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Lake-Level Frequency Analysis for the 
Waubay Lakes Chain, 
Northeastern South Dakota
SyColin A. Niehus, Aldo V. Vecchia, and Ryan F. Thompson

ABSTRACT

In response to signific ant increases in lake 
levels in northeastern South Dakota during the 
1990's, a water mass-balanc& model and a sto­ 
chastic time-series model were used to perform a 
lake-level frequency analysis for the Waubay 
Lakes Chain. The 10 major lakes in the chain 
include Bitter Lake, Blue Dog Lake, Enemy Swim 
Lake, Hillebrands Lake, Minnewasta Lake, 
Pickerel Lake, Rush Lake, Spring Lake, Swan 
Pond, and Waubay Lake. Lake outlet elevations 
existing as of April 1999 wej-e used in the 
frequency analysis.

The water mass-balance model was 
developed to simulate semiannual lake volumes of 
the 10 major lakes of the chain using precipitation, 
evaporation, total inflow to the system, and 
starting lake levels as input. The model simulated 
the volumes by accounting for all water entering 
and leaving each lake.

Historic lake-level data were compiled from 
all available sources, but most data were obtained 
from the South Dakota Department of Environ­ 
ment and Natural Resources and the Waubay 
National Wildlife Refuge. Water years 1963-98 
were selected for model development because of 
the availability of lake-level data. Missing data 
were generated as needed using regression. Pre­ 
cipitation data were compiled from data collected 
at the Waubay National Wildlife Refuge, and 
evaporation data were estimated using a modifica­ 
tion of the Morton method.

Because the water mass-balance model esti­ 
mates lake volumes rather than lake levels, lake 
area and capacity tables were needed to convert 
lake levels to lake volumes. Digital contour maps 
were developed from bathymetric maps and 
10-meter digital elevation model data. Bathy­ 
metric maps for five of the lakes were available 
from the South Dakota Department of Game, Fish 
and Parks. The U.S. Geological Survey collected 
bathymetric data for the remaining five lakes.

Semiannual total inflow to the Waubay 
Lakes Chain was estimated using the assumption 
that the basin containing the lakes chain is a closed 
system. Total inflow was apportioned among the 
lakes using regression. Next, flow between lal es 
was incorporated into the model using an iterat : ve 
process, if needed, to balance the level of each 
lake, taking into account flow from connecting 
lakes. The iterative process was continued until all 
lakes were balanced for a particular time step.

Results of the water mass-balance model for 
each individual lake and for the Waubay Lakes 
Chain were verified using historic 1963-98 data. 
The matches between simulated and historic lake 
levels, areas, and volumes were good.

The stochastic time-series model was 
developed to generate hypothetical future 
sequences of semiannual precipitation, evapora­ 
tion, and total inflow. The model was used to 
generate two different simulations of 10,000 years 
of data. Simulation 1 was based on the assumption 
that 1963-98 is representative of long-term
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climatic conditions. Simulation 2 was based on 
the assumption that the long-term climatic condi­ 
tions are slightly drier than the historic 1963-98 
climatic conditions. For simulation 2, the precipi­ 
tation and evaporation data generated for 
simulation 1 were altered slightly by decreasing 
the precipitation data by 5 percent and increasing 
the evaporation data by 3 percent. These changes 
reduced total inflow by about 15 percent. The 
historic precipitation, evaporation, and total 
inflow data fit well with the generated data for 
both climatic simulations, and the historic data are 
statistically indistinguishable from the generated 
data for both simulations.

Frequencies of extreme high or low lake 
levels generated from the water mass-balance and 
stochastic time-series models for the two simula­ 
tions were verified from information on historic 
lake levels and climate, tree-ring chronologies, 
and soil surveys. The comparisons between the 
simulations indicate simulation 2 is much more 
representative of historic lake-level fluctuations 
than simulation 1. Therefore, all frequency results 
were based on the assumptions used to generate 
simulation 2.

Because lake levels of closed-basin lakes 
are characterized by high serial persistence, two 
frequency analysis methods (unconditional and 
conditional) were used. Unconditional frequency 
analysis estimates the frequencies of high or low 
lake levels for a long time period. Because of the 
long simulation period, the starting conditions at 
the beginning of the simulation period have no 
effect on the analysis. Conditional frequency anal­ 
ysis estimates the frequencies of hypothetical 
future lake levels for a relatively short time period, 
such as 50 years. Because of the short time period, 
the starting conditions at the beginning of the sim­ 
ulation period have an effect on the frequencies of 
the lake levels. Because studies that relate to 
flood-risk assessment or flood-mitigation alterna­ 
tives usually are pertinent only for relatively short 
time periods into the future, conditional frequency 
analysis usually is more appropriate than uncondi­ 
tional frequency analysis.

The unconditional frequency analysis was 
performed for Bitter, Enemy Swim, Pickerel, and

Waubay Lakes using 10,000 years of generated 
lake levels. The 1-percent exceedance level for 
Waubay Lake is at an elevation of 1,811.5 ft, 
which is approximately equal to the closed-basin 
spill elevation to the Big Sioux River. However, 
only 13 separate spill events with an average dura­ 
tion of 8 years occurred during the 10,000-year 
simulation period, giving an average return period 
of 769 years. Therefore, because of the high serial 
persistence in the lake levels, the retirn period 
corresponding to the 1-percent exceedance level 
for Waubay Lake is much longer than 100 years.

The lake levels for the 1-percent exceedance 
probabilities (unconditional analysis) are about 
19 ft higher for Bitter Lake, 1.2 ft higher for 
Enemy Swim Lake, 0.7 ft higher for Pickerel 
Lake, and 8.6 ft higher for Waubay Lake than the 
levels of those lakes on April 4, 199n . However, 
the average return periods are 909 years for Bitter 
Lake, 185 years for Enemy Swim Lake, 155 years 
for Pickerel Lake, and 769 years for Waubay Lake. 
The average return periods for Enemy Swim and 
Pickerel Lakes for the 0.2-percent eixeedance 
probabilities (unconditional analysis) were 
500 years, indicating the extreme high lake levels 
of the smaller upstream lakes probaHy are caused 
by 1-year climatic extremes. However, the 
average return periods for Bitter anc1 Waubay 
Lakes for the 0.2-percent exceedance probabilities 
(unconditional analysis) are 2,000 years, indi­ 
cating the extreme high lake levels of the larger 
downstream lakes probably are caused by extreme 
climatic conditions lasting several years.

The conditional frequency analysis was per­ 
formed for the 10 major lakes of the Waubay 
Lakes Chain using 10,000 simulated 50-year lake- 
level traces, each starting on October 1,1998. The 
generated data can be used to estimate the proba­ 
bility of virtually any event that involves future 
lake levels.

The upper 1-percent probability bound 
(conditional analysis) for Waubay Lake indicates 
that the chance that Waubay Lake w'll continue to 
rise to the spill elevation with the Big Sioux River 
within the next 20 years is relatively high. The 
lower 1-percent probability bound (conditional 
analysis) for Waubay Lake indicates that it is
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unlikely that Waubay Lake will return to levels 
comparable to historic 1960-92 levels for at least 
40 years. Also, Waubay Lake is unlikely to return 
to levels comparable to thos^e during the extreme 
drought of the 1930's for mjich longer than 
50 years.

An analysis of the upper 10- and 1-percent 
probability bounds (conditional analysis) for 
Bitter Lake indicates that th<
of Bitter Lake will continue 
increase during the next 15

5 chance that the level 
to significantly 
fears is high. An anal­

ysis of the lower 10- and 1-percent probability 
bounds (conditional analysis) for Bitter Lake indi­ 
cates that Bitter Lake is highly unlikely to return to 
historic pre-1993 levels for at least 40 years.

The conditional frequency results for Blue 
Dog Lake, Hillebrands Lak^, Minnewasta Lake, 
Rush Lake, Spring Lake, Swan Pond, and Waubay 
Lake indicate the upper 10-j 1-, and 0.2-percent 
probability bounds are about the same for all seven 
lakes because the lakes are joined at these lake 
levels.

The lower probability bounds (conditional 
analysis) for Hillebrands, Minnewasta, Spring, 
and Waubay Lakes are similar, with each bound 
decreasing slowly during the entire 50-year simu­ 
lation period and remaining above pre-1993 his­ 
toric lake levels for most of the simulation period. 
Hillebrands, Minnewasta, Spring, and Waubay 
Lakes are similar to Bitter Ilake in that they are 
unlikely to decrease to "normal" levels for several 
decades. However, the lower probability bounds 
(conditional analysis) for Blue Dog Lake and Rush 
Lake become nearly constant in year 2010 and 
beyond, indicating that Blue Dog Lake and Rush 
Lake could return to normal (pre-1993) levels 
within 10 years.

Because Enemy Swirn and Pickerel Lakes 
spill frequently and never join with the down­ 
stream lakes, the upper probability bounds (condi­ 
tional analysis) for both lakps remain nearly 
constant for the entire simulation period. There­ 
fore, the levels of both lakes are unlikely to 
increase significantly over current levels and could 
return to normal levels much sooner than Bitter 
Lake or Waubay Lake under a reversal of the 
current wet conditions.

To illustrate the effects of starting condi­ 
tions, 10,000 simulated 50-year traces (conditional 
analysis) for Waubay Lake were generated from 
the model using October 1, 1962, starting condi­ 
tions. A comparison of the two sets of starting 
conditions indicates the upper 1- and 0.2-percent 
probability bounds (conditional analysis) for 
Waubay Lake for the 1962 starting conditions take 
much longer to reach long-term equilibrium 
levels. However, with dry starting conditions, 
Waubay Lake can recover quickly and rise rapidly 
over the course of a few years given a sequence of 
wet years.

Generally, the probability bounds (condi­ 
tional analysis) produced by the models for ary 
given exceedance probability eventually converge 
to the same value, no matter what starting condi­ 
tions are used. This is because the effect of the 
starting conditions eventually becomes neglig : ble 
if the traces are observed for a long enough time.

A climatic scenarios analysis was done to 
evaluate the hydrologic response of the Waubay 
Lakes Chain to historic 8-year climatic segments. 
This was done by inputting historic precipitation 
and evaporation data (developed for the water 
mass-balance model) and total inflow data (gener­ 
ated from the stochastic time-series model) into 
the water mass-balance model to predict resultant 
lake levels, areas, and volumes. The water mass- 
balance model was used to simulate 25 hypotl'et- 
ical 16-year climatic scenarios using all combina­ 
tions of five descriptive 8-year net lake 
evaporation segments. The wet-wet scenario, 
representing two consecutive 1991-98 climatic 
segments, results in Bitter Lake, after 16 year?, 
increasing 22.2 feet above the starting lake le^el 
and Waubay Lake increasing 11.1 feet. The 
average-average scenario, representing two con­ 
secutive 1985-92 climatic segments, results ir 
little change in the levels of Bitter and Waubay 
Lakes. The dry-dry scenario, representing two 
consecutive 1969-76 climatic segments, results in 
Bitter Lake, after 16 years, declining 6.6 feet f"om 
the starting lake level and Waubay Lake declining 
10.4 feet.

The conditional frequency analysis per­ 
formed for Waubay Lake with October 1, 199?,
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starting conditions was compared to the scenario 
results. The five selected scenarios seem to repre­ 
sent the full range of hypothetical future lake 
levels. The lake levels after 16 years range from 
about the lower 1-percent probability bound for 
the dry-dry scenario to about the upper 0.2-percent 
probability bound for the wet-wet scenario.

INTRODUCTION

The Waubay Lakes Chain is located in Day 
County in a 409-mr closed subbasin of the Big Sioux 
River Basin, northeastern South Dakota. The 10 major 
lakes in this chain are Bitter Lake, Blue Dog Lake, 
Enemy Swim Lake, Hillebrands Lake, Minnewasta 
Lake, Pickerel Lake, Rush Lake, Spring Lake, Swan 
Pond, and Waubay Lake.

Significant increases in lake levels within the 
Waubay Lakes Chain have occurred during the 1990's, 
mainly because of greater-than-normal precipitation 
along with less-than-normal evaporation. Saturated 
soil conditions within the basin containing the Waubay 
Lakes Chain have resulted in high runoff even for small 
storms. Many of the kettles, ponds, and wetlands have 
filled to overflowing and now contribute substantially 
more inflow to the lakes than in the past. Also, several 
of the lakes that were separate lakes before 1993 have 
combined to form one lake. The rising lake levels have 
resulted in substantial damage to public and private 
property in the basin. Numerous public roads and high­ 
ways have been damaged or closed because of high 
water, and some have been raised at great cost. Many 
parks and recreational facilities also have been 
adversely affected. Thousands of acres of farmland 
and numerous farmsteads, homes, and lake-front prop­ 
erties have been inundated or have been damaged by 
flooding, waves, and seepage.

The Federal Emergency Management Agency 
(FEMA) declared Day, Clark, Marshall, and Spink 
Counties in northeastern South Dakota a Federal 
Disaster Area (FEMA-1218-DR) on June 1, 1998. As 
a result of this declaration, an interagency team was 
formed to conduct an interdisciplinary scientific study 
of the rising high lake levels in Day County. Agencies 
represented included FEMA, the U.S. Geological 
Survey (USGS), the U.S. Army Corps of Engineers 
(USAGE), South Dakota State University (SDSU), the 
Natural Resources Conservation Service (NRCS), the 
South Dakota Department of Environment and Natural

Resources (SDDENR), the South Dakota Geological 
Survey (SDGS), and the South Dakota Division of 
Emergency Management (SDDEM). The purpose of 
the study, which was divided into five tasks, was to 
obtain information on the high lake levels, the possible 
causes of the high lake levels, and the probabilities of 
future lake levels of the Waubay Lakes Chain. The 
information is needed by FEMA and other public and 
private entities to assess and possibly mitigate further 
damage to public and private property ir the basin. The 
USGS entered into a contractual agreement with 
FEMA for fiscal years 1998-99 to provide part of the 
information. The remaining information will be pro­ 
vided by the USAGE and SDSU. The tasks are num­ 
bered and described as follows:

  Task 1 - History of inundation (1992-98)
  Task 2 - Predictive modeling ba^ed on climatic 

scenarios
  Task 3 - Long-term estimates of historical lake- 

level chronologies
  Task 4 - Water balance and lake- level frequency 

analysis
  Task 5 - Hydrologic modeling ar d evaluation of 

mitigation alternatives (accomplished by 
USAGE)

Purpose and Scope

This report documents results of task 4, which 
involves using a water mass-balance model and a sto­ 
chastic time-series model for a lake-level frequency 
analysis for the Waubay Lakes Chain in northeastern 
South Dakota, and provides a brief summary of the 
results of task 2. The report describes a water mass- 
balance model that simulates semiannual lake volumes; 
a stochastic time-series model that simulates hypothet­ 
ical future sequences of semiannual precipitation, 
evaporation, and total inflow; and a lake-level fre­ 
quency analysis for the 10 major lakes of the Waubay 
Lakes Chain. The lake-level frequencies were devel­ 
oped using the water mass-balance model in conjunc­ 
tion with the stochastic time-series model.

The water mass-balance model was developed to 
simulate semiannual lake volumes of the 10 lakes using 
precipitation, evaporation, total inflow to the system, 
and starting lake levels as input. The model simulates 
the volumes by accounting for all water entering and 
leaving each lake. The model was constructed and ver­ 
ified using historic 1963-98 lake-level, precipitation, 
and evaporation data.

Lake-Level Frequency Analysis for the Waubay Lakes Chain, Northeastern South Dakota



The stochastic time-series model was developed 
to generate hypothetical future sequences of semi­ 
annual precipitation, evaporation, and total inflow. The 
model was constructed and verified using historic 
1963-98 precipitation, evaporation, and total inflow 
data.

Because lake levels of closed-basin lakes are 
characterized by high serial persistence, two frequency 
analysis methods (unconditional and conditional) were 
used. Unconditional frequency analysis estimates the 
frequencies of high or low lake levels for a long time 
period during which the lake levels cycle many times 
between wet and dry periods. The starting conditions 
at the beginning of the simulation period have no effect 
on the analysis because of the long simulation period. 
Unconditional frequency analysis was performed for 
Bitter, Enemy Swim, Pickerel, and Waubay Lakes 
using 10,000 years of generated lake levels. Condi­ 
tional frequency analysis, or position analysis, esti­ 
mates the frequencies of hypothetical future lake levels 
for a relatively short time period, such as 50 years. 
Because of the short time period, the starting condi­ 
tions at the beginning of the simulation period have an 
effect on the frequencies of the lake levels. The condi­ 
tional frequency analysis was performed for the 10 
major lakes of the Waubay Lakes Chain using 10,000 
simulated 50-year lake-level traces, each starting on 
October 1, 1998. The generated data can be used to 
estimate the probability of virtually any event that 
involves future lake levels.

The conditional frequency analysis also involved 
describing the sensitivity of the models to starting con­ 
ditions and describing the results of various historic 
16-year climatic scenarios that may or may not occur in 
the future.

Description of Study Area

The study area is located in the upper Big Sioux 
River Basin in Day, Grant, Marshall, and Roberts 
Counties in extreme northeastern South Dakota

rj

(fig. 1). The 409-mi study area is composed of 10 
subbasins corresponding to the 10 major lakes of the 
Waubay Lakes Chain. The lake connections between 
these 10 lakes of the Waubay Lakes Chain are shown 
schematically in figure 2. Presently, the Waubay Lakes 
Chain Basin is closed; however, if greater-than-normal 
precipitation and less-than-normal evaporation con­ 
tinue, the basin potentially could begin contributing 
runoff to the Big Sioux River.

Physiography and Climate

The study area is located entirely in the Coteau 
des Prairies, a highland plateau between the Minnesota 
River-Red River lowlands to the east and the James 
River lowland to the west (fig. 3) (Flint, 1955). The 
Coteau des Prairies, or Prairie Hills, received its name 
from early trappers in the region (Gries, 1996) and 
often is described as having the shape of a household 
iron. The apex of the Coteau des Prairies, which is 
oriented approximately north-south, extends slightly 
into North Dakota, and the south edge terminates in 
northwestern Iowa and southwestern Minnesota. The 
Coteau des Prairies has an average width of 50 mi and 
maximum elevations more than 2,100 ft above sea 
level. It is as much as 900 ft above the Minnesota 
River-Red River lowlands to the east and as much as 
400 ft above the James River lowlands to the west. The 
Coteau des Prairies is characterized by a rugged, poorly 
drained landscape, especially in its upper regions 
where the study area is located. The land is hummocky 
to rolling but has occasional flat areas where lakes were 
located during Pleistocene time. Many large lakes and 
thousands of kettles, ponds, and wetlands dot the 
terrain as a result of glacial stagnation during late 
Wisconsin time (Leap, 1988). As the levels of the indi­ 
vidual lakes have risen, many of the lakes have com­ 
bined and overflowed into the subbasins of adjacent 
lakes. The Big Sioux and James Rivers are the only 
major streams that drain the Coteau des Prairies in the 
vicinity of the study area.

The climate of the Coteau des Prairies generally 
can be classified as subhumid. Precipitation averages 
20 to 22 in/yr, and the growing season is 110 to 
140 days. The average minimum January temperature 
is 1°F, the average maximum January temperature is 
21°F, the average minimum July temperature is 60°F, 
and the average maximum July temperature is 85 °F 
(Bryce and others, 1998).

National Weather Service stations within the 
study area are located at Webster and Waubay National 
Wildlife Refuge (fig. 1). The Webster station is located 
about 0.2 mi northwest of the post office at Webster, 
S. Dak., and the Waubay National Wildlife Refuge 
station is located at the Refuge headquarters. Precipi­ 
tation and temperature data have been collected at the 
Webster station since October 1898. Precipitation data 
have been collected at the Waubay National Wildlife 
Refuge station since May 1952. Annual precipitation 
and temperature statistics for the two stations are given 
in table 1.
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Elevation 
1,853.6 feet

Enemy Swim 
Lake

Elevation 
1,844.9 feet

Elevation 
1,803.6 feet

Elevations 
1,811.1 feet or 
1,812.1 feet

Blue Dog Lake, Hillebrands Lake, Bitter Lake 
Minnewasta Lake, Rush Lake, Spring Lake, 

Swan Pond, and Waubay Lake

NOTE: Elevations are measured in feet above sea level. Above figure has been modified from
SDDENR's schematic located on the Internet at www.state.sd.us/denr/DES/WaterRights/wr_flood_schematic.htm

Approximate 
elevation 
1,808 feet

Big Sioux 
River

Figure 2. Lake connections for the Waubay Lakes Chain.
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Table 1 . Annual precipitation and temperature statistics for 
Webster and Waubay National Wildlife Refuge National 
Weather Service stations
[Waubay NWR, Waubay National Wildlife Refuge; --, not available; >, 
greater than or equal to; °F, degrees Fahrenheit; <, less than or equal to]

Precipitation and temperature

Average precipitation 1 (inches)

Total snowfall2 (inches)

Location

Webster

21.06

-

Mean number of days with precipita- 45

Waubay 
NWR

20.37

32.4

45
tion > 0.10 inch" (days per year)

Mean number of days with precipita­ 
tion > 0.50 inch" (days per year)

Mean temperature 1 (°F)

Mean daily minimum temperature 1

Mean daily maximum temperature

11

43.1

31.5

54.6

12

43.2

31.5

54.9

Mean number of days with temperature 17 
> 90°F2 (days per year)

Mean number of days with temperature 182 
< 32°F2 (days per year)

formal for 1961-90 (U.S. Department of Commerce, 1998). 
2Average for 1951-60 (U.S. Department of Commerce, 1965).

