freezing-degree-

days at Atchison. days at Kansas City.
MONTH MEAN (°C-day) ST DEV (°C-day) MONTH MEAN (°C-day) ST DEV (°C-day)
1 -DAY 1-DAY
OCTOBER -5.24 2.69 OCTOBER -5.60 2.90
NOVEMBER 4.28 3.72 NOVEMBER 3.47 3.95
DECEMBER 12.36 5.09 DECEMBER 10.87 5.54
JANUARY 15.44 4.06 JANUARY 14.99 4.24
FEBRUARY .13 4.73 FEBRUARY 10.65 5.11
MARCH 5.74 4.81 MARCH 4.97 4.37
2-DAY 2-DAY
OCTOBER -12.91 5.328 OCTOBER -13.40 6.06
NOVEMBER 6.02 7.04 NOVEMBER 4.91 7.56
DECEMBER 21.54 16.28 DECEMBER 18.64 16.55
JANUARY 27.25 8.25 JANUARY 26.63 7.86
FEBRUARY 15.13 3.36 FEBRUARY 18.72 5.58
MARCH 8.49 9.37 MARCH 7.66 8.91
3~-0AY 3-DAY
OCTOBER -22.26 8.65 OCTOBER -23.08 5.19
NOVEMBER 5.64 16.38 NOVEMBER 4.35 10.94
DECEMBER 27.08 15.14 DECEMBER 23.64 15.91
JANUARY 36.30 12.17 JANUARY 36.11 11.57
FEBRUARY 23.67 153.73 FEBRUARY 23.62 14.82
MARCH §.60 i13.64 MARCH 7.66 11.96
5-DAY 5-DAY
OCTOBER ~-44.09 13.77 OCTOBER -45.56 15.24
NOVEMBER .58 16.42 NOVEMBER ~1.73 16.78
DECEMBER 34.56 23.35 DECEMBER 28.57 23.18
JANUARY 50.39 20.89 JANUARY 43,63 19.93
FEBRUARY 29.686 22.02 FEBRUARY 29.83 23.89
MARCH 5.79 21.12 MARCH 4.97 18.82
10-0AY 10-DAY
OCTOBER -112.42 22.94 O0CTOBER -111.23 27.70Q
NOVEMBER ~-24.04 24.98 NOVEMBER ~-26.51 28.05
DECEMBER 44.64 44.77 DECEMBER 34.96 44.18
JANUARY 72.66 42.7 JANUARY 71.91 41.Q7
FEBRUARY 38.08 43.61 FEBRUARY 36.53 47.45
MARCH -15.060 46.74 MARCH -17.19 35.32
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Mean and standard deviation of freezing-degree- Mean and standard deviation of freezing-degree-

days at Lexington. days at Booneville.
MONTH MEAN (°C-day) ST DEV (°C-day) MONTH MEAN (°C-day) ST DEV (°C-day)
1 -DAY 1-DAY
OCTOBER -4.98 3.04 OCTOBER -4.54 2.67
NOVEMBER 3.91 3.52 NOVEMBER 4.18 3.45
DECEMBER 10.80 4.74 DECEMBER 11.42 5.01
JANUARY 14.81 4.74 JANUARY 15.33 4.40
FEBRUARY 10.83 4.80 FEBRUARY t1.65 5.00
MARCH 4.96 4.38 MARCH 5.48 4.4
2-DAY 2-0AY
OCTOBER -11.66 6.03 OCTOBER -11.71 5.27
NOVEMBER 5.63 6.98 NOVEMBER .03 6.85
JECEMBER 16.97 9.21 DECEMBER 20.26 10.10
JANUARY 27.18 3.50 JANUARY 28.59 6.3
~EBRUARY 19.26 8.77 FEBRUARY 29.92 3.51
MARCH 7.63 8.84 MARCH 9.11 9.62
3-DAY 3-DAY
JCTOBER ~-29.01 8.76 OCTOBER -20.33 7.94
NOVEMBER 5.45 10.32 NOVEMBER 6.26 10.32
JECEMBER 24.99 3.51 DECEMBER 26.46 14.59
JANUARY 36.02 14.06 JANUARY 36.17 11.15
“EBRUARY 25.901 14.36 FEBRUARY 27.18 14.01
1ARCH 7.81 12.17 MARCH 5.73 12.97
5-DAY 5-DAY
JCTOBER -40.85 14,72 OCTOBER -41.41 13.43
NOVEMBER 1.00 15.64 NOVEMBER 1.20 14.714
JECEMBER 22.83 21.27 DECEMBER 33.87 23.15
JANUARY 49,44 23.26 JANUARYY 5Z2.46 16.61
“EBRUARY 31.20 22.81 FEBRUARY 34.81 20.92
1ARCH 4.3 20.54 MARCH 7.56 189.11
10-0AY 10-DAY
JCTOBER -106.18 27.83 OCTOBER -104.09 25.58
JOVEMBER -23.48 24 .63 NOVEMBER -22.49 Z25.59
JECEMBER 412.05 472,46 DECEMBER 44 .42 46.64
TANUARY 71.68 44 .72 JANUARY 75.586 24.58
TEBRUARY 7.48 43.54 FEBRUARY 45,02 41.96
1ARCH ~17.20 39.58 MARCH -6.44 35.16
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Mean and standard deviation of freezing-degree- Mean and standard deviation of freezing-degree-