Pan evaporation data are not available for either
of the two stations located with
two nearest stations for which c ata are available are
located at Redfield (about 90 mi

n the study area. The

southwest of Waubay)
and Brookings (about 75 mi south-southeast of 
Waubay). Data for the Redfield station are available 
from 1949 to 1978 and 1985 to present (1998), and data 
for the Brookings station are available from 1953 to 
present (1998). Pan evaporation data are not collected 
throughout the year because the apparatus can operate 
only when temperatures are consistently above 
freezing. Therefore, data typically are available for 
May through September and occasionally for April and 
October. Data for the remainder of the year must be 
estimated. The average May-through-September pan 
evaporation for the period of rebord is 37.58 in. at 
Redfield and 39.25 in. at Brookings (U.S. Department 
of Commerce, 1950-98).

Surface Water

Many lakes and small depressions dot the sur­ 
face of the study area (fig. 1). The largest lakes are 
glacial in origin and include Bitter Lake, Blue Dog 
Lake, Enemy Swim Lake, Pickerel Lake, Rush Lake,

Spring Lake, and Waubay (North and South) Lake. 
The smaller lakes are also glacial in origin and include 
Hillebrands Lake, Minnewasta Lake, and Swan Pond. 
Other small lakes and named depressions include Little 
Rush Lake, Campbell Slough, Dahling Slough, Surny- 
brook Slough, and Phragmites Pond. The arrows 
shown in figure 1 denote the approximate location of 
lake connections or spill points. Single-headed arrows 
indicate that flow occurs only in one direction, whereas 
two-headed arrows indicate that flow may occur in 
either direction depending on the relative water levels 
of the lakes involved. A more thorough description of 
lake connections and spill points is included in the 
discussion of drainage basins later in this report. 
Although no major rivers flow through Day Count', 
tributaries to the Big Sioux River flow through the 
southeastern part of the county, and tributaries to tH 
James River flow through the western part of the 
county. Total drainage area of the closed-basin study 
area is about 409 mi (Glenn Kelly, Earth Resources 
Observation System Data Center, written commun., 
1999).

Lakes

Characteristics of the 10 major lakes of the 
Waubay Lakes Chain are given in table 2 and described 
in the next several paragraphs. Unless otherwise noted, 
Enemy Swim Lake includes Campbell Slough, Hille­ 
brands Lake includes Phragmites Pond, Minnewasta 
Lake includes Dahling and Sunnybrook Sloughs, Rush 
Lake includes Little Rush Lake, and Waubay Lake 
includes North and South Waubay Lakes. Area and 
volume data presented throughout this report are ba?ed 
on output of a geographic information system (GIS). 
Numbers are often presented to one decimal place to 
avoid apparent inconsistencies that could result from 
rounding. This is not meant to imply a high precis : on 
of area and volume data. Photographs of selected lakes 
are shown in section A of the Supplemental Informa­ 
tion section at the end of this report. Historic lake 
levels through April 7, 1999, are given in section F of 
the Supplemental Information section, and lake levels 
measured on that date are referred to as "present" lake 
levels in this report. The ordinary high-water mark 
(OHWM) given in table 2 is the maximum lake level 
reached during normal climatic conditions rather tl an 
the maximum lake level reached during peak condi­ 
tions. The OHWM's are established by the SDDENR 
by taking into account shorelines, tree bases, erosion 
marks, outlet structures, soil types, land uses, and lake 
levels.
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Bitter Lake is a shallow, flat-bottomed lake that 
has a large surface area at shallow depths. During 
periods of normal rainfall, it is bharacterized by many 
unconnected filled potholes. Ttie lake is about 1.4 mi
wide from east to west and 3.3 mi long from north to 

For 1970 andsouth at an elevation of 1,775 ft 
1983-99, the depth ranged fronl near 0 to 22.4 ft, and 
the storage ranged from near O^to 108,000 acre-ft 
(table 2). Presently, Bitter Lake is the second largest 
lake in area and volume. Bitter Lake at its highest 
recorded lake level has about 62 percent of the area and 
41 percent of the volume of Wa^ibay Lake at its highest 
recorded lake level.

Blue Dog Lake also is a shallow, flat-bottomed
lake that has a large surface area at shallow depths. The 
lake is about 2.3 mi long from east to west and 1.4 mi 
wide from north to south at an elevation of 1,800 ft. 
For most of 1933-99, the depth ranged from 2.6 to 
11.9 ft, and the storage ranged from about 2,180 to 
16,300 acre-ft (table 2). Blue Dog Lake at its highest 
recorded lake level has about 11 percent of the area and 
6 percent of the volume of WaUbay Lake at its highest
recorded lake level. i

Enemy Swim Lake is a ^teep-sided, flat- 
bottomed lake that is shallow <j)n the northeastern end 
and joins Campbell Slough on' the southern end. The 
lake is about 1.9 mi wide from east to west and 3.0 mi 
long from north to south at an elevation of 1,854 ft. 
For most of 1925-99, the depth ranged from 14.1 to 
32.4 ft, and the storage ranged[ from about 7,700 to 
46,500 acre-ft (table 2). Presently, Enemy Swim Lake 
is the fourth largest lake in are^a and the third largest 
lake in volume. Enemy Swim Lake at its highest 
recorded lake level has about 20 percent of the area and 
18 percent of the volume of Wkubay Lake at its highest 
recorded lake level.

Hillebrands Lake is a st^ep-sided lake that has a 
flat bottom in the western half and a v-shaped, deeper 
bottom in the eastern half. The lake is about 1.6 mi 
long from east to west and 0.5 mi wide from north to 
south at an elevation of 1,785 ft. For 1960-99, the 
depth ranged from 14.5 to 36.3 ft, and the storage 
ranged from about 3,250 to 17,900 acre-ft (table 2). 
Hillebrands Lake at its highest recorded lake level has 
about 6 percent of the area and 7 percent of the volume 
of Waubay Lake at its highest recorded lake level.

Minnewasta Lake is a shallow, flat-bottomed 
lake. It is about 2.0 mi long ffrom northwest to south­ 
east and ranges from about 0.3 mi wide in the north­ 
west to 0.8 mi wide in the southeast at an elevation of

1,795 ft. For 1934-70 and 1983-99, the depth rarged 
from near 0 to 19.4 ft, and the storage ranged from near 
0 to 13,700 acre-ft (table 2). Minnewasta Lake at its 
highest recorded lake level has about 8 percent of the 
area and 5 percent of the volume of Waubay Lake at its 
highest recorded lake level.

Pickerel Lake is a steep-sided lake that has a 
v-shaped bottom. The lake is about 0.5 mi wide from 
east to west and 3.3 mi long from north to south at an 
elevation of 1,845 ft. For most of 1928-99, the d^pth 
ranged from 34.2 to 44.2 ft, and the storage ranged 
from about 9,710 to 18,800 acre-ft (table 2). Pickerel 
Lake at its highest recorded lake level has about 
7 percent of the area and volume of Waubay Lake at its 
highest recorded lake level.

Rush Lake is a shallow, flat-bottomed lake that 
has a large surface area at shallow depths. The teke is 
about 1.6 mi wide from east to west and 2.6 mi long 
from north to south at an elevation of 1,800 ft. For 
1970 and 1983-99, the depth ranged from 3.9 to 10.9 ft, 
and the storage ranged from about 6,430 to 
29,100 acre-ft (table 2). Presently, Rush Lake is the 
third largest lake in area and the fourth largest lal e in 
volume. Rush Lake at its highest recorded lake hvel 
has about 26 percent of the area and 11 percent of the 
volume of Waubay Lake at its highest recorded lake 
level.

Spring Lake is a steep-sided, flat-bottomed1 lake 
that is approximately triangular in shape. The lake is 
about 1.8 mi wide from east to west and 1.8 mi long 
from north to south at an elevation of 1,790 ft. For 
1960-99, the depth ranged from 7.7 to 26.7 ft, and the 
storage ranged from about 4,780 to 25,600 acre-ft 
(table 2). Spring Lake at its highest recorded lake level 
has about 9 percent of the area and 10 percent of the 
volume of Waubay Lake at its highest recorded lake 
level.

Swan Pond is a flat-bottomed lake. It is about 
0.6 mi long from east to west and 0.4 wide from north 
to south at an elevation of 1,790 ft. For most of 
1962-83 and 1986-99, the depth ranged from near 0 to 
22.7 ft, and the storage ranged from near 0 to about 
3,060 acre-ft (table 2). Swan Pond is by far the 
smallest lake in area and volume. Swan Pond at its 
highest recorded lake level has about 1 percent of the 
area and volume of Waubay Lake at its highest 
recorded lake level.

Waubay Lake is a shallow, flat-bottomed lake 
that has relatively steep-sided slopes and a large 
surface area at shallow depths. The lake is about 3.0 mi
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wide from northwest to southeast and 9.0 mi long from 
northeast to southwest at an elevation of 1,795 ft. For 
1960-99, the depth ranged from near 0 to 30.4 ft, and 
the storage ranged from near 0 to 264,000 acre-ft 
(table 2). Waubay Lake is by far the largest lake in area 
and volume. Waubay Lake at its highest recorded lake 
level has about 160 percent of the area and 240 percent 
of the volume of Bitter Lake (the second largest lake) 
at its highest recorded lake level.

The lakes of the Waubay Lakes Chain usually are 
at their highest levels in May because of runoff from 
snowmelt and spring rains. Although the greatest 
amount of precipitation usually occurs in June, the pre­ 
cipitation is counteracted by increased evaporation 
during the summer. The lakes generally are at their 
lowest levels in November or December.

The lake levels, areas, and volumes of the 
Waubay Lakes Chain have increased substantially from 
May 1993 to April 1999. The areas and volumes given 
in table 3 and shown in figures 4 and 5 were derived 
from area/capacity equations that will be discussed 
later. Additional data are presented in a later section on 
historic lake levels. Lake-level rises for Bitter Lake, 
Hillebrands Lake, Spring Lake, Swan Pond, and 
Waubay Lake have ranged from 15.1 to 18.6 ft 
(table 3). The area of the entire Waubay Lakes Chain 
is about 1.7 times greater than in May 1993, and the 
volume is about 3.2 times greater than in May 1993. 
Individually, the area of Bitter Lake is about 2.7 times 
greater than in 1993, the areas of Swan Pond and 
Waubay Lake are about 2 times greater, the area of 
Hillebrands Lake is about 1.7 times greater, and the 
area of Rush Lake is about 1.3 times greater. The 
volumes of Bitter Lake and Swan Pond are about 10 
times greater than in 1993, the volume of Waubay Lake 
is about 5 times greater, and the volume of Rush Lake 
is about 2 times greater. Enemy Swim and Pickerel 
Lakes are the only lakes that have had stable lake levels 
during 1993-99. These lakes spill to the other lakes in 
the chain, and the spill is not affected by backwater 
because they are at much higher elevations than the 
other lakes.

The areal and volumetric distributions of the 10 
major lakes of the Waubay Lakes Chain for May 1993 
and April 1999 are shown in figures 6 and 7. The area 
or volume of an individual lake is shown as a per­ 
centage of the total area or volume of the chain.

Based on discussions with Derric lies (South 
Dakota Geological Survey, oral cornmun., 1999), 
ground-water flow to the lakes was assumed to be min­ 
imal. However, some evidence indicates that the area

of Spring Lake shown in section A of the Supplemental 
Information section probably receives some ground- 
water inflow indirectly from Enemy Sw : m Lake.

Few water-quality data are availab1 ? for the lakes 
within the study area. Petri and Larson (1968) summa­ 
rized the quality of water in lakes in eastern South 
Dakota using data for 1961-65; The State Lakes 
Preservation Committee (1977) presented a brief over­ 
view of lakes in northeastern South Dakota and a com­ 
pilation of some existing data; Leap (19 Q 8) presented 
dissolved solids data collected during 1969-70; and 
Steuven and Stewart (1996) presented water-quality 
data, including field measurements, nutrients, and algal 
species, for 1989-92. Previous editions of lake- 
assessment reports published by the SDDENR also are 
available.

Specific conductance data for the 10 major lakes 
were collected by the USGS in 1995 and 1999. These 
data, along with data collected previously are given in 
table 4. Specific conductance, or conductivity, is a 
measure of the electrical conductance of a substance 
normalized to unit length and unit cross section at a 
specified temperature. Specific conductance is a func­ 
tion of the types and quantities of dissolved substances 
in water. As ion content increases in Wcter, so does 
specific conductance. Specific conductance also can 
be used to estimate the concentration of dissolved 
solids in water. Commonly, the concentration of 
dissolved solids (in milligrams per liter) is about 
65 percent of the specific conductance (in microsie- 
mens) (Hem, 1985).

Blue Dog, Enemy Swim, and Picl'erel Lakes 
spill often during average climatic cond: tions and 
generally have lower dissolved solids than the other 
lakes within the Waubay Lakes Chain. Measured 
specific conductance for Blue Dog, Enemy Swim, and 
Pickerel Lakes has ranged from 350 to 997 [iS/cm 
(table 4). Bitter Lake generally has higHr specific 
conductance values than the other nine lakes within the 
basin. Before the high inflows that have occurred since 
1993, specific conductance values for Bitter Lake 
ranged from 5,820 to 33,800 [iS/cm (specific conduc­ 
tance values were not available for Bitter Lake for dry 
years such as 1961 and 1976).

Additional water-quality information would be 
beneficial, especially if the Waubay Lakes Chain 
begins to naturally spill to the Big Sioux River or if mit­ 
igation alternatives (task 5) utilizing diversions are 
planned. Understanding the water-quality effects of 
water from the Waubay Lakes Chain on the Big Sioux 
River would be important.

12 Lake-Level Frequency Analysis for the Waubay Lakes Chain, Northeastern South Dakota
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! ôo 
co

§
c*^
^n
Tf

"-1

O co 
co SO 
so., ^1-

O so
rt in
of

O 04t^ oo
T  1

1 1

1 !

! i

Minnewasta Lake 

Pickerel Lake

§ O ! in in o

ill !
-H Of

1 1 i 1

^o ' ! rt 
ON 04
in 04
of ON"

! ! ! O1 ' ' oo
so.

i i i i

i : : :

! ! ! i

! ! ! !

i i i O
inm"

' ' ' oo
CNin"

ooo"

<u
« ^ V *^ ra C i-J
i J c£ %>i  1 00 ^ ^

r* £H Q "T- 

1 I 1 1

J~-

o\
_H"u"

w

1s

Larson (1968). :es Preservation Co

 O -7S

rndStewart(1996)

^rom Petri an 2From State Li 
3From Steuver

^
?>
|*  ̂

ita, U.S. Geologica

T3

4Unpublished <

Introduction 13



Bitter Lake
10,000 | | I I I I | I I I I I I I I I I I I I I

8,000

Pickerel Lake
1,200 l| | | | | | | | | | | | | | | | || | | | I I I I II I I I I I I I I II I

1,200

1,1001i100 'l I I I I I I I I I I I I I I I I I I I I I I I I I I I I

Enemy Swim Lake
3,500 I I M I I I I I I I I I I I I I I I M I I I I I I I I I

Spring Lake

Hillebrands Lake
1,000 i| | | | | | I I I I I I I I I I I I I I I I

800

Swan Pond
250 MI | | | || | | | | | | i ii

1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995

EXPLANATION 
>A -</-i BLANK AREAS REPRESENT MISSING DATA GREATER

THAN 12 MONTHS DURATION 
  INDIVIDUAL READING

Figure 4. Historic area of individual lakes within the Waubay Lakes Chain.
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Figure 5. Historic volume of individual lakes within the Waubay Lakes Chain.
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Figure 6. Areal distribution of the 10 major lakes of the Waubay Lakes Chain, May 1993 and April 1999.
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Figure 7. Volumetric distribution of the 10 major lakes of the Waubay Lakes Chain, May 1993 and April 1999.
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Streams

Only one major river, the Big Sioux River, is 
located near the study area (fig. 1). The river poten­ 
tially could receive outflow from the study area if the 
lake levels of the Waubay Lakes Chain continue to rise. 
Preliminary global positioning system (GPS) surveys 
conducted for the study indicate that the lake levels of 
the Waubay Lakes Chain (with the exception of Enemy 
Swim and Pickerel Lakes) would have to rise above an 
elevation of 1,811.1 ft to begin spilling from Bitter 
Lake to the Big Sioux River (fig. 2).

Smaller streams occur within the study area but 
usually only connect a few lakes or wetlands. All of the 
streams within the Waubay Lakes Chain Basin are 
intermittent and have no persistent base flow because 
of minimal ground-water discharge (Leap, 1988).

No streamflow-gaging stations are located 
within the study area. The closest station on the Big 
Sioux River station 06479215, Big Sioux River near 
Florence, S. Dak. is located southeast of the study 
area in Grant County (fig. 1). Daily discharge data 
have been collected at this station since June 1984. The 
daily discharge has ranged from zero on August 9-11, 
1985; December 16, 1989, to March 5, 1990; and 
February 16-25, 1991, to 1,600 ft3/s on April 5, 1997. 
The annual mean discharge is 17.1 ft3/s (U.S. 
Geological Survey, 1998).

Outflow from Enemy Swim and Pickerel Lakes 
(fig. 8) was measured by the USGS on November 16, 
1998. Outflow from Enemy Swim Lake through

o

Campbell Slough was 11.4 ft /s, and outflow from 
Pickerel Lake was 10.9 ft3/s.

Drainage Subbasins

Drainage within the study area is not well devel­ 
oped, and the study area presently is a closed basin. As 
of late 1998, Waubay Lake was the terminal lake for all 
lakes within the study area except Bitter Lake. How­ 
ever, in the spring of 1999, Rush Lake rose above an 
elevation of 1,803.6 ft, and 9 of the 10 major lakes 
within the Waubay Lakes Chain began to spill into 
Bitter Lake, which then became the terminal lake. 
Above an elevation of 1,811.1 ft, all of the lakes of the 
Waubay Lakes Chain will spill through Bitter Lake 
(fig. 8) south to the Big Sioux River; above an eleva­ 
tion of 1,812.1 ft, the chain also will begin to spill east 
of Bitter Lake to the Big Sioux River.

Individual drainage areas of the 10 major lakes 
were determined by the USGS Earth Resources 
Observation System (EROS) Data Center using GIS

software in conjunction with existing digital elevation 
models (DEM's) and other digital hydrologic data. The 
drainage areas for the lakes of the Waubay Lakes Chain 
are given in table 5. The individual drainage areas 
range from less than 0.5 mi2 (Swan Pond) to less than

f\

20 mi (Hillebrands Lake, Minnewasta Lake, Rush 
Lake, and Spring Lake) to less than or about 50 mi2 
(Enemy Swim Lake and Pickerel Lake) to greater than 
80 mi2 (Bitter Lake, Blue Dog Lake, and Waubay 
Lake).

Table 5. Drainage areas of the 10 major lakes of the 
Waubay Lakes Chain
[Drainage areas determined by Earth Resources Observation System Data 
Center]

Lake

Bitter Lake

Blue Dog Lake

Enemy Swim Lake

Hillebrands Lake

Minnewasta Lake

Pickerel Lake

Rush Lake

Spring Lake

Swan Pond

Waubay Lake 

Total

Area 
(acres)

73,259

51,320

32,276

6,440

3,518

22,516

11,423

4,331

286

56,698

262,067

Area 
(square 
miles)

114.47

80.19

50.43

10.06

5.50

35.18

17.85

6.77

0.45

88.59

409.49

Percent of 
total area

28.0

19.6

12.3

2.5

1.3

8.6

4.4

1.7

0.1

21.6

1 100.1

'Total is greater than 100 percent because of rounding.

Description of Lake Outlets

The lake connections between the 10 major lakes 
of the Waubay Lakes Chain are shown in figure 9. The 
spill elevations and outlet locations are shown in 
figure 8. Most of the outlet information reported in the 
following discussion is based on information obtained 
from the SDDENR.