days at Jefferson. days at St. Charles.
MONTH MEAN (°C-day) ST DEV (°C-day) MONTH MEAN (°C-day) ST DEV (°C-day)
1-DAY 1~-DaY
OCTOBER -5.01 Z.51 OCTOBER -5.352 2.77
NOVEMBER 3.55 3.3 NOVEMBER 2.13 3.33
DECEMBER a7 5.14 DECEMBER 10.46 5.23
JANUARY 13.56 4.87 JANUARY 13.47 5.05
FEBRUARY 3.87 4.71 FEBRUARY 3.29 5.01
MARCH 4.34 4.1 MARCH 3.77 4.12
2-0AY 2-DaY
OCTOBER -11.77 5.86 OCTOBER -12.48 5.43
NOVEMBER 4.86 6.52 NOVEMBER 3.84 6.33
DECEMBER 16.47 9.48 DECEMBER 17.81 10.10
JANUARY 23.68 9.26 JANUAR'Y 24.26 3.535
FEBRUARY 16.92 §.47 FEBRUARY 15.93 190.14
MARCH 5.62 8.12 MARCH 4.76 8.47
3-DAY 3-DAY
GCTOBER -20.63 8.41 GCTOBER ~21.56 8.15
NOVEMBER 4.32 5.42 NOVEMBER 2.93 3.28
DECEMBER 23.27 13.79 DECEMBER 22.99 14.85
JANUARY 31.53 13.92 JANUARY 3247 14.22
FEBRUARY 21.71 13.75 FEBRUARY 18,92 14.87
MARCH 5.05 12.061 MARCH 3.60 12.41
5-DAY 5-DAY
OCTOBER -41.16 14.20 OCTOBER ~-43.55 12.85
NOVEMBER =117 14.12 NOVEMBER -3.37 15.56
DECEMBER 30.10 22.25 DECEMBER 30.04 24.693
JANUARY 41.51 22.73 JANUAR'Y 42.593 23.61
FEBRUARY 25.27 21.62 FEBRUARY 24.24 235.36
MARCH .63 16.683 MARCH -2.45 19.61
10-DAY 10-0AY
OCTOBER -104.91 26.72 GCTOBER -103.61 26.01
NOVEMBER -27.85 24.30 NOVEMBER -32.56 23.85
DECEMBER 35.34 43.85 DECEMBER 38.14 50.35
JANUARY 55.85 45.60 JANUARY 58.16 43.87
FEBRUARY 24.45 40.11 FEBRUARY 23.20 45.05
MARCH -25.44 36.21 MARCH -29.60 33.78
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Mean and standard deviation of freezing-degree-
days at St. Louis W.

MONTH  MEAN (°C-day) ST DEV (°C-day)

1-0AY
OCTOBER -5.85 2.47
NOVEMBER 3.27 3.92
DECEMBER 9.63 5.06
JANUARY 14.04 4.52
FEBRUARY 10.04 4.82
MARCH 4.00 4.35
Z2-DaY
OCTOBER ~-13.26 5.03
NOVEMBER 4.21 6.83
DECEMBER 16.56 9.50
JANUAR'Y 24.82 7.7
FEBRUARY 17.41 8.73
MARCH 5.87 8.25
J2-0AY
OCTOBER ~22.56 7.63
NOVEMBER 2.70 9.67
DECEMBER 20.819 12.49
JANUARY 33.20 1.3
FEBRUARY Z21.69 12.47
MARCH 5.60 12.15
5-DAY
OCTOBER ~44,12 12.08
NOVEMBER ~-3.813 14.20
DECEMBER 25.24 20.56
JANUARY 44,44 17.43
FEBRUARY 26.51 13.33
MARCH .88 17.33
10-DAY
OCTOBER -103.65 23.52
NOVEMBER -22.23 23.08
DECEMBER 27.16 39.65
JANUAR'Y 62.33 27.04
FEBRUARY 28.65 37.90
MARCH -23.23 36.34
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