When Bitter Lake rises above an elevation of 
1,811.1 ft, the Waubay Lakes Chain probably begins to 
spill from the southwest edge of Bitter Lake through 
Solomon Slough and then to the south out of Bitter 
Lake. The spill point out of Bitter Lake has been 
approximately located at latitude 45° 11' 1.9" and longi­ 
tude 97°22'55.24" (North American datum of 1927) in 
sec. 24 (section 24), T. 120 N. (Township 120 North), 
R. 55 W. (Range 55 West). The water from the
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97°15'j ?
97007'30"

45022'30'

MILES

KILOMETERS

97°30'
97°22'30"

EXPLANATION
WAUBAY LAKES CHAIN BASIN 

BOUNDARY

SUBBASIN BOUNDARY

OUTLETS-Number indicates model outlet 
number. Arrow indicates possible flow 
directions. Elevations in table below are 
in feet above sea level. - indicates no 
data

Lake extents from U.S. Geological Survey digital bathymetric data, 1999. 
Study area and drainage basins delineated by Earth Resources Observation 
System Data Center from 10-meter digital elevation model data

Outlet 
Number

1
2
3
4
5
6
7
8
9

, , _
Lake Connection

Spill 
Elevation

Pickerel Lake to Waubay Lake 1 ,844.9 
Enemy Swim Lake and Campbell Slough 1 ,850 
Campbell Slough to Blue Dog Lake 1 ,853.6 
Blue Dog Lake and Little Rush Lake 1 ,800.2 
Rush Lake and Waubay Lake 1 ,797.3 & 1 ,798.; 
South Waubay Lake and North Waubay Lake - 
Waubay Lake and Hillebrands Lake 1 ,791 .2 
Hillebrands Lake and Spring Lake 1 ,797.6 
Spring Lake and Swan Pond 1,788 

10 Sunnybrook Slough and Minnewasta Lake 1 ,796.7 
1 1 Rush Lake and Sunnybrook Slough 1 ,799 
12 Little Rush Lake and Bitter Lake 1,803.6 
1 3 Bitter Lake to Big Sioux River 1,811.1

through Grass, Dry, and Still Lakes (fig. 1) 
14 Bitter Lake to Big Sioux River 1.812.1

Figure 8. Subbasins for the Waubay Lakes Chain.
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Waubay Lakes Chain then flows south to Grass, Dry, 
and Still Lakes and then to the Big Sioux River. When 
Bitter Lake rises above an elevation of 1,812.1 ft, the 
Waubay Lakes Chain also probably begins to spill to 
the Big Sioux River from the southeast corner of Bitter 
Lake. This spill point is located about 2 mi east of 
447 Ave. leading south out of Waubay and has been 
approximately located at latitude 45° 14'39.7" and lon­ 
gitude 97° 13*53.7" (North American datum of 1927) in 
sec. 24, T. 121 N., R. 53 W. From this spill point, the 
Big Sioux River is about 2 mi to the east. The spill ele­ 
vation used in the model for Bitter Lake and the Big 
Sioux River was 1,813 ft. The 1,811.1- and 1,812.1-ft 
elevations were not used because of the assumption 
that significant outflows from the Waubay Lakes Chain 
do not occur until Bitter Lake reaches an elevation of 
1,813.0 ft. This assumption is based on the USAGE 
outlet rating curve for the Bitter Lake to Big Sioux 
River connection.

From 1944 to 1980, the outlet from Blue Dog 
Lake was operated as a variable elevation control, and 
spill elevations to Little Rush Lake varied from 1,799.6 
to 1,800.35 ft. In 1981, a new outlet was constructed at 
a set elevation of 1,800.2 ft. The structure consists of 
an 8-ft by 12-ft box culvert across U.S. Highway 12 
just to the north of Waubay. The outlet is located at the 
southwest edge of Blue Dog Lake in the southwest 
quarter of sec. 28, T. 122 N., R. 54 W The spill eleva­ 
tion used in the model for Blue Dog and Rush Lakes 
was 1,799.8 ft. This elevation was selected because it 
was within the 1,799.6- to 1,800.35-ft range and 
produced the best match to historical lake levels.

Enemy Swim Lake connects to Campbell Slough 
at an elevation of 1,850 ft via a large box culvert at a 
road crossing at the south-central edge of the lake. 
Before the early 1920's, the original outlet to Blue Dog 
Lake had a spill elevation of about 1,857 ft. In the early 
1920's, the outlet was lowered to an elevation of 
1,853.6 ft. The present outlet for Enemy Swim Lake 
and Campbell Slough to Blue Dog Lake also is at a spill 
elevation of 1,853.6 ft. The present outlet was built in 
1973 and consists of a 15-ft-wide concrete weir. The 
outlet is located at the south edge of Campbell Slough 
in the northeast quarter of sec 27, T. 123 N., R. 53 W. 
The spill elevation used in the model for Enemy Swim 
and Blue Dog Lakes was 1,853.6 ft.

Hillebrands Lake connects to Waubay Lake at an 
elevation of 1,791.2 ft via overflow over a road that 
separates the west edge of Hillebrands Lake from 
Waubay Lake. The overflow is located in the middle of

sec. 30, T. 123 N., R. 54 W. Phragmites Pond also 
connects to Hillebrands Lake at the south-central edge 
of the lake. The spill elevation used in the model for 
Hillebrands and Waubay Lakes was 1,791.2 ft.

Minnewasta Lake connects to Sunnybrook 
Slough at an elevation of 1,796.7 ft via a bridge on a 
county road at the south edge of Minnewasta Lake. 
Minnewasta Lake and Sunnybrook Slough connect to 
Rush Lake in the northeast quarter of sec. 24, 
T. 122 N., R. 55 W. Based on analysis of lake-level 
records and aerial photos, the spill elevation between 
Sunnybrook Slough and Rush Lake is estimated to be 
about 1,799.0 ft. This spill elevation differs from the 
SDDENR data, which indicate the two lakes connect 
via two culverts through a farm crossing at a spill 
elevation of 1,796.7 ft. Minnewasta Lake connects to 
Dahling Slough, which is located to the north of 
Minnewasta Lake, at an elevation of about 1,803 ft. 
The spill elevation used in the model for Minnewasta 
and Rush Lakes was 1,799.0 ft.

The original outlet from Pickerel Lake to 
Waubay Lake was built because of high lake levels in 
1928. The outlet was constructed to spill at an eleva­ 
tion of 1,844.9 ft. In 1992, a new outlet, consisting of 
a 53-ft-wide concrete weir, was constructed by tha- 
South Dakota Department of Game, Fish and Parvs at 
the same elevation. The outlet is located at the west- 
central edge of Pickerel Lake in Pickerel Lake State 
Park in the southwest quarter of sec. 22, T. 124 N., 
R. 53 W. The spill elevation used in the model fc^ 
Pickerel and Waubay Lakes was 1,844.9 ft.

In 1946-48, the outlets from Rush Lake to 
Waubay (South) Lake were built by the South Dakota 
Department of Transportation. The two outlets con­ 
sisted of two trapezoidal-shaped concrete fords one 
that had a 40-ft bottom width, a 6:1 side slope, and a 
1,797.3-ft spill elevation, and another that had a 29-ft 
bottom width, a 4:1 side slope, and a 1,798.2-ft spill 
elevation. These fords are located at the northwest 
edge of Rush Lake in the northwest quarter of sec. 24, 
T. 122 N., R. 55 W. To better simulate historic lake- 
level data, the spill elevation used in the model fcr 
Rush and Waubay Lakes was 1,798.7 ft. Outflow from 
Rush Lake to Bitter Lake is through Little Rush Lake 
by overtopping a farm-crossing embankment. The spill 
elevation between Rush and Bitter Lakes is 1,803.6 ft. 
The farm crossing is located south of Little Rush Lake 
and west of Waubay in the northeast quarter of sec. 5, 
T. 121 N., R. 54 W. If this crossing is removed o^
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washed out, culverts across an east-west county road 
immediately south of a railroad embankment would 
cause Rush Lake to spill at an elevation of 1,798.7 ft. 
The spill elevation used in the model for Rush and 
Bitter Lakes was 1,803.6 ft.

Spring Lake connects to Hillebrands Lake at an 
elevation of 1,797.6 ft via overflow over a road that 
separates Spring and Hillebrands Lakes just west of the 
Waubay National Wildlife Refuge. The overflow is 
located in the middle of sec. 32, T. 123 N., R. 54 W 
Before the high lake levels of the 1990's, Spring Lake 
also was connected to Hillebrands Lake via a culvert 
under the road to the Refuge at the extreme northeast 
edge of Spring Lake and the extreme southeast edge of 
Hillebrands Lake. The road to the Refuge recently has 
been raised and the culvert and connection probably no 
longer exist. The spill elevation used in the model for 
Hillebrands and Spring Lakes was 1,797.6 ft.

Swan Pond connects to Spring Lake at an eleva­ 
tion of 1,788 ft via land overflow. The overflow is 
located in the extreme northwest corner of sec. 5 and 
the extreme northeast corner of sec. 6, T. 122 N., 
R. 54 W. The spill elevation used in the model for 
Spring Lake and Swan Pond was 1,788.0 ft.

Waubay Lake spills to Bitter Lake via Rush and 
Little Rush Lakes at an elevation of 1,803.6 ft. The 
connection to Rush Lake was discussed previously in 
the paragraph on Rush Lake.

As lake levels rise above the spill elevations 
between the lakes, water may flow either direction 
while lake levels equalize. As of April 1999, Swan 
Pond and Blue Dog, Hillebrands, Minnewasta, Rush, 
Spring, and Waubay Lakes were joined and had begun 
to spill into Bitter Lake. Therefore, all nine northern­ 
most lakes drain to Bitter Lake.

Geology and Ground Water

The study area is overlain primarily by 
Pleistocene glacial deposits. During the Pleistocene 
Epoch in South Dakota, the area east and north of the 
Missouri River was almost completely covered by 
glaciers. The glaciers partially filled major valleys, 
forced the cutting of new valleys, formed massive end 
moraines, and left glacial deposits throughout eastern 
South Dakota. The glacial deposits can be categorized 
into till or outwash. Till was deposited directly by and 
underneath glaciers without any subsequent reworking 
by the glacier's water. Till is a heterogeneous mixture 
of clay, silt, sand, gravel, and boulders of various sizes 
and shapes (Gary and others, 1972) and consists

primarily of clayey or silty sand or gravelly silt or clay. 
Outwash is sand and gravel deposited by flowing 
glacial meltwater. The glacial deposits may be covered 
by nonglacial deposits of alluvium along streams, and 
locally, the deposits may be covered by loess. Many of 
the glacial deposits within the study area are stagnation 
moraines (Gries, 1996), which were deposited near the 
end of the glacial period when the ice stopped moving 
and melted. This resulted in a rugged, poorly drained 
land surface full of small lakes, potholes, and sloughs. 
Glaciation also resulted in major changes to the surface 
drainage. The drainage in eastern Soutl Dakota is pre­ 
dominantly southward because of the glaciation (Flint, 
1955).

The bedrock units directly underlying the glacial 
deposits and nonglacial loess and stream deposits in 
Day County are Cretaceous in age and include the 
Dakota Formation, Graneros Shale, Greenhorn Lime­ 
stone, Carlile Shale, Niobrara Formation, and Pierre 
Shale. These units can have a total thickness of as 
much as 1,000 ft (Leap, 1988). Outcrops of Pierre 
Shale have been noted in Day County (Romrock, 
1935).

Some of the lakes of the Waubay Lakes Chain 
are hydraulically connected to underlying aquifers 
(Leap, 1988). However, ground-water flow between 
lakes of the chain is minimal, based on the interpreta­ 
tion that ground-water flow between ac uifers that 
underlie the lakes is minimal (Derric lies, South 
Dakota Geological Survey, oral commun., 1999). 
Outflow from the Waubay Lakes Chair Basin to sur­ 
rounding basins via these aquifers also is minimal. 
Although Leap (1988) noted extensive subsurface 
hydraulic connections between many of the lakes in the 
chain, recent reinterpretation of drill-lo^ data by the 
SDGS indicates that many of the surficial deposits may 
have been incorrectly mapped (Derric Isles, South 
Dakota Geological Survey, oral commun., 1999). The 
USGS water mass-balance model, which will be dis­ 
cussed in more detail later, substantiates this reinterpre­ 
tation. Additional data would be needed to substantiate 
the existence of some of the subsurface connections 
noted by Leap (1988) and to substantiate the degree of 
those connections.

Approach

The approach used in this study is similar to the 
approach used by Wiche and Vecchia (1996) for a 
Devils Lake, N. Dak. study. In the Devils Lake study,
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a statistical water mass-balance model was developed 
to generate quarterly (winter, spring, summer, and fall) 
lake volumes or levels from quarterly precipitation, 
evaporation, and inflow. A miiltivariate time-series 
model also was developed to generate hypothetical 
future sequences of quarterly precipitation, evapora­ 
tion, and inflow. The two Devils Lake models were 
used conjunctively to generate quarterly hypothetical 
lake volumes or levels, and 2,000 50-year traces were 
generated to obtain probabilities of future lake levels. 
The Devils Lake study was similar to studies by 
Bowles and James (1986) and James and others (1977) 
for the Great Salt Lake.

The length of the historic record used in this 
study is similar to that used inline Devils Lake study 
(1963-98 for the Waubay Lakes Chain and 1950-93 for 
Devils Lake), but semiannual data are used instead of 
quarterly data. Also, few data were available for 
inflow to individual lakes of the Waubay Lakes Chain, 
but extensive data were available for inflow to indi­ 
vidual lakes for the Devils Lake study. In addition, 
historic lake-level data for the Waubay Lakes Chain 
usually consist of less than three observed lake levels 
per year for any given lake in the chain, but daily lake- 
level data are available for Devils Lake.

The first step in development of the water mass- 
balance model was to compile historic data to construct 
and verify the model. The historic data needed 
included lake-level, precipitation, and evaporation 
data.

The second step was to analyze the historic data 
to gain an understanding of the Waubay Lakes Chain. 
Then, model development was initiated to estimate 
lake volumes for the 10 major lakes within the cHin 
using precipitation, evaporation, total inflow to the 
system, and starting lake levels as input. Total inflow 
to the system was apportioned to each of the 10 lakes 
using a regression of changes in individual lake volume 
versus net atmospheric gain and total inflow. Next, 
flow between lakes was incorporated into the model 
using an iterative process to balance the level of each 
lake and taking into account flow from connecting 
lakes. The iterative process was not needed for the 
Pickerel Lake to Waubay Lake, Enemy Swim Lake to 
Blue Dog Lake, and Bitter Lake to Big Sioux River 
connections because spill can occur only from th? 
upstream lake.

The model was verified by simulating wate^ year 
1963-98 data. The 1963 lake levels were used a? 
starting lake levels, and the results were compared to 
historic data. The model uses numbering systeirr for 
lakes and lake connections as shown in figure 9.

WATER MASS-BALANCE MODEL

The water mass-balance model (available at the 
USGS Subdistrict office in Huron, S. Dak.) was 
developed to simulate semiannual lake volumes of the 
10 major lakes of the Waubay Lakes Chain using pre­ 
cipitation, evaporation, total inflow to the system, and 
starting lake levels as input. The input either is read 
from a file for each time step of the simulation or is 
generated by the stochastic time-series model dis­ 
cussed in a later section. The water mass-balance 
model simulates the volumes by accounting for all 
water entering and leaving each lake. This is done by 
developing volume equations for each lake (eq. 1). 
The lake volume at the end of a time step was computed 
as (1) the lake volume at the beginning of the time step,
(2) plus precipitation falling directly on the lake,
(3) minus evaporation directly from the lake, (4) plus 
inflow from surface runoff, ('>) plus or minus flow 
between lakes. The equation* for computing the 
volume of each lake are given in table 6.

Vl = p-e + 1± rdw (1)

Data Set Development

Historic lake-level data were compiled from all 
available sources, and water years 1963-98 were 
selected for model development. Those years were 
chosen because of the availability of lake-level data. 
Missing data were generated using regression as 
needed, and a semiannual lake-level record was con­ 
structed using two semiannual periods, winter and 
summer. The winter period is from October 1 (tH 
beginning of the water year) through April 30, ard the 
summer period is from May 1 through September 30 
(the end of the water year). A semiannual time step 
was considered the smallest time step that should be 
used given the data available.

Precipitation data used to develop the model 
were compiled from data collected at the Waubay 
National Wildlife Refuge during 1963-98, and evapo­ 
ration data were estimated by Al Bender, State 
Climatologist. Because the model operates on lake 
volumes rather than lake levels, bathymetric data were 
used to convert the lake-level data to area and vclume 
data. The lake-level, precipitation, and evaporation 
data then were used to compute total inflow to tire 
Waubay Lakes Chain.

Water Mass-Balance Mode' 23



Table 6. Water mass-balance model equations used to compute lake volumes of the 10 major lakes of the Waubay Lakes 
Chain

Model lake number 
(see fig. 9) Lake Equation 1

10

3

2

6

9

1

4

7

8

5

Bitter Lake

Blue Dog Lake

Enemy Swim Lake

Hillebrands Lake

Minnewasta Lake

Pickerel Lake

Rush Lake

Spring Lake

Swan Pond

Waubay Lake

Y! = V0 + [(p-e)/12] A + 1 + rdwlO + rdw9

V: = V0 + [(p-e)/12] A + I ± rdw2 ± rdw3

Vi = V0 + [(p-e)/12] A + I ± rdw2

Y! = V0 + [tp-e)/12] A + I ± rdw5 ± rdw6

Y! = V0 + [Cp-e)/12] A + I ± rdw8

Y! = V0 + [(p-e)/12] A + I ± rdwl

Y! = V0 + [(p-e)/12] A + I ± rdw3 ± rdw4 ± rdw8 ± rdw9

Y! = V0 + [(p-e)/12] A + I ± rdw6 ± rdw7

Y! = V0 + [(p-e)/12] A + I ± rdw7

Vj = V0 + [(p-e)/12] A + I ± rdw4 ± rdwl ± rdw5

Equation 1:
Vj, lake volume, in acre-feet, at end of time step.
V0, lake volume, in acre-feet, at beginning of time step.
p, precipitation falling directly on lake, in inches, during time step.
A, surface area of lake, in acres, at beginning of time step.
e, evaporation directly from lake, in inches, during time step.
I, inflow from surface runoff, in acre-feet, during time step.
rdw, redistributed flow, in acre-feet, during time step (see fig. 9 for lake connections):

rdwl, redistributed flow between Pickerel and Waubay Lakes; rdw6, redistributed flow between Hillebrands ard Spring Lakes;
rdw2, redistributed flow between Enemy Swim and Blue Dog Lakes; rdw7, redistributed flow between Spring Lake and Swan Pond;
rdw3, redistributed flow between Blue Dog and Rush Lakes; rdw8, redistributed flow between Rush and Minnewasta Lakes;
rdw4, redistributed flow between Rush and Waubay Lakes; rdw9, redistributed flow between Rush and Bitter Lakes; and
rdw5, redistributed flow between Waubay and Hillebrands Lakes; rdwlO,redistributed flow between Bitter Lake ard Big Sioux River.

Lake Levels

Historic lake-level data for the 10 major lakes of 
the Waubay Lakes Chain are shown in figure 10. The 
lowest and highest recorded lake levels and the sources 
of these data are given in table 2. Although table 2 
includes sources other than the SDDENR and Waubay 
National Wildlife Refuge, most data were obtained 
directly or indirectly from those two sources. Historic 
lake-level data commonly consist of two measurements 
per year, one near the spring lake-level peak (about 
May 1) and the other near the end of the summer lake- 
level decline (about October 1). The historic lake-level 
data are given in table Bl of the Supplemental Informa­ 
tion section. The sources of the data and the known and 
estimated datum corrections also are given.

The length of record ranges from 18 years for 
Bitter and Rush Lakes to more than 50 years for Blue 
Dog, Enemy Swim, Minnewasta, and Pickerel Lakes 
(table 2). The length of record for each of the 
remaining four lakes is about 40 years. The period of 
record ranges from 1925 to 1999. Except for Bitter and

Rush Lakes, data are available for much of 1960-99. 
Bitter and Rush Lakes generally have data available for 
1983-99.

Analysis of the available record for low lake 
levels indicates Bitter Lake was dry in 1983 and nearly 
dry (less than 4 ft deep) many times during 1984-93. 
Blue Dog Lake was nearly dry (less than or equal to 5 ft 
deep) from 1933 to 1936. The lowest lake level for 
Enemy Swim Lake occurred in October 1940 when the 
lake was about 14 ft deep (at deepest point). The lowest 
lake levels for Hillebrands Lake occurred during 
1960-62, 1975-77, and 1981-85 when tH lake was 
about 16 ft deep. Minnewasta Lake wa^ dry in 
November 1939 and nearly dry (less than 5.5 ft deep) 
from 1934 to 1942. Except for 1933-36 and 1953, 
Pickerel Lake has been consistently nea~ its spill eleva­ 
tion of 1,844.9 ft (fig. 8). Rush and Sprng Lakes have 
had no extreme low lake levels for their periods of 
record, although aerial photos indicate Push Lake has 
been diy in the past. Swan Pond was nearly dry in May 
1976, and Waubay Lake was dry in 1934 and 1936 and 
nearly dry in 1959.
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Analysis of the available record for high lake 
levels indicates Bitter Lake rose about 18 ft from late 
1993 to early 1999. This rise in Bitter Lake was due 
primarily to runoff from within its basin, based on the 
fact that the first historic record of Little Rush Lake 
spilling to Bitter Lake occurred in April 1999. Blue 
Dog Lake started receiving backwater from Rush Lake 
in April 1997 and presently (April 1999) is about 3.5 ft 
above its spill elevation of 1,800.2 ft (fig. 8). Available 
lake-level data indicate Enemy Swim Lake spilled 
through Campbell Slough from May 1986 to April 
1987 and from May 1993 to April 1999. The highest 
lake level was about 2.5 ft above the spill elevation of 
1,853.6 ft (fig. 8). Hillebrands Lake rose about 18 ft 
from May 1993 to April 1999 and started receiving 
backwater from Waubay Lake during May 1995. 
Minnewasta Lake rose more than 10 ft from November 
1942 to June 1943 and probably joined with Rush Lake 
in early 1998. Available lake-level data indicate Pick­ 
erel Lake generally remains above or within a foot 
below its spill elevation of 1,844.9 ft. During the 
drought of the 1930's, the lake level was below its spill 
elevation from 1932 to 1937. The highest level 
recorded (1928) for Pickerel Lake was about 3.3 ft 
above the outlet elevation. Rush Lake rose more than

4 ft from May 1993 to April 1999. Spring Lake rose 
about 11 ft from May 1996 to April 1999 after 
receiving water from Hillebrands Lake, and Swan Pond 
rose about 18 ft from May 1993 to April 1999 after 
receiving water from Spring Lake. Waubay Lake rose 
more than 18 ft from May 1993 to April 1999.

Water years 1961-98 initially were selected for 
model development. However, the existing data for 
1962 appear anomalous with what would appear rea­ 
sonable for that year. May-to-September precipitation 
versus total inflow to the Waubay Lakes Chain for 
1961-98 (fig. 11) indicate 1962 is an outlier. Although 
the highest precipitation occurred during 1962, calcu­ 
lated total inflow was negative. Therefore, water years 
1963-98 were selected for the water mass-balance sim­ 
ulations. Although figure 11 shows ottr-r inflows 
between zero and -4,000 acre-ft, these values should 
not be treated as outliers. Small negative inflows result 
from inaccuracies in the estimated precipitation and 
evaporation and are more likely to occur in dry years.

Hillebrands, Spring, and Waubay Lakes had 
complete records of semiannual lake levels for 1960-99 
(table 2). The remaining lakes had only partial records 
for those years. Therefore, a regression analysis was 
used to generate the missing lake-level data. Lake-
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level data for lakes that had only partial records were 
compared to data for lakes that had complete records. 
Aerial photos for 1939,1952, 1958,1970, 1977 (ortho- 
photo), 1982, 1984, and 1991 were available for some 
of the missing years and were ifised to supplement the 
existing lake levels and the regression analysis. The 
regression analysis is described in detail in 
procedure Cl of the Supplemental Information section. 
The regression was used to extend lake-level data for 
Bitter and Rush Lakes back to 1960, and to estimate 
lake-level values between data points for the remaining 
lakes. Estimated and historic lake levels are shown in 
figure 12, and estimated lake areas and volumes for the 
Waubay Lakes Chain are shown in figures 13 and 14. 
Estimated and historic lake areas and volumes for each 
of the 10 major lakes are shoWn in section D (fig. Dl) 
of the Supplemental Information section. The com­ 
plete data set for semiannual estimated lake levels for 
the Waubay Lakes Chain is given in table B2 of the 
Supplemental Information section. The estimated data 
closely resemble historic lake levels, areas, and vol­ 
umes. Because only two data points per year are used 
to represent the lake level, area, and volume of each 
lake as model input, the estimated data must represent 
the trend occurring in the time step rather than 
extremes of short duration. This is especially impor­ 
tant regarding the last few years (1996-99), when 
measurements were sometimes taken as frequently as 
several per week.

Precipitation

Precipitation falling on the study area is assumed 
to have been spatially uniform. Locally, precipitation 
is recorded at the Webster and the Waubay National 
Wildlife Refuge Headquarters stations. Because the 
Waubay National Wildlife Refuge Headquarters station 
is more centrally located within the study area, precip­ 
itation data from that station were used to represent 
precipitation over the entire study area. Precipitation 
data for the period of record at the Waubay National 
Wildlife Refuge Headquarters station were obtained 
from the National Climatic Data Center (1998) and 
from the U.S. National Oceanic and Atmospheric 
Administration (1998-99). These data are shown in 
figure 15 and given in table B3 of the Supplemental 
Information section. The May 1985 value was esti­ 
mated by substituting a value from the Webster station. 
Water year precipitation data were divided into two 
seasonal periods for the model. The winter period is

from October 1 through April 30, and the summe^ 
period is from May 1 through September 30.

Analysis of the annual precipitation totals indi­ 
cates a wetter-than-normal trend beginning in 19?1. 
The average annual precipitation for water years 
1961-90 is 20.4 in., and the average annual precipita­ 
tion for water years 1991-98 is 23.5 in. Although the 
annual average for 1991-98 is more than 3 in. greater 
than the annual average for 1961-90, a two-sample 
t-test did not indicate a statistically significant increase 
in average annual precipitation at the 95-percent confi­ 
dence level. However, the two-sample t-test did 
indicate a statistically significant increase in average 
annual precipitation at the 90-percent confidence level.

Evaporation

Evaporation within the study area was estimated 
by the South Dakota State Climatologist using a modi­ 
fication of the Morton (1979) method (Al Bende- 
South Dakota State University, written commun., 
1999). The evaporation data used were obtained from 
Agricultural and Biosystems Engineering Department, 
South Dakota State University (1999). In this modifi­ 
cation, shortwave radiation, surface temperature and 
cloudiness, surface dew point or humidity, and 
advected energy are used to estimate potential evapora­ 
tion. The evaporation estimates for the study area are 
available for 1953-98. A more detailed discussion on 
the method used to estimate these data is given in the 
report for task 1 of this study (Northern Great Plains 
Water Resources Research Center, written commun., 
July 1999). The data are shown in figure 16 and given 
in table B4 of the Supplemental Information section. 
As with the precipitation data, the evaporation data 
were presented by water year and divided into two 
semiannual periods (winter and summer) in figure 16.

Analysis of the annual evaporation totals indi­ 
cates a trend of decreased evaporation beginning in 
1991. The average annual evaporation for water years 
1961-90 is 32.7 in., and the average annual evaporation 
for water years 1991-98 is 28.7 in. A two-sample t-test 
indicated a statistically significant decrease in average 
annual evaporation at the 99.9-percent confidence 
level. However, the t-test may be biased by the auto­ 
correlation in the annual evaporation data (the lag-1 
autocorrelation coefficient for 1961-98 is 0.43). Thus, 
the apparent decrease in evaporation may be because of 
serial persistence, a true decreasing trend, or both.
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Figure 13. Estimated total lake area for 1960-98 for the Waubay Lakes Chain.
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Figure 14. Estimated total lake volume for 1960-98 for the Waubay Lakes Chain.
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The coincident occurrence of increased precipi­ 
tation and decreased evaporation have a cumulative 
effect. Increased precipitation and decreased evapora­ 
tion need to prevail for only a few years before the 
effects are evident. The presence of such conditions 
can cause rapid change in the t»asin. Additionally, the 
same climatic conditions that produce greater-than- 
normal precipitation (for example, cloudy and cool) 
also tend to produce greater inflows and lower-than- 
normal evaporation. Likewise, the climatic conditions 
associated with lower-than-normal precipitation are 
typically hot and dry, and also produce low inflows and 
higher-than-normal evaporation. Because the basin is 
topographically closed and is considered to have no 
ground-water connection to other basins, the only way 
for water to enter or leave the basin is via the atmo­ 
sphere. Water enters the basin only as precipitation and 
leaves the basin only through Evaporation. Because 
more water has entered the study area in recent years 
and less water has left, storage within the basin has 
increased, meaning that lake levels have risen.

Lake Areas and Volumes

Lake area and capacity tables for the 10 major 
lakes of the Waubay Lakes Chain were needed to con­ 
vert lake levels to lake volumes and determine associ­ 
ated storage changes. Digital contour maps were 
developed from bathymetric maps that were available 
for Blue Dog, Enemy Swim, Minnewasta, Pickerel, 
and Waubay Lakes (unpublished information from 
South Dakota Department of Game, Fish and Parks, 
various dates). Bathymetric data for the remaining five 
lakes and for any other water bodies that were 
considered part of the Waubay Lakes Chain were 
obtained through bathymetric surveys. Because the 
lake levels were very high during the bathymetric 
surveys, the surveys overlapped areas that were cov­ 
ered by the DEM. The surveys and the DEM generally 
had good agreement but were adjusted on small areas 
based on data from the surveys. GIS software then was 
used to tabulate areas at varying lake-level elevations 
for each of the 10 lakes, and the tabulated data were 
used to create area and volume equations that best fit 
the data. The volume between elevation contours was 
calculated by averaging the area of adjacent contour 
planes and multiplying by thp contour interval. Begin­ 
ning at the low point in each lake, the cumulative 
volume was determined for each contour.

The bathymetric maps for Blue Dog, Enemy 
Swim, Minnewasta, Pickere}, and Waubay Lakes 
showed contours of the depths of the lakes at the time

the data were obtained. These maps were completed in 
1964 (Blue Dog Lake), 1996 (Enemy Swim Lake), 
1964 (Minnewasta Lake), 1989 (Pickerel Lake), and 
1971 (Waubay Lake). Contour maps of the elevations 
of the lake bottoms were constructed by estimating 
lake-level elevations on the basis of when the data were 
collected. The contour maps then were digitized and 
transferred into a GIS. Reference points that had a 
known latitude and longitude were used to transfer the 
digital data into a Universal Transverse Mercator 
(UTM) coordinate system.

The USGS collected bathymetric data for Bitter 
Lake, Hillebrands Lake, Rush Lake, Spring Lake, 
Swan Pond, Little Rush Lake, Campbell Slough, 
Dahling Slough, and Sunnybrook Slough. The data 
were collected using a boat, fathometer, data logger, 
and GPS equipment. A series of transects were 
planned for each lake. These transects were located so 
as to minimize the number required to adequately 
determine the general shape of the lake bottom and the 
maximum depth. Each of the transects had many data- 
collection points. The GPS equipment was used to 
navigate to the beginning point of each transect ard to 
maintain a path of travel as consistent with each 
transect as possible. The data logger recorded 
fathometer depth data and time at 2- to 3-second inter­ 
vals along each transect. The depth also was recorded 
using a separate paper-chart recorder that was marked 
with time. The paper-chart recorder served as a backup 
and provided a record of bar checks, which were used 
to verify the accuracy of the fathometer. The GPf 
receiver recorded latitude, longitude, and time, and the 
GPS antenna was used at horizontal control points to 
verify horizontal accuracy. By synchronizing the 
clocks of the receiver and the data logger, a horizontal 
location was assigned to each data-collection point. 
The lake level and any offsets between the water 
surface and the depth transducer were recorded at the 
time of data collection so that each depth measurement 
could be converted to an elevation. The data for each 
transect were plotted and bathymetric maps con­ 
structed. Using a GIS, digital contour maps then were 
developed from the bathymetric maps.

Digital contour maps of the land areas were 
developed from existing DEM's and transferred into a 
UTM coordinate system. The digital contour maos for 
all of the lakes then were joined with the DEM data 
from the EROS Data Center to construct a continuous 
digital contour map of the lakes throughout the full 
range of potential lake-level fluctuations. Bathymetric 
data for the 10 lakes are shown in figures D3 through
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D18 in section D of the Supplemental Information section. Contours for the lakes at lower lake levels are shown 
in figures D3 through D10, and contours for the lakes at higher lake levels are shown in figures Dl 1 through D18. 
The DEM's used were developed from 7.5-minute USGS topographic quadrangle maps and sampled in a 10-meter 
grid. In some areas, the digital contour maps of the area above the lake level had to be fitted into the digital contour 
map of the lake bottoms. Contours were closed at the outlets solely for the purpose of determining lake areas and 
volumes when the lakes were at high levels.

The digital data were used to determine the lake area at each contour, and the lake volume wa° calculated on 
the basis of area and depth. Because no consistent method exists for interpolating between known areas or for con­ 
verting estimated areas to volumes, a set of equations was developed to relate elevations, areas, and volumes. 
These equations were developed using a nonlinear regression of lake level versus area and lake level versus volume 
and were used in the modeling part of this study. The equations use three shape coefficients to fit th^ data, and the 
equation for each lake begins with the same general equation:

= V x[ah'
0.5(1 - "J (D(\-b cos{nh'}) 

where
V(h) = volume, in acre-feet, at lake elevation h;

h = lake elevation, in feet above sea level; 
Vmax - maximum volume, in acre-feet;

h = (h-hmiri)l(hmax-hmin), a standardized elevation, for h '>0; 
hmin - minimum (dry lake bed) elevation, in feet above sea level; 
hmax = maximum elevation, in feet above sea level; and 
a, b, and c = shape parameters used to fit data for each lake separately (a>0, b>-l, and c>0).

V(hmin) = 0, and V(h) has positive first and second derivatives for h > hmin, which are conditions that must be 
satisfied by a valid volume function. The area equation obtained by differentiating V(h) is:

A(h} = A, 1 +
^ )(1 -fl)(l + b}(\ -b)s'm(nh') 

(\-b cos(rc/?'))2
ah' 0.5(1-a)(l +Z?)(l-cos(7t/z / )> 

(l-bcos(nh'))
(2)

where 
A(h) = area, in acres, at lake elevation h, and Amax =

The parameters a, b, and c were fitted to known 
areas of each lake using nonlinear least-squares regres­ 
sion. The minimum (dry lake bed) elevation of each 
lake was approximated by examining the bathymetric 
maps or raw data where available. The fitted parame­ 
ters are given in table 7. The agreement was deemed 
satisfactory for each lake.

The general shape of each lake can be visualized 
by referring to the bathymetric maps of each lake. 
Some of the typical lake shapes also have typical lake 
level-versus-area and lake level-versus-volume curves. 
For example, a lake such as Blue Dog Lake, which has 
a wide, flat bottom and steep, bank-like sides, will have

maximum area, in acres =
^ max mint

a lake area curve that shows large initial increases in 
area and small increases in lake level until the lake level 
reaches the foot of the banks. The area increases then 
will be small until the lake level reaches the top of the 
banks and the increases again become large with 
increasing lake level. The expected lake volume curve 
for the same lake would show somewhat consistent 
increases in volume with increasing lake level until the 
lake level reaches the top of the banks. The volume 
increases then will be more rapid with increasing lake 
level. A lake such as Pickerel Lake, which has evenly 
sloped sides and a v-shaped bottom, will have consis­ 
tent increases in area and lake level, but volume
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increases will be more rapid with increasing lake level. 
Lakes that do not fit these general descriptions will 
have lake area and volume curves that have some sim­ 
ilarities with both examples, but the characteristics will 
be less obvious. The lake area curves for the 10 major 
lakes of the Waubay Lakes Chain are shown in 
figure 17, and the lake volume curves are shown in 
figure 18. The areas and volumes for 1-ft lake-level 
intervals are given in table B5 of the Supplemental 
Information section.

Total Inflow

Total inflow to the Waubay Lakes Chain was 
estimated using the assumption that the Waubay Lakes 
Chain Basin (fig. 9) is a closed system that has no 
surface and subsurface inflow or outflow across its 
boundary. The volume of water in the system at a given 
time step (winter or summer) was set equal to the 
volume of water in the system at the previous time step 
plus the water from precipitation falling on the lakes 
minus the water evaporating from the lakes plus total 
inflow from surface runoff, as follows:

Vl = VQ +p(A)-e(A) (3)

where
I = volume of water at end of time step, in acre-

feet; 
Q = volume of water at beginning of time step, in

acre-feet;

p = precipitation falling directly on lakes during
time step, in feet; 

e = evaporation directly from lakes during time
step, in feet; 

A = surface area of lakes at beginning of time
step, in acres; and 

/ = total inflow to lakes from surface runoff, in
acre-feet.

If evaporation, precipitation, and area/capacity 
relations are known for each lake within the study area, 
the amount of water gained by precipitation fallir <* 
directly on each lake and the amount of water lost by 
evaporation directly from the lake can be estimated on 
the basis of lake area as determined from lake-level 
data. Changes in the lake level of a given lake that 
cannot be attributed to direct precipitation or evapora­ 
tion must, therefore, be caused by inflow to or outflow 
from that lake. Sources of inflow to a lake include 
runoff of precipitation, minor gains from ground- water 
(springs), and interflow between lakes. Sources of out­ 
flow include minor losses to ground water (seepage) 
and interflow between lakes. Inflow also could include 
small errors resulting from the assumption of spatially 
uniform precipitation, estimated lake levels (when 
measurements were unavailable), and the closeness of 
fit of equations used for the lake-level and area/ 
capacity relations. To estimate the inflow received by 
the lakes from all sources except interflow between 
lakes, the entire closed basin was viewed as a system. 
Thus, the net effect of interflows between lakes was 
removed, and inflow consisted predominantly of runoff 
from the drainage basin.

Table 7. Fitted parameters for area and volume equations for the 10 major lakes of the Waubay Lakes Chain
[h^jj, minimum (dry lake bed) elevation; hmax , maximum elevation; Amax , maximum area; a, b, and c, shape parameters used to fit data for each lake 
separately]

Lake
hmin

(feet above 
sea level)

"max
(feet above 
sea level)

*max
(acres)

Bitter Lake

Blue Dog Lake

Enemy Swim Lake

Hillebrands Lake

Minnewasta Lake

Pickerel Lake

Rush Lake

Spring Lake

Swan Pond

Waubay Lake

1,769.2

1,791.7

1,823.9

1,766.6

1,783.5

1,804.0

1,792.6

1,776.2

1,780.2

1,772.5

1,815.0

1,815.0

1,865.0

1,815.0

1,815.0

1,855.0

1,815.0

1,815.0

1,815.0

1,815.0

31,784.0

2,847.0

3,942.0

1,214.0

1,861.0

1,328.0

6,004.0

1,575.0

260.0

20,275.0

1.38

1.14

0.98

0.67

0.92

1.07

0.94

0.92

0.94

0.95

0.44

-0.10

-0.58

0.86

0.79

0.99

0.93

0.92

0.93

0.91

0.85

0.41

1.13

1.86

0.96

1.35

0.65

0.54

0.64

0.89
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Total inflow to the system was computed on a 
semiannual time step. The water year was selected 
rather than the calendar year so that snowfall would 
melt and run off in the same year as the snowfall 
occurred. Using the lake-level data developed earlier, 
the October 1 and May 1 lake levels were tabulated for 
each lake for water years 1961 -98. Next, the lake-level 
and area/capacity relations for each lake were used to 
determine the lake areas and volumes corresponding to 
the October 1 and May 1 lake levels. Based on the 
semiannual precipitation and evaporation data for each 
year, the net atmospheric gain or loss to the lake 
volume was calculated using the lake area at the begin­ 
ning of each time step. Total inflow for a given time 
step is the difference between the lake volume during 
one time step and the next minus the net atmospheric 
gain, summed for all lakes as follows:

1= (Yl -V0)-(p-e)A (4)

where
/ = estimated total inflow for a given time step,

in acre-feet; 
I = total volume of lakes at end of time step, in

acre-feet;

VQ = total volume of lakes at beginning of time
step, in acre-feet; 

(p - e)A= net atmospheric gain [(precipitation-evapo-
ration)*area] for time step, in acre-feet; and 

A = total area of lakes at beginning of time step,
in acres.

The net atmospheric gain usually is les^ than zero 
because evaporation usually exceeds precipitation. A 
negative atmospheric gain represents an atmospheric 
loss.

The total inflows for water years 1961-98 are 
shown in figure 19 and given in table B6 of the Supple­ 
mental Information section. The trends discussed 
earlier in the Precipitation and Evaporation sections 
have a strong effect on inflow. The data indicate that 
the five largest winter inflows and the two largest 
summer inflows have occurred in the last 6 years.

The negative calculated inflows shown in 
figure 19 can be explained by a plot of volume change 
versus net atmospheric gain (fig. 20). Flints that lie 
below the line of zero inflow and that correspond to a 
net atmospheric gain of less than -10,000 acre-ft prob­ 
ably are caused by small differences between the calcu­ 
lated volume change or net atmospheric gain and the 
actual volume change or net atmospheric gain. How­ 
ever, the points for winter 1977 and summer 1962 lie
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Figure 19. Total inflows for water years 1961-98 for the Waubay Lakes Chain. 
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Figure 20. Semiannual volume change versus net atmospheric gain [(precipitation-evaporation)*area] for the 
Waubay Lakes Chain, water years 1961-98.

well below the line and cannot be attributed to inaccu­ 
racies in calculation. The lower-than-expected volume 
change in the winter of 1977 follows an extremely dry 
summer in 1976 and may be caused by water from the 
lakes being lost to replenish low soil-moisture levels 
surrounding the lakes. However, the point for summer 
1962 is an extreme anomaly that has no readily 
apparent hydrologic cause. Although drought condi­ 
tions existed in the basin in the late 1950's, inflows in 
the summer of 1961 and the winter of 1962 were 
normal given atmospheric conditions for those times. 
However, no inflow occurred in the summer of 1962 
although it was by far the wettest summer on record. 
Because this extreme anomaly remains as yet unex­ 
plained, water years 1963-98 was used as the period of 
record for verifying the water mass-balance model.

Water Mass Balance of Lakes

Because the model includes only precipitation, 
evaporation, total inflow to the system, and starting 
lake levels as input, the total inflow needed to be appor­ 
tioned among the 10 major lakes of the Waubay Lakes 
Chain. To apportion this inflow, equations were

developed using regression on the historic data. Next, 
flow between lakes was incorporated into the model 
using an iterative process, if needed, to balance tH 
level of each lake, taking into account flow from con­ 
necting lakes. This is discussed in further detail later in 
the Flow Between Lakes section. Spill rating equs tions 
for flow between some lakes also were included in the 
model. Information was collected on the outlets of the 
lakes to facilitate the balancing between lakes.

Inflow to Individual Lakes

To apportion total inflow among the 10 major 
lakes, inflow to each lake was estimated to be approxi­ 
mately equal to total inflow multiplied by the drr^nage 
area of the lake divided by the total drainage area of the 
Waubay Lakes Chain. The drainage area of the lake did 
not include the actual lake water-surface area because 
all precipitation falling directly on the lakes is 
accounted for in the precipitation data used as irmit to 
the model. The estimated inflows were used as a check 
of the final distributions of total inflow in the model.

A regression analysis, described in more detail in 
procedure C2 of the Supplemental Information section, 
was used to obtain a more precise estimate of tr 0-.
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inflow to each individual lake. The equations resulting 
from this regression analysis are given in table 8. To 
estimate inflow to individual lakes, the simplifying 
assumption was made that inflow to each lake is pro­ 
portional to total inflow to the system. An assumption 
also was made that the proportion of total inflow attrib­ 
uted to each lake was constant throughout the historic 
period. However, a satisfactory fit was not obtained 
using this assumption. Rather, the proportion of total 
inflow that needed to be attributed to the Bitter Lake 
drainage basin was higher during 1993-98 (the wet 
period) than during 1963-92. This finding is consistent 
with task 5 preliminary findings (U.S. Army Corps of 
Engineers, written commun., May 1999) that the con­ 
tributing drainage area of Bitter Lake increased during 
the wet period. Therefore, Bitter Lake inflow was 
computed and removed from the total inflow, and then 
the remaining inflow was divided among the remaining 
nine lakes. The estimated proportions for 1993-98 are 
very close to the percent of total area values given in 
table 5.

Another modification of the equations used to 
calculate inflow to individual lakes was needed to 
achieve an adequate fit between historic and computed 
volumes for some of the lakes. Consistent gains or 
losses in the volumes of Enemy Swim Lake, Hille- 
brands Lake, Minnewasta Lake, Spring Lake, and 
Swan Pond remained relatively constant during

1963-98 and, thus, were not proportional to total 
inflow. A possible source of these gairs or losses is 
ground-water flow between various lakes in the 
system. For example, Enemy Swim Lake may dis­ 
charge ground water to Spring Lake. A Ithough anal­ 
ysis of the ground-water system is beyond the scope of 
this study, an intercept term was introduced into the 
model for some lakes in an effort to improve the fit 
between historic and calculated volumes. The intercept 
for Enemy Swim Lake (-135 acre-ft per each semi­ 
annual period or -270 acre-ft per year; table 8) is con­ 
sistent with a ground-water loss, and the intercept for 
Spring Lake (280 acre-ft per semiannual period or 
560 acre-ft per year) is consistent with a ground-water 
gain. However, the estimated gain for Spring Lake is 
about twice as large as the estimated los^ for Enemy 
Swim Lake. The discrepancy could be caused by an 
estimation error or by ground-water inflow to Spring 
Lake from a source other than Enemy Swim Lake. The 
negative intercept for Hillebrands Lake probably is not 
caused by ground-water loss to Spring Lake because 
Spring Lake was higher than Hillebrands Lake for most 
of the historic period. However, Hillebrands Lake may 
discharge ground water to Waubay Lake. The small 
intercept for Swan Pond (30 acre-ft per semiannual 
period) and the substantial intercept for Minnewasta 
Lake (170 acre-ft per semiannual period) may indicate 
a source of ground-water inflow to those lakes as well.

Table 8. Water mass-balance model equations used to compute inflow for the 10 major lakes of the Waubay Lakes Chain
[I, total inflow to lakes from surface runoff, in acre-feet]

Model lake 
number 

(see fig. 9)

10

3

2

6

9

1

4

7

8

5

Lake

Bitter Lake

Blue Dog Lake

Enemy Swim Lake

Hillebrands Lake

Minnewasta Lake

Pickerel Lake

Rush Lake

Spring Lake

Swan Pond

Waubay Lake

1963-92 
(water year)

0.134*1

0.236 * I

-135 + 0.150*1

-130 + 0.034*1

170 + 0.02 * I

0.104*1

0.059 * I

280 + 0.020 * I

30

0.207 * I

Equation

1993-98 
(water yea")

0.279 * I

0.195*1

-135 + 0.124*1

-130 + 0.028 * I

170 + 0.016*1

0.086 * I

0.049 * I

280 + 0.017 * I

30

0.216*1

Total 215 + 0.964*1 215+ 1.01 *I
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Flow Between Lakes

After inflow to each lake was estimated, an iter­ 
ative balancing process was used to account for flow 
between lakes. This balancing process was used for all 
lake connections except those that spill only from the 
upstream lake. Also, outlet rating equations to com­ 
pute flow between some lakes were developed and 
incorporated into the model. These curves either were 
developed by regression using historic data or supplied 
by the USAGE (Rush Lake to Bitter Lake and Bitter 
Lake to the Big Sioux River) if no historic data existed 
(U.S. Army Corps of Engineers, written commun., 
1999). A more detailed discussion of the algorithm to 
address flow between lakes is given in procedure C3 of 
the Supplemental Information section. The equations 
are based on spilling a percentage (sometimes raised to 
some exponent) of the volume available to spill. Some 
connections result in all of the water spilling and the 
lake level equalizing (for example, in backwater situa­ 
tions). The outlet flow-rating equations developed are 
shown in table 9.

Empirical (for example, data-based) flow-rating 
equations could not be developed for Rush Lake to 
Bitter Lake and Bitter Lake to the Big Sioux River 
because no historic data are available for when either 
spilled. Therefore, the spill calculations are based on 
daily flow ratings supplied by the USAGE (Doug 
Clemetson, U.S. Army Corps of Engineers, oral 
commun., 1999). A continuous curve (relating water- 
surface elevation to flow) was used to approximate the 
outlet rating curves for Rush Lake to Bitter Lake 
(procedure C3 of the Supplemental Information sec­ 
tion). If Rush Lake is above 1,811.5 ft, the railroad 
embankment is overtopped and flow is assumed to be 
unimpeded; if Rush Lake is below 1,803.6 ft (the spill 
elevation with Bitter Lake), no flow is allowed. 
Although an assumption is made that Bitter Lake will 
never spill into Rush Lake, if that situation does occur 
the water is allowed to flow from Bitter Lake to Rush 
Lake until the levels of the two lakes are equal or until 
the level of Bitter Lake is below the spill elevation. 
The outlet rating curve for Bitter Lake to the Big Sioux 
River was computed using a daily time step, in a 
similar manner to the outlet rating curve for Rush Lake 
to Bitter Lake.

Possible flow directions between lakes are 
shown in figure 1. Pickerel Lake, when above its spill 
elevation, flows into Waubay Lake, and Enemy Swim

Lake, when above its spill elevation, flows into Blue 
Dog Lake. All other lakes (except Bitter Lake), when 
above their spill elevations, flow directly or indirectly 
into Waubay Lake until Waubay Lake reaches an eleva­ 
tion of 1,803.6 ft. Above an elevation of 1,797.6 ft, 
Hillebrands Lake, Spring Lake, Swan Pond, and 
Waubay Lake essentially are one lake, and above an 
elevation of 1,800.2 ft, Blue Dog Lake, Minnewasta 
Lake, and Rush Lake also essentially are one lake. 
Above an elevation of 1,803.6 ft, these two groups of 
lakes begin to flow to Bitter Lake. Bitter Lake, above 
an elevation of 1,811.1 ft, will spill south to the Big 
Sioux River and, above an elevation of 1,812.1 ft, also 
will spill east to the Big Sioux River.

The lake connections (table 9) are ordered 
approximately according to spills from upstream to 
downstream lakes. Therefore, the flows between lakes 
were calculated sequentially. For the first four spills 
(Pickerel Lake to Waubay Lake, Enemy Swim Lake to 
Blue Dog Lake, Blue Dog Lake to Rush Lake, and 
Rush Lake to Waubay Lake), an empirical flow rating 
was developed to regulate each of the spills, given that 
the upstream and downstream lakes are separate bodies 
of water.

Flow between lakes then was incorporated into 
the model. Flows from Enemy Swim and Pickerel 
Lakes were addressed first because the lake levels of 
other downstream lakes do not affect the lake levels of 
these two lakes. As previously discussed, rating equa­ 
tions were used to estimate the amount of water spilled 
from these lakes.

The iterative balancing process (procedure C4 of 
the Supplemental Information section) then was used 
to simulate flow between seven of the eight remaining 
lakes (the Bitter Lake to Big Sioux River connection 
will be discussed later) because their lake levels are 
affected by the neighboring lakes. The lake levels of 
the lakes, in relation to the spill elevation between 
them, fall into four possible conditions. These condi­ 
tions are as follows: (1) Both lakes can be at or below 
the spill elevation (the elevation at the inlet/outlet 
between the lakes); (2) both lakes can be above the spill 
elevation; (3) the first lake (usually the upstream lake) 
can be above the spill elevation, and the second lake 
(usually the downstream lake) can be below the spill 
elevation; and (4) the first lake can be below the spill 
elevation and the second lake can be above the spill 
elevation.
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Table 9. Water mass-balance model rating equations used to compute flow between the 10 major lakes of the Waubay 
Lakes Chain
[vaval, volume available above spill elevation; <, less than or equal to; >, greater than;  , no flow restriction]

Model lake- 
connection

number 
(see fig. 9)

Flows Rating equation

1 Pickerel Lake to Waubay Lake

2 Enemy Swim Lake to Blue Dog Lake

3 Blue Dog Lake to Rush Lake when Blue Dog Lake is 
above spill elevation and Rush Lake is below spill 
elevation

3 Rush Lake to Blue Dog Lake when Rush Lake is above 
spill elevation and Blue Dog Lake is below spill 

;elevation

4 Rush Lake to Waubay Lake when Rush Lake is above 
spill elevation and Waubay Lake is below spill 
elevation

4 Waubay Lake to Rush Lake when Waubay Lake is 
above spill elevation and Rush Lake is below spill 
elevation

5 Waubay Lake to Hillebrands Lake when Waubay Lake 
is above spill elevation and Hillebrands Lake is below 
spill elevation

5 Hillebrands Lake to Waubay Lake when Hillebrands 
Lake is above spill elevation and Waubay Lake is 
below spill elevation

6 Hillebrands Lake to Spring Lake when Hillebrands Lake 
is above spill elevation and Spring Lake is below spill 
elevation

6 Spring Lake to Hillebrands Lake when Spring Lake is 
above spill elevation and Hillebrands Lake is below 
spill elevation

7 Spring Lake^to Swan Pond when Spring Lake is above 
spill elevation and Swan Pond is below spill elevation

7 Swan Pond to Spring Lake when Swan Pond is above
spill elevation and Spring Lake is below spill elevation

8 Rush Lake to Minnewasta Lake when Rush Lake is above 
spill elevation and Minnewasta Lake is below spill 
elevation

8 Minnewasta Lake to Rush Lake when Minnewasta Lake 
is above spill elevation and Rush Lake is below spill 
elevation

9 ;Rush Lake to Bitter Lake when Rush Lake is above spill 
elevation and Bitter Lake is below spill elevation

9 Bitter Lake to Rush Lake when Bitter Lake is above spill 
elevation and Rush Lake is below spill elevation

10 Bitter Lake to Big Sioux River

0.825 ;*vaval

,0.842.75 (vaval)1

0.108 (vaval)1 -22 when vaval < 10,000 or
8,190 H- (vaval - l6,OOQ) when vaval > 10,000

0.150 (vaval) 1 ' 17 when vaval < 25,000 or 
20,970 + (vaval - 25,000) when vaval > 25,000

Outlet rating curve (see procedure C3 of the 
^Supplemental Information section)

Outlet rating curve (see procedure C3 of the 
Supplemental Information section)
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In condition 1, no flow occurs between the lakes, 
and the iterative balancing process is not needed.

In condition 2, the lake levels are simply equal­ 
ized to a common lake level using an area-weighted 
procedure to level the lakes to the same elevation. The 
area-weighted procedure is as follows:

Equalized lake level in lakes 1 and 2 = 

(area1 *leve! 1 + area2 *leve!2 )/(area 1 + area2 ). (5)

In condition 3, water is allowed to spill from the 
upstream lake to the downstream lake using a rating 
equation. If the amount of water available from the 
upstream lake is not enough to fill the downstream lake 
above the spill elevation, the upstream lake spills as 
much as possible using any applicable rating equations. 
This spilling is allowed only once in the iterative 
balancing process. If the amount of water available 
from the upstream lake is enough to fill the down­ 
stream lake above the spill elevation, the downstream 
lake is filled 1 acre-ft above the spill elevation. The 
lakes now are balanced under condition 2.

In condition 4, if the amount of water available 
from the downstream lake is not enough to fill the 
upstream lake above the spill elevation, the down­ 
stream lake spills as much as possible until it reaches its 
spill elevation. The lakes now fall under condition 1. 
If the amount of water available from the downstream 
lake is enough to fill the upstream lake above the spill 
elevation, the upstream lake is filled 1 acre-ft above the 
spill elevation. The lakes now are balanced under 
condition 2.

After the levels of the first two lakes are 
balanced, another lake connection is introduced. After 
the levels of the second two lakes are balanced, the pre­ 
vious lakes are rebalanced, taking into account the 
lake-level changes introduced by the new lake connec­ 
tion. This process is continued until all lakes are 
balanced for a particular time step. The same process 
is repeated for each time step, using conditions from 
the preceding time step as starting conditions for each 
succeeding time step.

The Rush Lake to Bitter Lake connection differs 
from the other lake connections in that the lake levels 
of the two lakes fall into seven possible conditions. 
Although an assumption is made that Bitter Lake will 
never spill into Rush Lake, this possibility is allowed 
for in the model. The seven conditions are as follows: 
(la) Both lakes are at or below the spill elevation 
(1803.6 ft); (2a) both lakes are above the elevation

(1,811.5 ft) of a railroad embankment located south of 
Little Rush Lake about 1 mi west of Waubay; (3 a) Rush 
Lake is above the elevation of the railroad embankment 
and Bitter Lake is at or below that elevation; (4a) Bitter 
Lake is above the elevation of the railroad embankment 
and Rush Lake is at or below that elevation; (5a) Bitter 
Lake is at or below the spill elevation (1,803.6 ft) and 
Rush Lake is above the spill elevation; (6a) Rush Lake 
is above the spill elevation and at or below the eleva­ 
tion of the railroad embankment, and Bitter Lake is at 
or below the level of Rush Lake; (7a) Rush Lake is 
above the spill elevation and below the elevation of the 
railroad embankment, and Bitter Lake is above the 
level of Rush Lake and at or below the elevation of the 
railroad embankment.

In condition la, no flow occurs between the 
lakes, and the iterative balancing process is not needed. 
In condition 2a, the lake levels are simply equalized to 
a common lake level using an area-weighted procedure 
to level the lakes to the same elevation. The area- 
weighted procedure is the same as that used for 
condition 2 (eq. 5). In condition 3a, all water above an 
elevation of 1,811.5 ft is spilled to Bitter Lake or until 
Bitter Lake is filled above 1,811.5 ft. Then, the water 
balancing between the lakes is addressed by an appli­ 
cable new condition. In condition 4a, all water above 
an elevation of 1,811.5 ft is spilled to Rush Lake or 
until Rush Lake is filled above 1,811.5 ft. Then, the 
water balancing between the lakes is addressed by an 
applicable new condition. In condition 5a, if the 
amount of water available from Rush Lake is nof 
enough to fill Bitter Lake above the spill elevation, 
Rush Lake spills as much as possible until it reaches its 
spill elevation. These lakes now fall under 
condition la. If the amount of water available from 
Rush Lake is enough to fill Bitter Lake above the spill 
elevation, Bitter Lake is filled 1 acre-ft above the spill 
elevation. The lakes now are balanced under the appli­ 
cable condition. In condition 6a, Rush Lake spills to 
Bitter Lake using an outlet rating curve. In condition 
7a, lake levels are simply equalized to a common lake 
level using an area-weighted procedure to level the 
lakes to the same elevation. The area-weighted proce­ 
dure is the same as that used for condition 2 (eq. 5).

The Bitter Lake to Big Sioux River connection 
was addressed by allowing spill from Bitter Lake if the 
lake level was above the spill elevation of 1,813 ft. The 
volume spilled was governed by an outlet rating curve.

An algorithm that describes lake-level balancing 
in more detail is given in procedure C3 of the Supple­ 
mental Information section.
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Verification Using Historic Data

Results of the water mass-balance model for 
each individual lake were verified using historic 
1963-98 data. The historic record must be reproduced 
by the model as closely as possible, with allowance for 
errors in the historic record. Historic semiannual pre­ 
cipitation and evaporation data and computed total 
inflow for the Waubay Lakes Chain were input into the 
model. Simulated and historic lake levels, areas, and 
volumes are shown in figures 21 through 23, and sim­ 
ulated lake levels, areas, and volumes for each lake and 
each time step are given in tables B7 through B9 of the 
Supplemental Information section.

The match between simulated and historic lake 
levels (fig. 21) was good; differences generally were 
less than 1 ft. However, some of the lakes, such as 
Bitter, Pickerel, Spring, and Waubay Lakes, have a 
consistently better match than others. Simulated and 
historic lake levels for Swan Pond generally were 
inconsistent. However, considering that Swan Pond 
was assigned a fixed inflow (table 8) it is reasonable 
that the simulated water levels would match more 
closely in some periods than others. Given the relative 
size of Swan Pond (about 1 percent of the total area and 
the volume of the Waubay Lakes Chain), differences in 
this lake are minor when the system is considered as a 
whole. The matches between simulated and historic 
lake areas (fig. 22) and simulated and historic lake vol­ 
umes (figs. 23) also were good. As with lake levels, 
Bitter, Pickerel, Spring, and Waubay Lakes had a 
somewhat better match than other lakes.

Each historic value represents a specific point in 
time, and the data collected after 1996 often were asso­ 
ciated with peak values recorded after rainfall events. 
The simulated values represent the expected values for 
the end of each time step, given that daily precipitation 
and evaporation values were summed for the time step. 
Thus, the simulated values should not be expected to 
produce peak values of a duration that is much shorter 
than the time step. Errors in the simulated values may 
be from possible errors in the precipitation and evapo­ 
ration input. The assumption that precipitation was 
spatially constant throughout the basin could cause 
some errors, and the evaporation values are the best 
estimates available on the basis of data from the 
Brookings station. Other errors could be introduced 
from estimated lake levels where no historic record 
exists and from small errors in lake bathymetric maps 
and the area/capacity equations for individual lakes.

Results of the water mass-balance model for the 
Waubay Lakes Chain, treated as one system, also were 
verified using historic 1963-98 data. As discussed 
earlier, lake-level data were not available for each lake 
in each year during 1963-98. Therefore, to estimate the 
historic areas and volumes, the estimated lake levels 
were used. The results were determined by summing 
the results for the 10 lakes. Simulated ?nd estimated 
lake areas and volumes are shown in figure 24, and 
simulated lake levels, areas, and volumes for each lake 
are given in tables B7 through B9 of the Supplemental 
Information section. The simulated areas and volumes 
of the Waubay Lakes Chain compare closely to the 
estimated areas and volumes.

STOCHASTIC TIME-SERIES MODEL

The stochastic time-series model (available at 
the USGS Subdistrict office in Huron, JT. Dak.) was 
developed to generate hypothetical future sequences of 
semiannual precipitation, evaporation, and total inflow. 
The model was constructed and verified using historic 
1963-98 (water years) precipitation, evaporation, and 
total inflow data.

The stochastic time-series model generated pre­ 
cipitation, evaporation, and total inflow data that are 
statistically indistinguishable from the historic data. 
The model also reproduced the cross correlations 
between annual precipitation, evaporation, and total 
inflow. The results of this model were u^ed as input for 
the water mass-balance model to do an unconditional 
and conditional frequency analysis of tH Waubay 
Lakes Chain.

Fitting Procedure

The stochastic time-series model fitting proce­ 
dure used in this study is similar to the procedure used 
by Wiche and Vecchia (1996) to model seasonal precip­ 
itation, evaporation, and inflow for Devils Lake, 
N. Dak. The six time-series variables th at needed to be 
included in the model were winter and summer precip­ 
itation, winter and summer evaporation, and winter and 
summer total inflow. The historic data for the six vari­ 
ables for water years 1961-98 are shown in figures 15, 
16, and 19. Because of the anomalous calculated total 
inflow value for the summer of 1962, a? indicated 
previously, 1963-98 was used as the period of record 
for verifying the stochastic time-series model.
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Figure 21. Simulated and historic lake levels of individual lakes within the Waubay Lakes Chain, 1963-98.
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Figure 22. Simulated and historic lake areas of individual lakes within the Waubay Lakes Chain, 1963-98.
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Fiqure 23. Simulated and historic lake volumes of individual lakes within the Waubav Lakes Chain, 1963-98.
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Figure 24. Simulated and estimated total area and volume of the Waubay Lakes Chain, 1963-98. 

46 Lake-Level Frequency Analysis for the Waubay Lakes Chain, Northeastern South Dakota



The first step in the fitting procedure was to 
transform the historic data so that the transformed time- 
series variables were closely approximated by a stan­ 
dard normal distribution. This was accomplished using 
Box-Cox transformations, as described in Wiche and 
Vecchia (1996). The resulting transformations are 
given in table 10.

The next step in the fitting procedure was to fit a 
multivariate, autoregressive time-series model to the 
transformed data. The model c0nsists of a set of six 
simultaneous equations that relate each of the trans­ 
formed time-series variables to lagged values of them­ 
selves and each other. The model requires that the data 
for all six variables be stacked in a one-dimensional 
array, in temporal order. The order in which the data 
are stacked in the array for a given time step can make 
a big difference in model performance. The best fit was 
achieved by placing evaporation data first, precipita­ 
tion data second, and total inflow data last. The 
variable order is given in table 11.

The model also requires that the set of potential 
predictor variables for each time-series variable be

defined. Physically, precipitation and evaporation 
should not be causally related to total inflow. Also, 
although total inflow could be causally related to 
lagged values of itself, an adequate fit was obtaired 
using only precipitation and evaporation to predict 
inflow. Therefore, total inflow was not included as a 
predictor variable for either precipitation or evapora­ 
tion, or itself. Next, maximum time lags of 1, 2, and 
3 years were considered for the potential predictor 
variables. The best fit was obtained using a maximum 
time lag of 2 years. Finally, to obtain a much better fit, 
separate terms, depending on whether the predictor 
variable was positive or negative, were allowed in the 
model. For example, the relation between winter total 
inflow (the time-series variable, /W*(/)) and the pre­ 
vious summer evaporation (the predictor variable, 
££*(>-1)) is different depending on whether the pre­ 
vious summer evaporation is higher than normal (posi­ 
tive) or lower than normal (negative). The potential 
predictor variables included in the model are given in 
table 11.

Table 10. Normality transformations for winter and summer precipitation, evaporation, and total inflow
[In, natural logarithm]

Variable

Winter precipitation

Summer precipitation

Winter evaporation

Summer evaporation

Winter total inflow

Summer total inflow

Untransformed 
data for year t

PW(t)

PS(t)

EW(t)

ES(t)

IW(t)

IS(t)

Transformed data for year t

PW*(t) = {[PW(t)]0 ' 7 - 3.69}/0.87

PS*(t) = {[PS(t)]°-4 - 2.86}/0.31

EW*(t) = (ln[EW(t) - 6] - l.O}/ 0.29

ES*(t) = (ln[ES(t) - 16] - 1.9}/0.37

IW*(t) = {[IW(t)]0'4 - 3.34}/1.06

IS*(t) = {[IS(t) + 5]03 - 1.98}/0.47

Table 11 . Variable order and potential predictor variables for multivariate, autoregressive 
time-series model for semiannual precipitation, evaporation, and total inflow
[t, time step; k, time lag, in years; [.]+ indicates that the quantity in brackets is replaced by zero if it is negative; 
[.] " indicates that the quantity in brackets is replaced by zero if it is positive]

Variable1 Potential predictor variables

1. EW*(t)

2. PW*(t)

3. IW*(t)

4. ES*(t)

5. PS*(t)

6. IS*(t)

[EW*(t-k)]+ , [EW*(t-k)]', [ES*(t-k)]+ , and [ES*(t-k)]'; k = 1 or 2 
[PW*(t-k)]+ , [PW*(t-k)]', [PS*(t-k)]+ , and [PS*(t-k)]'; k= 1 or 2

[EW*(t)]+ and [EW*(t)]" in addition to predictor variables for EW*(t) 

[PW*(t)]+ and [PW*(t)] " in addition to predictor variables for PW*(t) 

Same predictor variables as for IW*(t)

[ES*(t)]+ and [ES*(t)]" in addition to predictor variables for ES*(t) 

[PS*(t)]+ and [PS*(t)]" in addition to predictor variables for PS*(t)

Variables: 
E, evaporation 
P, precipitation 
W, winter 
S, summer

I, total inflow
t, time step
*, indicates variable is transformed
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The final model (table 12) was selected using all- 
subsets regression to determine the best combination of 
predictor variables from among the potential predictor 
variables. The Cp statistic (Draper and Smith, 1981) 
was used to guard against over fitting, and residual 
plots and diagnostic tests were used to determine if the 
residuals (the differences between the actual and pre­ 
dicted values) from the fitted model were approxi­ 
mately normal and independently distributed. Normal 
probability plots indicated the residuals for each of the 
six variables were symmetrically distributed around 
zero, but slight deviations from a normal distribution 
were present for evaporation and total inflow; and pair- 
wise scatter plots indicated the residuals for any given 
year were not independently distributed among the six 
variables. Therefore, to avoid potential problems with 
the assumption of normal and independently distrib­ 
uted residuals, an alternate method, called bootstrap­ 
ping, was used to generate residuals in the time-series 
model. In the bootstrapping method, for each simula­ 
tion year, a historic year was randomly selected from 
among historic water years 1963-98. The historic 
residuals for that year then were substituted for XI,..., 
X6 in the equations given in table 12. A similar tech­ 
nique was used by Tasker (1997) to simulate inputs for 
a series of reservoirs in the northeastern United States. 
Some model verification results are presented in the 
next section in the comparison of historic and gener­ 
ated precipitation, evaporation, and total inflow data.

A detailed hydroclimatic explanation of the 
fitted time-series model given in table 12 would be

difficult and is beyond the scope of thir report. How­ 
ever, some facets of the model may be pertinent topics 
for future study. For example, the coefficients of deter­ 
mination (R2) are about 60 percent for winter evapora­ 
tion, precipitation, and total inflow. Th°. fact that these 
values are nearly identical is unusual. Also, these 
values are high given the generally unpredictable 
nature of evaporation and precipitation. Therefore, 
strong links may exist between winter atmospheric 
conditions and runoff and antecedent atmospheric con-

fj

ditions. However, the R (16 percent) for summer pre­ 
cipitation is low, and the R2 (48 percent) for summer 
total inflow is moderate although concurrent summer 
precipitation was included as a predictor variable. In 
contrast to the R2 for summer precipitation, R2 
(98 percent) for summer evaporation is high and indi­ 
cates a nearly deterministic relation between summer

f\

evaporation and antecedent evaporation. The high R 
for summer evaporation may be caused, in part, by the 
method used to calculate winter evaporation as 
described in the task 1 report (Northern Great Plains 
Water Resources Research Center, written commun., 
July 1999). Because few pan evaporation records were 
available for the winter months, winter evaporation 
was calculated using estimated data rather than actual 
data. However, because historic total inflows were cal­ 
culated from known lake-volume changes, the differ­ 
ences between the estimated and actual winter 
evaporation were taken into account.

Table 12. Final fitted time-series model for semiannual precipitation, evaporation, and total inflow

Equation1
Coefficient of
determination

(percent)

EW*(t) = -0.04 + 0.82 [ES*(t-l)]+ + 0.76 [EW*(t-l)]- + 0.67 XI(t) 60

PW*(t) = 0.24 + 0.66 [ES*(t-l)]+ - 0.82 [PS*(t-l)]+ + 0.65 [PS*(t-l)]' - 0.97 [EW*(M)]~ - 0.57 [PS*(t-2)]+ + 0.69 X2(t) 60

IW*(t) = -0.14 + 0.96 [ES*(t-lXT + 0.46 [PS*(t-l)]- - 1.64 [EW*(t-D]- + 0.47 [PW*(t-2)]+ + 0.69 X3(t) 59

ES*(t) = 0.06 + 1.43 [EW*(t)]+ + 1.45 [EW*(t)]' - 0.85 [ES*(t-l)]+ - 0.69 [ES*(t-l)]' + 0.12 X4(t) 98

PS*(t) = -0.21 + 0.64 [PW*(t)]+ + 1.12 [ES*(t-2)]- - 0.91 [EW*(t-2)]' + 0.92 X5(t) 16

IS*(t) = -0.97 + 0.93 [PS*(t)]+ - 0.51 [ES*(t-l)]' + 0.57 [EW*(t-l)]+ - 0.56 [ES*(t-2)]' + 0.79 X6(t) 48

Equation:
E, evaporation 
P, precipitation 
W, winter 
S, summer

I, total inflow
t, time step
*, indicates variable is transformed
X, model residual

48 Lake-Level Frequency Analysis for the Waubay Lakes Chain, Northeastern South Dakota



Verification

To obtain accurate estimates of the probability of 
future lake levels, the data generated from the time- 
series model needed to accurately represent the statis­ 
tical properties of actual precipitation, evaporation, and 
total inflow as reflected by the historic data. In this sec­ 
tion, some comparisons are made between the historic 
and generated values of precipitation, evaporation, and 
total inflow data to help verify the model. To simplify 
the results, comparisons were made using annual data 
rather than semiannual data. The generated annual data 
were obtained by summing the generated winter and 
summer data for each year.

The stochastic time-series model was used to 
generate 10,000 years of annual precipitation, evapora­ 
tion, and total inflow data (simulation 1) starting in 
water year 1999. Historic 1963-98 (water years) pre­ 
cipitation and evaporation data were used for the ante­ 
cedent climatic conditions. The historic data and the 
first 122 years (water years 1999 to 2120) of generated 
data for simulation 1 are shown in figure 25. For 
simulation 1, precipitation and evaporation data were 
generated using the time-series model given in 
table 12. Because the model was verified using historic 
1963-98 data, simulation 1 is based on the assumption 
that 1963-98 is representative of long-term climatic 
conditions. For simulation 2, the precipitation and 
evaporation data generated for simulation 1 then were 
altered slightly by decreasing the precipitation data by 
5 percent and increasing the evaporation data by 
3 percent as also shown in figure 25. Simulation 2 is 
based on the assumption that the long-term climatic 
conditions are slightly drier than the historic 1963-98 
climatic conditions. The generated total inflow data 
(using altered precipitation and evaporation data) for 
simulation 2 are slightly lower than those for 
simulation 1 because of the lower generated precipita­ 
tion and higher generated evaporation data.

A cursory comparison of the historic and gener­ 
ated annual precipitation data shown in figure 25 indi­ 
cates the historic data fit well with the generated data 
for both simulations, and both simulations have gener­ 
ated data that are higher than the historic maximum and 
lower than the historic minimum (the lower generated 
data occur after 2120). An advantage of generating 
data is that the generated data are not limited to the dis­ 
crete set of values in the historic record. As shown 
later, the historic data are statistically indistinguishable 
from the generated data for both simulations.

The historic annual evaporation data shown in 
figure 25 also fit well with the generated data for both 
simulations, and both simulations have extremes

outside of the range of historic data (generated data 
were curtailed at a maximum of 48 in. to prevent simu­ 
lation of a few unrealistically large values). The gener­ 
ated data indicate a high degree of temporal 
persistence, with extended periods of low evaporation 
similar to those during 1993-98 and even longer 
periods of high evaporation similar to those during 
1963-92.

The generated annual total inflow data shown in 
figure 25 fluctuate between a minimum of about zero 
and a maximum of about 135,000 acre-ft compared to 
the historic minimum of about zero in water year 1973 
and the historic maximum of about 110,000 acre-ft in 
water year 1997. The historic data fit well with the 
generated data for both climatic simulations, and, as 
shown later, the historic data are statistically indistin­ 
guishable from the generated data for both simulations.

The stochastic model also reproduces the cross- 
correlations between annual precipitation, evaporation, 
and total inflow as shown in figure 25. Periods of low 
(high) evaporation generally accompany periods of 
high (low) precipitation and high (low) inflow. The 
relations between historic and generated data for 
simulation 2 are shown in figure 26. To smooth out 
noise, the data were averaged for 3-year intervals for 
water years 1963 to 2148. High annual precipitation 
and total inflow generally accompany low annual evap­ 
oration. However, although low annual precipitation 
and high annual evaporation limit the production of 
high inflow, in dry years, total inflow is only slightly 
sensitive to small changes in precipitation or evapora­ 
tion.

A more quantitative assessment of the model can 
be made by comparing statistics of the historic data to 
statistics of the generated data (table 13). The lag-1 
and lag-2 autocorrelations shown in table 13 are the 
correlations between values of the variable separated 
by 1 year and 2 years, respectively. Statistics of the 
historic and generated data should closely match for 
those statistics that have relatively small sampling 
errors with 36 years of historic data (for example, the 
mean, standard deviation, 50th percentile, 25th percen- 
tile, and 75th percentile). However, statistics that are 
heavily affected by extremes (for example, the skew- 
ness coefficient, the minimum, and the maximum) 
have large sampling errors with 36 years of historic 
data. Therefore, the adequacy of the model for pro­ 
ducing extremes that are representative of a long 
historic record is difficult to assess. More detailed 
information on using historic lake levels and climate, 
tree-ring chronologies, and soil surveys to better assess 
the adequacy of the model is given in a later section.
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Figure 25. Historic (water years 1963-98) and generated (water years 1999-2120) annual precipitation, evaporation, and 
total inflow for the Waubay Lakes Chain.
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To compare statistics of the historic and gener­ 
ated data, the 10,000 years of generated data were 
divided into nonoverlapping 36-year segments. The 
statistics computed for each of the 36-year segments 
and the intervals (L90, U90) in which 90 percent of the 
generated statistics were contained (5 percent were 
below L90 and 5 percent were above U90) are given in 
table 13. The historic and generated statistics indicate 
the historic precipitation, evaporation, and total inflow 
data easily could have been produced by either simula­ 
tion. For simulation 1 (wetter long-term climate), the 
historic statistics generally lie near the middle of the 
intervals; and, for simulation 2 (drier long-term cli­ 
mate), the historic statistics generally lie near the upper 
end of the intervals. For either simulation, the range of 
generated statistics is quite reasonable and the gener­ 
ated data are nicely representative of the "real-world" 
precipitation, evaporation, and total inflow data.

Although the generated precipitation and evapo­ 
ration data for simulation 2 were obtained by simple 
scaling of the generated data for simulation 1, the total 
inflow data were generated directly from the time- 
series model for both simulations. The generated sta­ 
tistics of total inflow for the two simulations indicate 
the means, standard deviations, and percentiles of total 
inflow are reduced by about 15 percent from 
simulation 1 to simulation 2. Thus, total inflow is 
highly sensitive to small changes in climate because a 
5-percent decrease in precipitation and a 3-percent 
increase in evaporation results in about a 15-percent 
decrease in total inflow.

Verification Using Ancillary Information 
on Long-Term Historic Lake Levels

Because total inflow to the Waubay Lakes Chain 
is highly sensitive to small changes in precipitation and 
evaporation, lake levels also are highly sensitive to 
small changes in precipitation and evaporation. In this 
section, information on historic lake levels and climate 
before water year 1963 is used to verify long-term lake- 
level sequences generated from the stochastic time- 
series model. Particularly, frequencies of extreme high 
or low lake levels generated from the model are veri­ 
fied from information on historic lake levels and 
climate, tree-ring chronologies, and soil surveys 
described in the reports for tasks 1 and 2 (Northern 
Great Plains Water Resources Research Center, written 
commun., July 1999) and for task 3 (South Dakota 
State University, written commun., June 1999).

Generated lake levels for each of the 10 major 
lakes of the Waubay Lakes Chain were obtained using 
10,000 years of generated precipitation, evaporation, 
and total inflow data discussed earlier and shown in 
figure 25 (first 122 years only). The water mass- 
balance model was used to generate semiannual lake 
volumes using the generated input data and October 1, 
1998, starting lake levels. Part (water years 1999 to 
2880) of the generated lake-level sequence for Waubay 
Lake is shown in figure 27 for simulation 1 (wetter 
long-term climate) and simulation 2 (drier long-term 
climate). To simplify the discussion, the maximum of 
the two semiannual lake levels for each year was used 
as the annual lake level.

As shown in figure 27, lake levels generated 
using simulation 1 generally are about 5 to 10 ft higher 
than lake levels generated using simulation 2. Lake 
levels for simulation 1 are not comparable to historic 
water years 1963-92 lake levels for more than 
800 years and are greater than an elevation of 1,780 ft 
for the entire 10,000-year simulation period, but lake 
levels for simulation 2 are comparable to or lower than 
the historic water years 1963-92 lake levels several 
times in the first 800 years of the simulation period. 
Historic lake levels before water.year 1963 (fig. 10) 
indicate a period of extreme drought in the 1930's, 
during which Waubay Lake essentially was dry (eleva­ 
tion 1,773 ft). Tree-ring chronologies (task 3 report) 
from the study area indicate a period of extreme 
drought, similar to that in the 1930's, also occurred in 
the mid-1700's (South Dakota State University, written 
commun., June 1999). Therefore, simulation 2 pro­ 
duces extreme low lake levels similar in magnitude and 
frequency to long-term historic lake levels, and 
simulation 1 produces extreme low lake levels that 
have a much lower probability than indicated by 
historic evidence.

Tree-ring chronologies (task 3) also indicate the 
occurrence of five distinct wet periods during the 
325 years from 1675 to 1999, giving an average return 
period (time interval between events) of 65 years. 
These wet periods probably were strong enough to pro­ 
duce lake levels considerably higher than the levels 
during water years 1963-92 when the lake level of 
Waubay Lake fluctuated between elevations of 1,780 
and 1,790 ft. The wet periods also were separated by 
distinct dry periods that probably were strong enough 
to reduce lake levels to below an elevation of 1,790 ft. 
The generated lake levels for Waubay Lake for 
simulation 2 indicate 92 distinct periods in
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Figure 27. Historic (water years 1963-98) and generated (water years 1999-2880) annual maximum lake levels for 
Waubay Lake.

10,000 years, giving an average return period of 
109 years during which lake levels exceeded an eleva­ 
tion of 1,790 ft. These periods were separated by 
distinct periods during which lake levels were below an 
elevation of 1,790 ft. For example, the lake levels 
shown in figure 27 for six distinct intervals for 
simulation 2 were below an elevation of 1,785 ft, rose 
above an elevation of 1,790 ft for an extended period of 
time, and then were again below an elevation of 
1,785 ft. In contrast, the lake levels for simulation \ 
were above an elevation of 1,790 ft for most of the 
simulation period.

Soil surveys in the study area (task 1) indicate 
the Waubay Lakes Chain probably has not spilled to the 
Big Sioux River, which has a spill elevation of about 
1,811 ft, with any significant volume or duration since 
the glacial age (Northern Great Plains Water Resources 
Research Center, written commun., July 1999). The 
generated data indicate Waubay Lake was above an 
elevation of 1,811 ft 13 times in 10,000 years for 
simulation 2 (an average return period of 769 years) 
and 52 times in 10,000 years for simulation 1 (an 
average return period of 192 years). Furthermore, in

many of the spills produced by simulation 1, the lake 
level was several feet above an elevation of 1,81 \ ft for 
many years, similar to the lake levels in the spills 
shown in figure 27. Most of the spills produced by 
simulation 2 were much less severe and shorter in dura­ 
tion than the spills produced by simulation 1.

The comparisons between simulation 1 and 
simulation 2 indicate simulation 2 is much more repre­ 
sentative of historic lake-level fluctuations than 
simulation 1. Thus, climate conditions during water 
years 1963-98 probably were wetter than normal when 
considered in the context of a much longer historic 
record. As discussed previously, the historic data, 
although for wetter-than-normal long-term average 
conditions assumed by simulation 2, are well within 
the range of variability produced by simulation 2. 
Therefore, although the possibility of a subtle climate 
change still may exist, the recent rise in the lake levels 
may be caused simply by natural climatic variability.

Because simulation 2 adequately reproduces 
long-term historic lake-level fluctuations and 
simulation 1 clearly is biased toward high lake levels, 
all frequency results presented later are based on the
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assumptions used to generate simulation 2. Thus, pre­ 
cipitation data generated by the stochastic time-series 
model are decreased by 5 percent and evaporation data 
are increased by 3 percent to correct for the apparent 
bias in the water year 1963-98 data used to verify the 
model.

LAKE-LEVEL FREQUENCY ANALYSIS

In this section, the frequencies of extreme high 
or low lake levels for the Waubay Lakes Chain are 
estimated using the stochastic time-series model to 
generate inputs for the water mass-balance model. As 
indicated previously, simulation 2, in which the his­ 
toric period of record (water years 1963-98) is assumed 
to have average precipitation 5 percent above the long- 
term average and average evaporation 3 percent below 
the long-term average, produces extreme lake levels in 
close agreement with historic evidence described in 
tasks 1 and 2 (Northern Great Plains Water Resources 
Research Center, written commun., July 1999) and in 
task 3 (South Dakota State University, written 
commun., June 1999). Therefore, the frequencies com­ 
puted in this section are based on the assumptions of 
simulation 2. Furthermore, the frequencies are based 
on lake outlet elevations that Existed in April 1999. 
Changes in outlet elevations, such as the proposed 
removal of the farm-crossing embankment between 
Rush and Bitter Lakes, will change the results of the 
frequency analysis.

Because lake levels of closed-basin lakes are 
characterized by high serial persistence, two methods 
need to be considered when performing a flood or 
drought frequency analysis. The first method, called 
unconditional frequency analysis, estimates the fre­ 
quencies of high or low lake 10vels for a long time 
period during which the lake levels cycle many times 
between wet and dry periods. For example, 
10,000 years of generated lake levels are used to com­ 
pute unconditional frequencies for the Waubay Lakes 
Chain. The starting conditions at the beginning of the 
simulation period have no effect on the analysis 
because of the long simulation period. Unconditional 
frequency analysis is used to evaluate the frequency of 
an individual event, such as the historic lake-level rise 
for water years 1993-99, in the context of a much 
longer record.

The second method of frequency analysis, called 
conditional frequency analysis or position analysis, 
estimates the frequencies of future lake levels for a

relatively short time period, such as 50 years. Because 
of the short time period, the starting conditions at the 
beginning of the simulation period have an effect on the 
frequencies of the lake levels. For example, the proba­ 
bility of Bitter Lake spilling to the Big Sioux River 
sometime in the next 50 years is relatively high because 
of the much-higher-than-normal current lake level. 
Thus, although, as shown later, the average time 
interval between natural spills to the Big Sioux Rr rer is 
more than 1,000 years on the basis of unconditional 
frequency analysis, the probability of the lake spelling 
in the next 50 years is greater than 1 in 1,000. Because 
studies that relate to flood-risk-assessment or flood- 
mitigation alternatives usually are pertinent only for 
relatively short time periods into the future, conditional 
frequency analysis usually is more appropriate than 
unconditional frequency analysis.

Unconditional Frequency Analysis

Unconditional frequency analysis was per­ 
formed for Bitter, Enemy Swim, Pickerel, and Wrubay 
Lakes using the 10,000 years of generated lake levels 
described previously (simulation 2). The generated 
data for Waubay Lake are shown in figure 28. To 
smooth some of the high-frequency variation in the 
data, the maximum lake levels for successive 20- year 
intervals are shown in the figure. Also shown is the 
(unconditional) 1-percent exceedance level, which is 
defined as the lake level above which 1 percent cf the 
annual maximum lake levels lie. For Waubay Lake, the 
1-percent exceedance level is at an elevation of 
1,811.5 ft, which is approximately equal to the closed- 
basin spill elevation to the Big Sioux River. However, 
only 13 separate spill events occurred during the 
10,000-year simulation period, giving an average 
return period of 769 years. If the lake levels were inde­ 
pendent from year-to-year (as usually is the case when 
considering annual stream discharges), the recurrence 
interval for the 1-percent exceedance level would be 1 
divided by the exceedance probability, or 100 years. 
However, because of the high serial persistence in the 
lake levels, the return period corresponding to the 
1-percent exceedance level is much longer than 
100 years. The average duration of each event is the 
number of years the lake level is above an elevation of 
1,811.5 ft (100) divided by the number of occurrences 
(13). Thus, the lake level is above an elevation cf 
1,811.5 ft an average of every 769 years but stay? 
above that level an average of 8 years per event.
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Figure 28. Generated 20-year maximum lake levels for Waubay Lake for simulation 2 using an unconditicnal frequency 
analysis.

The exceedance levels, average return periods, 
and average durations for selected exceedance proba­ 
bilities for Bitter, Enemy Swim, Pickerel, and Waubay 
Lakes are shown in table 14. The values for the 
remaining six lakes are identical to those for Waubay 
Lake because Swan Pond and Blue Dog, Hillebrands, 
Minnewasta, Rush, and Spring Lakes are joined with 
Waubay Lake above an elevation of 1,800.2 ft (fig. 2). 
On April 4, 1999, Bitter Lake was at an elevation of 
1,791.5 ft, Enemy Swim Lake was at an elevation of 
1,854.1 ft, Pickerel Lake was at an elevation of 
1,845.7 ft, and Waubay Lake was at an elevation of 
1,802.9 ft (table Bl of the Supplemental Information 
section). These values are all near the 10-percent 
exceedance probability (table 14). However, the 
average return periods are much higher than 10 years 
(227 years for Bitter Lake, 50 years for Enemy Swim 
Lake, 30 years for Pickerel Lake, and 119 years for 
Waubay Lake), and the average durations are longer 
than 1 year (23 years for Bitter Lake, 5 years for 
Enemy Swim Lake, 3 years for Pickerel Lake, and 
12 years for Waubay Lake). Generally, the smaller 
upstream lakes, such as Pickerel and Enemy Swim 
Lakes, are more sensitive to short-term climatic fluctu­ 
ations than the larger downstream lakes, such as Bitter 
and Waubay Lakes. Therefore, Enemy Swim and 
Pickerel Lakes generally reach levels similar to those in

1999 more often than Bitter and Waubay Lakes and 
stay at those levels for shorter time periods.

The lake levels for the 1-percent exceedance 
probabilities in table 14 are about 19 ft higher for Bitter 
Lake, 1.2 ft higher for Enemy Swim Lake, 0.7 ft higher 
for Pickerel Lake, and 8.6 ft higher for Waubay Lake 
than the levels of those lakes on April 4, 1999. How­ 
ever, the average return periods are 909 years for Bitter 
Lake, 185 years for Enemy Swim Lake, 155 years for 
Pickerel Lake, and 769 years for Waubay Lake. For 
example, if in the next several years Bitter Lake con­ 
tinues to rise to an elevation of 1,810.2 ft, an event that 
happens only once in an average of 905 years would 
occur. If Bitter Lake does rise to an elevation of 
1,810.2 ft, it could stay above that level for 9 years or 
longer before beginning to subside.

The average return periods for Enemy Swim and 
Pickerel Lakes for the 0.2-percent exceedance proba­ 
bilities in table 14 are 500 years, indicating the extreme 
high lake levels of the smaller upstream lakes probably 
are caused by 1-year climatic extremes. However, the 
average return periods for Bitter and Waubay Lakes for 
the 0.2-percent exceedance probabilities are 
2,000 years, indicating the extreme high lake levels of 
the larger downstream lakes probably are caused by 
extreme climatic conditions lasting several years.
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Table 14. Probability of high lake levels using an unconditional frequency analysis for the Waubay Lakes Chain based on 
simulation 2

Lake

Bitter

Enemy Swim

Pickerel

Waubay

Exceedance 
probability1 

(percent)

10 (1 in 10)

4(1 in 25)

2 (1 in 50)

1 (1 in 100)

0.5 (1 in 200)

0.2 (1 in 500)

10 (1 in 10)

4 (1 in 25)

2 (1 in 50)

1 (1 in 100)

0.5(1 in 200)

0.2(1 in 500)

10 (1 in 10)

4 (lin 25)

2(1 in 50)

1 (1 in 100)

0.5 (1 in 200)

0.2 (1 in 500)

10 (1 in 10)

4 (1 in 25)

2 (lin 50)

1 (1 in 100)

0.5 (lin 200)

0.2 (lin 500)

Exceedance 
level 

(feet above 
sea level)

1,796.8

1,805.0

1,808.2

1,810.2

1,812.7

1,814.4

1,854.0

1,854.5

1,854.9

1,855.3

1,855.7

1,856.1

1,845.6

1,845.9

1,846.1

1,846.4

1,846.6

1,846.7

1,804.4

1,808.1

1,810.0

1,811.5

1,812.7

1,814.4

Average return 
period2 
(years)

227

357

667

909

1,430

2,000

50

71

116

185

312

500

30

55

83

155

244

500

119

238

385

769

1,430

2,000

Average 
duration3 
(years)

23

14

13

9

7

4

5

3

2

2

2

1

3

2

2

2

1

1

12

10

8

8

7

4

Percent of time the lake is above a given level. 
"Average time between events when the lake is above a given level. 
Average time per event that the lake is above a given level.
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Results from the unconditional frequency anal­ 
ysis for low lake levels are given in table 15, and 
historic low lake levels for the lakes are shown in 
figure 10. The annual maximum lake levels generated 
for simulation 2 were reduced by 2 ft because, in dry 
years, lake levels usually are about 2 ft lower at the end 
of the summer than peak lake levels following spring 
runoff.

The frequencies for extreme low lake levels are 
difficult to accurately determine because small changes 
in lake volumes result in large changes in lake levels. 
For example, as shown in figure 18, the volume of 
Bitter Lake at an elevation of 1,775 ft differs only 
slightly from the volume at an elevation of 1,770 ft 
(essentially dry). Likewise, the volume of Waubay 
Lake at an elevation of 1,780 ft differs only slightly

from the volume at an elevation of 1,775 ft (essentially 
dry). Therefore, the very small exceedrnce probabili­ 
ties (0.5 and 0.2 percent) are not given in table 15. 
However, as indicated in table 15 and figure 10, the 
lake levels of Enemy Swim, Pickerel, and Waubay 
Lakes in the 1930's and 1940's were very low com­ 
pared to the long-term lake levels. For example, for 
12 years in the 1930's, Enemy Swim Lake was below 
an elevation of 1,845 ft, which corresponds to a return 
period of about 300 years in table 15. Similarly, for 
4 years in the 1930's, Pickerel Lake was below an 
elevation of 1,842 ft, which corresponds to a return 
period of about 125 years, and for about 10 years in the 
1930's, Waubay Lake was below an elevation of 
1,780 ft, which corresponds to a return period of 
227 years.

Table 15. Probability of low lake levels using an unconditional frequency analysis for the Waubay Lakes Chefn based on 
simulation 2

Lake

Bitter

Enemy Swim

Pickerel

Waubay

Non-exceedance 
probability1 

(percent)

10(1 in 10)

4 (1 in 25)

2 (1 in 50)

1 (1 in 100)

10(1 in 10)

4 (1 in 25)

2 (1 in 50)

1 (1 in 100)

10 (1 in 10)

4 (1 in 25)

2(1 in 50)

1 (1 in 100)

10 (1 in 10)

4 (1 in 25)

2 (1 in 50)

1 (1 in 100)

Exceedance 
level 

(feet above 
sea level)

1,777.2

1,775.6

1,774.3

1,773.4

1,846.9

1,845.7

1,844.8

1,844.1

1,842.9

1,842.5

1,842.2

1,841.9

1,781.3

1,779.1

1,777.7

1,776.8

Average return 
period2 
(years)

112

212

526

769

70

182

294

476

27

40

67

125

130

227

385

588

Average 
duration3 

(years)

11

8

11

8

7

7

6

5

3

2

1

1

13

10

8

6

Percent of time the lake is below a given level. 
Average time between events when the lake is below a given level. 

3Average time per event that the lake is below a given level.
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Conditional Frequency Analysis Starting 
from Present Conditions

A conditional frequency analysis was performed 
for the 10 major lakes of the Waubay Lakes Chain 
using 10,000 simulated 50-year lake-level traces, each 
starting on October 1,1998. The generated data can be 
used to estimate the probability of virtually any event 
that involves future lake levels. For example, the prob­ 
ability that Waubay Lake will rise an additional 5 ft in 
the next 10 years or the probability that it will fall 10 ft 
in the next 10 years can be computed (table B10 of the 
Supplemental Information section). The probability 
that Waubay Lake will exceed a given lake level in any 
specific year in the future or, conversely, the lake level 
in any given year that has a specified exceedance 
probability also can be computed.

The historic data for Waubay Lake are shown in 
figure 29 along with five traces of generated future lake 
levels. Also shown are the upper and lower 1-percent 
probability bounds on future (water years 1999 to 
2048) lake levels. For any given year, 1 percent of the 
traces (100 traces out of 10,000) are above the upper 
1-percent probability bound, and 1 percent of the traces 
are below the lower 1-percent probability bound. The

effect of the high lake level at the end of the historic 
period is evident in the future traces. The traces gener­ 
ally are tightly grouped at the beginning of the simula­ 
tion period before eventually diverging. The upper 
1-percent probability bound rises quickly to a constant 
level of an elevation of 1,811.5 ft, which corresponds 
to the unconditional 1-percent exceedance level dis­ 
cussed previously (table 14). Therefore, the chance 
that Waubay Lake will continue to rise to the spill 
elevation with the Big Sioux River within the next 
20 years is relatively high (greater than 1 percent). The 
lower 1 -percent probability bound falls slowly during 
the next 50 years and reaches the unconditional lower 
1-percent exceedance level well beyond 2048. Thus, 
Waubay Lake is unlikely to return to levels comparable 
to historic 1960-92 levels for at least 40 years. Also, 
Waubay Lake is unlikely to return to levels comparable 
to those during the extreme drought of the 1930's for 
much longer than 50 years.

The 0.2-percent, 1-percent, and 10-percent upper 
and lower probability bounds for the 10 major lakes are 
shown in figures 30 through 39. The 1-percent proba­ 
bility bounds shown in figure 39 for Waubay Lake are 
the same as those shown in figure 29.
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Figure 29. Historic (water years 1963-98) and generated (water years 1999-2048) annual maximum lake levels for 
Waubay Lake.
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Figure 30. Upper and lower probability bounds for Bitter Lake computed from 10,000 50-year traces from the water 
mass-balance model, with each trace starting October 1, 1998.

1,820 i i i i i i i i i I i i i i | i i i i i i i i i i i i i i i i i i i I i i i i ] i i i i ] i i i r

LU 

LU

LU 
C/D
LU

O 
OQ 
<

LU 
LU

LU

LU
_l
LU

1,815

1,810

1,805

1,800

1,795

1,790

upper 0.2 percent    

lower 0.2 percent

1998 2003 2008 2013 2018 2023 2028 2033 2038 2043 2048

WATER YEAR

Figure 31. Upper and lower probability bounds for Blue Dog Lake computed from 10,000 50-year traces from the 
water mass-balance model, with each trace starting October 1 , 1 998.
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Figure 32. Upper and lower probability bounds for Enemy Swim Lake computed from 10,000 50-year traces fron the 
water mass-balance model, with each trace starting October 1, 1998.
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Figure 33. Upper and lower probability bounds for Hillebrands Lake computed from 10,000 50-year traces from the 
water mass-balance model, with each trace startina October 1, 1998.
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Figure 34. Upper and lower probability bounds for Minnewasta Lake computed from 10,000 50-year traces from the 
water mass-balance model, with each trace starting October 1,1998.
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Figure 35. Upper and lower probability bounds for Pickerel Lake computed from 10,000 50-year traces frorr the 
water mass-balance model, with each trace starting October 1, 1998.
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Figure 36. Upper and lower probability bounds for Rush Lake computed from 10,000 50-year traces from the water 
mass-balance model, with each trace starting October 1, 1998.
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Figure 37. Upper and lower probability bounds for Spring Lake computed from 10,000 50-year traces from the wa*^r 
mass-balance model, with each trace starting October 1, 1998.
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Figure 38. Upper and lower probability bounds for Swan Pond computed from 10,000 50-year traces from the water 
mass-balance model, with each trace starting October 1, 1998.
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Figure 39. Upper and lower probability bounds for Waubay Lake computed from 10,000 50-year traces from the water 
mass-balance model, with each trace starting October 1,1998.
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The frequency results for Bitter Lake (fig. 30) 
indicate the upper 10-percent probability bound 
increases about 8 ft from water years 1999 to 2015 and 
then slowly decreases, and the upper 1-percent proba­ 
bility bound increases about 20 ft from water years 
1999 to 2015 and then becomes nearly constant at 
about an elevation of 1,810 ft. Therefore, the chance 
that the inundation area of Bitter Lake will continue to 
significantly increase during the next 15 years is high. 
Conversely, the lower 10-percent probability bound 
decreases slowly and reaches an elevation of 1,780 ft 
by about water year 2040, and the lower 1-percent 
probability bound decreases slowly and reaches an 
elevation of 1,777 ft by about water year 2040. There­ 
fore, Bitter Lake is highly unlikely to return to pre- 
1993 historic levels for at least 40 years.

The frequency results for Blue Dog Lake 
(fig. 31), Hillebrands Lake (fig. 33), Minnewasta Lake 
(fig. 34), Rush Lake (fig. 36), Spring Lake (fig. 37), 
Swan Pond (fig. 38), and Waubay Lake (fig. 39) indi­ 
cate the upper 10-percent, 1-percent, and 0.2-percent 
probability bounds are about the same for all seven 
lakes because the lakes are joined above an elevation of 
1,800.2 ft. The upper 10-percent probability bounds 
increase about 4 ft from the current level and reach an 
elevation of 1,806 ft in 2006 before starting to 
decrease, and the upper 1-percent probability bounds 
increase about 8 ft from the current level and reach an 
elevation of 1,811.5 ft in 2010. These increases are 
smaller than the increases for Bitter Lake, partly 
because of water spilling from Rush Lake to Bitter 
Lake as the level of Rush Lake continues to increase. 
The upper 0.2-percent probability bounds for Bitter 
Lake and Rush Lake become equal after 2010 because 
enough water spills from Rush Lake to fill Bitter Lake 
to the extreme high levels of Rush Lake.

The lower probability bounds for Hillebrands, 
Minnewasta, Spring, and Waubay Lakes are similar, 
with each bound decreasing slowly during the entire 
50-year simulation period and remaining above pre- 
1993 historic lake levels for most of the simulation 
period. As with Bitter Lake, Hillebrands, Minnewasta, 
Spring, and Waubay Lakes are unlikely to decrease to 
"normal" levels for several decades. However, the 
lower probability bounds for Blue Dog Lake and Rush 
Lake become nearly constant in year 2010 and beyond, 
indicating that Blue Dog Lake and Rush Lake could 
return to normal (pre-1993) levels within 10 years. 
Blue Dog Lake and Rush Lake are much shallower

than the other lakes, and both lakes spill regularly 
under normal climatic conditions. Therefore, levels of 
both lakes respond quickly to short-term climatic 
reversals.

The frequency results for the upstream 
lakes Enemy Swim Lake (fig. 32) and Pickerel Lake 
(fig. 35) indicate a different pattern than the fre­ 
quency results for the other lakes. Because both lakes 
spill frequently and never join with the downstream 
lakes, the upper probability bounds for both lake? 
remain nearly constant for the entire simulation period. 
Therefore, both lakes are unlikely to increase signifi­ 
cantly over current levels. The lower probability 
bounds for Enemy Swim Lake decrease more slcwly 
than those for Pickerel Lake. The bounds for En^my 
Swim Lake become constant in about 2030, and the 
bounds for Pickerel Lake become constant in about 
2005. However, both lakes could return to normal 
levels much sooner than Bitter Lake or Waubay Lake 
under a reversal of the current wet conditions.

The lake extents for the Waubay Lakes Chain 
corresponding to the upper 0.2-, 1-, 2-, 4-, 10-, and 
50-percent probabilities (conditional analysis) are 
shown on plate 1. Lake extents shown on plate 1 were 
developed using DEM data and do not reflect areas that 
may be protected by dikes constructed near the city of 
Waubay in 1998. Exceedance elevations for different 
probabilities may be close and, therefore, their respec­ 
tive areas may be nearly indistinguishable at the scale 
shown (1:100,000).

Sensitivity of Conditional Frequency 
Analysis to Starting Conditions

The hydroclimatic conditions before the begin­ 
ning of the simulation period have a pronounced effect 
on the probabilities of lake levels in the near future. 
The Waubay Lakes Chain Basin presently is higl 'y 
saturated, and average or even below-average precipi­ 
tation in the near future can produce large runoff to the 
lakes. Conversely, if the basin was in a drought cycle, 
average or even above-average precipitation in the near 
future probably would produce little or no runoff. 
Therefore, periodically rerunning the model to reflect 
new hydrologic conditions will allow public and pri­ 
vate entities to base decisions on the most up-to-date 
information.
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To illustrate the effects of starting conditions, 
10,000 simulated 50-year traces for Waubay lake were 
generated from the model using October 1, 1962, 
starting conditions. Computed probability bounds for 
the resulting simulations are shown in figure 40, and 
computed exceedance probabilities are given in 
table B11 of the Supplemental Information section. 
The historic lake levels of Waubay Lake for water years 
1963 to 1998 also are shown in figure 40.

A comparison of the two sets of starting condi­ 
tions (figs. 39 and 40) indicates the upper 1- and 
0.2-percent probability bounds for Waubay Lake for 
the 1962 starting conditions take much longer to reach 
long-term equilibrium levels. However, with dry 
starting conditions, Waubay Lake can recover quickly 
and rise rapidly over the course of a few years given a 
sequence of wet years. Although the historic lake level 
did not begin to rise until the 1990's, the simulation 
results indicate that the lake could have risen to present 
levels much sooner.

The lower 1 - and 0.2-percent probability bounds, 
using October 1, 1962, starting conditions, initially 
decline to less than 1,780 ft and then slowly rise during 
the remainder of the simulation period (fig. 40). The

same exceedance levels, using October 1, 1998, 
starting conditions, slowly decline through the entire 
simulation period (fig. 39). The decline in the lower 1- 
and 0.2-percent probability bounds for the October 1, 
1962, starting conditions reflects dry conditions that 
generally cause lake levels to decrease before eventu­ 
ally recovering. The historic lake level was near the 
lower 10-percent bound from about water years 1963 to 
1992 before rising above the upper 10-percent proba­ 
bility bound from water years 1993 to 1998. The 
decline in the lower probability bounds for the 
October 1,1998, starting conditions as compared to the 
lower probability bounds for the October 1, 1962, 
starting conditions reflects the increased starting area 
of the lake, which causes more evaporative loss and, 
thus, a lake-level decline unless inflow is high enough 
to compensate for the increased evaporative loss.

Generally, the probability bound? produced by 
the model for any given exceedance probability even­ 
tually converge to the same value, no rratter what 
starting conditions are used. This is because, as dis­ 
cussed earlier, the effect of the starting conditions 
eventually becomes negligible if the traces are 
observed for a long enough time.
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Spin elevation tp_Bjtter_Lake
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Figure 40. Upper and lower probability bounds for Waubay Lake computed from 10,000 50-year traces from the water 
mass-balance model, with each trace starting October 1,1962.
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Climatic Scenarios

The main purpose of the climatic scenarios 
analysis was to evaluate the hydrologic response of the 
Waubay Lakes Chain to historic 8-year climatic seg­ 
ments that represent a wide range of net lake evapora­ 
tion. This was done by inputting historic precipitation 
and evaporation data (developed for the water mass- 
balance model) and total inflow data (generated from 
the stochastic time-series model) into the water mass- 
balance model to predict resultant lake levels, areas, 
and volumes. Historic total inflow data were not used 
because total inflow is dependent on antecedent condi­ 
tions of the basin. The total inflow used for the sce­ 
narios reflected the extremely wet starting conditions 
in the basin. The starting lake levels used in the simu­ 
lations represent October 1, 1998, levels.

Development

The net lake evaporation for any period is equal 
to lake evaporation minus precipitation for the same 
period. The 8-year net lake evaporation segments 
given in table 16 were selected by the South Dakota 
State Climatologist on the basis of an analysis of pre­ 
cipitation and lake-evaporation data for 1961-98. This 
period contains a wide range of net lake evaporation. 
The net lake evaporation segments given in table 16 
were assigned five descriptive classifications ranging 
from a wet period with very low net lake evaporation 
to a dry period with very high net lake evaporation.

The water mass-balance model was used to 
simulate 25 hypothetical 16-year climatic scenarios 
using all combinations of the five descriptive 8-year net 
lake evaporation segments. The model output consists 
of lake levels, areas, and volumes for 32 time steps 
representing the 16 years of simulation.

The two lakes most responsive to climate 
changes are Bitter and Waubay Lakes. Of the 25 hypo­ 
thetical climatic scenarios, five were chosen to repre­ 
sent the range of resultant lake levels. The five 
scenarios include wet-wet, wet-dry, average-average, 
dry-wet, and dry-dry net lake evaporation.

Because each climatic scenario is based on an 
actual historic 8-year climatic segment, the fluctuation 
within each scenario indicates the type and magnitude 
of change that could be expected within that scenario 
rather than the actual sequence of events that could 
occur. Although the sequence of events within each 
8-year segment is unknown, the end result of each 
scenario should approximate the lake conditions at that 
point in time. The shape of the hydrographs for each 
scenario for Bitter and Waubay Lakes is similar.

The model simulations for climatic scenarios 
wet-wet, wet-dry, average-average, dry-wet, and dry- 
dry for Bitter and Waubay Lakes show the effects of 
these scenarios on the levels of the two lakes (figs. 41 
and 42). The wet-wet scenario, representing two con­ 
secutive 1991-98 climatic segments, results in Bitter 
Lake increasing 22.2 ft above the starting lake level 
and Waubay Lake increasing 11.1 ft. Bitter and 
Waubay Lakes, after 16 years, would combine into one 
lake that has an elevation of 1,813.2 ft, which is 2.1 ft 
above the level at which Bitter Lake would begin to 
flow out of the closed basin. The maximum annual 
water-level rise in Bitter Lake would be 3.1 ft, and the 
maximum annual water-level rise in Waubay Lake 
would be 1.8 ft, both occurring in year 2003 (corre­ 
sponding to 1995 climatic conditions). When an 8-year 
wet segment (1991-98) is combined with an 8-year dry 
segment (1969-76), Bitter Lake, after 16 years, would 
increase 9.8 ft above the starting lake level, and 
Waubay Lake would decline 0.6 ft. The average-

Table 16. Descriptive classification of net lake evaporation and climatic scenario segments for the Waubay Lakes Chain

Period
(8-year segment)

1991-98

1961-68

1985-92

1968-75

1969-76

Net lake evaporation (inches)

Total

10.4

59.7

83.0

107.1

134.7

Average annual

1.30

7.46

10.38

13.39

16.84

Descriptive classification

Net lake evaporation

Very low

Low

Average

High

Very high

Climatic scenario

Wet

Moderately wet

Average

Moderately dry

Dry
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Figure 41. Simulated lake levels of Bitter Lake for selected 16-year climatic scenarios, starting with October 1, 1998, 
lake level.
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Figure 42. Simulated lake levels of Waubay Lake for selected 16-year climatic scenarios, starting with October 1, 1998, 
lake level.
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average climatic scenario, representing two consecu­ 
tive 1985-92 climatic segments, results in little change 
in the levels of Bitter and Waubay Lakes. Bitter Lake 
would increase 1.9 ft above the starting lake level, and 
Waubay Lake would increase 0.3 ft. The dry-wet cli­ 
matic scenario, representing 1969-76 and 1991-98 cli­ 
matic segments, results in Bitter Lake increasing 8.8 ft 
above the starting lake level and Waubay Lake 
increasing 4.8 ft. When an 8-year dry segment is com­ 
bined with another 8-year dry segment, Bitter Lake, 
after 16 years, would decline 6.6 ft from the starting 
lake level, and Waubay Lake would decline 10.4 ft. 
The maximum annual water-level decline in Bitter 
Lake would be 2.4 ft in year 2006, and the maximum 
annual water-level decline in Waubay Lake would be 
2.5 ft in years 2006 and 2014 (all years corresponding 
to 1976 climatic conditions).

The lake extents for the Waubay Lakes Chain at 
the end of the dry-dry and wet-wet climatic scenarios, 
as well as the October 1,1998, and upper 1-percent 
probability lake levels (conditional analysis), are 
shown on plate 2. As on plate 1, the lake extents do not 
reflect areas that may be protected by dikes constructed 
near the city of Waubay in 1998. The wet-wet scenario

and the upper 1-percent probability lake levels are very 
similar and have similar lake extents.

Probabilities

Results from the lake-level frequency analysis 
were used to determine the probability of the five 
selected scenarios (wet-wet, wet-dry, average-average, 
dry-wet, and dry-dry). The conditional frequency 
analysis was performed for Waubay Lake using 10,000 
simulated 16-year lake-level traces generated using the 
water mass-balance and stochastic time-series models 
and October 1,1998, starting conditions. TheO.2-, 1-, 
and 10-percent upper and lower probability bounds and 
the five 16-year traces generated for the selected 
scenarios for Waubay Lake are shown in figure 43. 
The five selected scenarios seem to represent essen­ 
tially the full range of future lake levels. The lake 
levels after 16 years range from about the lower 
1-percent probability bound for the dry-dry scenario, 
which corresponds to very dry conditions, to about the 
upper 0.2-percent probability bound for the wet-wet 
scenario, which corresponds to very wet conditions. 
The average-average scenario is near the 50-percent 
probability bound after 16 years.
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Figure 43. Probability bounds and selected 16-year scenario results for Waubay Lake.

Lake-Level Frequency Analysis 69



SUMMARY

In response to significant increases in lake levels 
in northeastern South Dakota during the 1990's, a 
water mass-balance model and a stochastic time-series 
model were used for a lake-level frequency analysis for 
the Waubay Lakes Chain. The 10 major lakes in this 
chain include Bitter Lake, Blue Dog Lake, Enemy 
Swim Lake, Hillebrands Lake, Minnewasta Lake, 
Pickerel Lake, Rush Lake, Spring Lake, Swan Pond, 
and Waubay Lake. Lake outlet elevations existing as of 
April 1999 were used in the frequency analysis.

Lake-level rises for Bitter Lake, Hillebrands 
Lake, Spring Lake, Swan Pond, and Waubay Lake have 
ranged from 15.1 to 18.6 feet from May 1993 to April 
1999. The area of the entire Waubay Lakes Chain is 
about 1.7 times greater than in May 1993, and the 
volume is about 3.2 times greater. The rising lake 
levels have resulted in substantial damage to public and 
private property in the basin. Numerous public roads, 
highways, parks, and recreational facilities, thousands 
of acres of farmland, and numerous farmsteads, homes, 
and lake-front properties have been inundated or 
damaged.

The water mass-balance model was developed to 
simulate semiannual lake volumes of the 10 major 
lakes of the Waubay Lakes Chain using precipitation, 
evaporation, total inflow to the system, and starting 
lake levels as input. The model simulated the volumes 
by accounting for all water entering and leaving each 
lake. The lake volume at the end of a time step was 
computed as (1) the lake volume at the beginning of the 
time step, (2) plus precipitation falling directly on the 
lake, (3) minus evaporation directly from the lake, 
(4) plus inflow from surface runoff, (5) plus or minus 
flow between lakes.

The first step in development of the model was to 
compile historic data to construct and verify the model. 
The second step was to analyze the historic data to gain 
an understanding of the Waubay Lakes Chain. Historic 
lake-level data were compiled from all available 
sources, but most of the data were obtained from the 
South Dakota Department of Environment and Natural 
Resources and the Waubay National Wildlife Refuge. 
Water years 1963-98 were selected for model develop­ 
ment because of the availability of lake-level data. 
Missing data were generated as needed using regres­ 
sion, and a semiannual lake-level record was con­ 
structed using two semiannual periods, winter and 
summer. The winter period is from October 1 (the 
beginning of the water year) through April 30, and the

summer period is from May 1 through September 30 
(the end of the water year). Semiannual precipitation 
data were compiled from records collected at the 
Waubay National Wildlife Refuge, and evaporation 
data were estimated using a modification of the Morton 
method. The evaporation data used for this method 
were obtained from the Agricultural and Biosystems 
Engineering Department at South Dakota State Univer­ 
sity.

Because the water mass-balance model operates 
on lake volumes rather than lake levels, lake area and 
capacity tables were needed to convert lake levels to 
lake volumes and determine associated storage 
changes. Digital contour maps were developed from 
bathymetric maps and 10-meter digital elevation model 
data. Bathymetric maps of Blue Dog, Enemy Swim, 
Minnewasta, Pickerel, and Waubay Lakes were avail­ 
able from the South Dakota Department of Game, Fish 
and Parks. The U.S. Geological Survey collected 
bathymetric data for the remaining five lakes.

Semiannual total inflow to the Waubay Lakes 
Chain was estimated using the assumption that the 
basin containing the lakes chain is a closed system that 
has no surface and subsurface inflow or outflow across 
its boundary. The volume of water in the system at a 
given time step was set equal to the volume of water in 
the system at the previous time step plus the water from 
precipitation falling on the lakes minus the water evap­ 
orating from the lakes plus total inflow from surface 
runoff.

Total inflow was apportioned among the 10 
major lakes of the Waubay Lakes Chain using regres­ 
sion. Next, flow between lakes was incorporated into 
the model using an iterative process, if needed, to bal­ 
ance the level of each lake, taking into account flow 
from connecting lakes. The iterative process was con­ 
tinued until all lakes were balanced for a particular time 
step. Outlet rating equations to compute flow between 
some lakes were developed and incorporated into the 
model.

Results of the water mass-balance model for 
each individual lake and for the Waubay Lakes Chain 
were verified using historic 1963-98 data. The match 
between simulated and historic lake levels, areas, and 
volumes was good.

The stochastic time-series model was developed 
to generate hypothetical future sequences of semian­ 
nual precipitation, evaporation, and total inflow. The 
model was used to generate two different simulations 
of 10,000 years of data. Simulation 1 was based on the
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assumption that 1963-98 is representative of long-term 
climatic conditions. Simulation 2 was based on the 
assumption that the long-term climatic conditions are 
slightly drier than the historic 1963-98 climatic condi­ 
tions. For simulation 2, the precipitation and evapora­ 
tion data generated for simulation 1 were altered 
slightly by decreasing the precipitation data by 
5 percent and increasing the evaporation data by 
3 percent. These changes in precipitation and evapora­ 
tion reduced total inflow by about 15 percent. The his­ 
toric precipitation, evaporation, and total inflow data fit 
well with the generated data for both climatic simula­ 
tions, and the historic data are statistically indistin­ 
guishable from the generated data for both simulations.

Frequencies of extreme high or low lake levels 
generated from the water mass-balance and stochastic 
time-series models for the two simulations were 
verified from information on historic lake levels and 
climate, tree-ring chronologies, and soil surveys. The 
comparisons between the simulations indicate 
simulation 2 is much more representative of historic 
lake-level fluctuations than simulation 1. Thus, 
climate conditions during water years 1963-98 prob­ 
ably were wetter than normal when considered in the 
context of a much longer historic record. Because 
simulation 2 adequately reproduces long-term historic 
lake-level fluctuations and simulation 1 is biased 
toward high lake levels, all frequency results were 
based on the assumptions used to generate 
simulation 2.

Because lake levels of closed-basin lakes are 
characterized by high serial persistence, two frequency 
analysis methods (unconditional and conditional) were 
used. Unconditional frequency analysis estimates the 
frequencies of high or low lake levels for a long time 
period during which the lake levels cycle many times 
between wet and dry periods. The starting conditions 
at the beginning of the simulation period have no effect 
on the analysis because of the long simulation period. 
Conditional frequency analysis, or position analysis, 
estimates the frequencies of hypothetical future lake 
levels for a relatively short time period, such as 
50 years. Because of the short time period, the starting 
conditions at the beginning of the simulation period 
have an effect on the frequencies of the lake levels. For 
example, the probability of Bitter Lake spilling to the 
Big Sioux River sometime in the next 50 years is rela­ 
tively high because of the much higher-than-normal 
current lake level. Thus, although, the average time 
interval between natural spills to the Big Sioux River is

more than 1,000 years on the basis of the uncondit: onal 
frequency analysis, the probability of the lake spilling 
in the next 50 years is greater than 1 in 1,000. Because 
studies that relate to flood-risk-assessment or flood- 
mitigation alternatives usually are pertinent only for 
relatively short time periods into the future, conditional 
frequency analysis usually is more appropriate th^n 
unconditional frequency analysis.

Unconditional frequency analysis was per­ 
formed for Bitter, Enemy Swim, Pickerel, and Waubay 
Lakes using the 10,000 years of generated lake levels 
for simulation 2. The 1-percent exceedance level for 
Waubay Lake is at an elevation of 1,811.5 ft, whi^h is 
approximately equal to the closed-basin spill elevation 
to the Big Sioux River. However, only 13 separate spill 
events with an average duration of 8 years occurred 
during the 10,000-year simulation period, giving an 
average return period of 769 years. Therefore, because 
of the high serial persistence in the lake levels, trn 
return period corresponding to the 1-percent exceed­ 
ance level for Waubay Lake is much longer than 
100 years. The values for the remaining six lakes are 
identical to those for Waubay Lake because these six 
lakes are joined with Waubay Lake at these lake levels.

The lake levels for the 1-percent exceedance 
probabilities (unconditional analysis) are about 19 ft 
higher for Bitter Lake, 1.2 ft higher for Enemy Swim 
Lake, 0.7 ft higher for Pickerel Lake, and 8.6 ft higher 
for Waubay Lake than the levels of those lakes on 
April 4,1999. However, the average return periods are 
909 years for Bitter Lake, 185 years for Enemy Swim 
Lake, 155 years for Pickerel Lake, and 769 years for 
Waubay Lake. The average return periods for Enemy 
Swim and Pickerel Lakes for the 0.2-percent exceed­ 
ance probabilities (unconditional analysis) were 
500 years, indicating the extreme high lake levelr of 
the smaller upstream lakes probably are caused by 1- 
year climatic extremes. However, the average return 
periods for Bitter and Waubay Lakes for the 0.2-per­ 
cent exceedance probabilities (unconditional analysis) 
are 2,000 years, indicating the extreme high lake levels 
of the larger downstream lakes probably are caused by 
extreme climatic conditions lasting several years.

The frequencies for extreme low lake levels are 
difficult to accurately determine because small changes 
in lake volumes result in large changes in lake levels. 
The lake levels of Enemy Swim, Pickerel, and Waubay 
Lakes in the 1930's and 1940's were very low 
compared to the long-term lake levels.
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The conditional frequency analysis was per­ 
formed for the 10 major lakes of the Waubay Lakes 
Chain using 10,000 simulated 50-year lake-level 
traces, each starting on October 1,1998. The generated 
data can be used to estimate the probability of virtually 
any event that involves future lake levels.

The upper 1-percent probability bound (condi­ 
tional analysis) for Waubay Lake rises quickly to a con­ 
stant level at an elevation of 1,811.5 ft, which 
corresponds to the unconditional 1-percent exceedance 
level. Therefore, the chance that Waubay Lake will 
continue to rise to the spill elevation with the Big Sioux 
River within the next 20 years is relatively high 
(greater than 1 percent). The lower 1-percent proba­ 
bility bound (conditional analysis) for Waubay Lake 
falls slowly during the next 50 years and reaches the 
unconditional lower 1-percent exceedance level well 
beyond 2048. Thus, Waubay Lake is unlikely to return 
to levels comparable to historic 1960-92 levels for at 
least 40 years. Also, Waubay Lake is unlikely to return 
to levels comparable to those during the extreme 
drought of the 1930's for much longer than 50 years.

The upper 10-percent probability bound (condi­ 
tional analysis) for Bitter Lake increases about 8 ft 
from water years 1999 to 2015 and then slowly 
decreases, and the upper 1-percent probability bound 
(conditional analysis) increases about 20 ft from water 
years 1999 to 2015 and then becomes nearly constant 
at an elevation of about 1,810 ft. Therefore, the chance 
that the level of Bitter Lake will continue to signifi­ 
cantly increase during the next 15 years is high. Con­ 
versely, the lower 10-percent probability bound 
(conditional analysis) for Bitter Lake decreases slowly 
and reaches an elevation of 1,780 ft by about water 
year 2040, and the lower 1-percent probability bound 
(conditional analysis) decreases slowly and reaches an 
elevation of 1,777 ft by about water year 2040. There­ 
fore, Bitter Lake is highly unlikely to return to historic 
pre-1993 levels for at least 40 years.

The conditional frequency results for Blue Dog 
Lake, Hillebrands Lake, Minnewasta Lake, Rush Lake, 
Spring Lake, Swan Pond, and Waubay Lake indicate 
the upper 10-, 1-, and 0.2-percent probability bounds 
are about the same for all seven lakes because the lakes 
are joined at these lake levels. The upper 10-percent 
probability bounds increase about 4 ft from the current 
level and reach an elevation of 1,806 ft in 2006 before 
starting to decrease, and the upper 1-percent proba­ 
bility bounds increase about 8 ft from the current level 
and reach an elevation of 1,811.5 ft in 2010. The upper

0.2-percent probability bounds for Bitter Lake and 
Rush Lake become equal after 2010 because enough 
water spills from Rush Lake to fill Bitter Lake to the 
extreme high levels of Rush Lake.

The lower probability bounds (conditional anal­ 
ysis) for Hillebrands, Minnewasta, Spring, and 
Waubay Lakes are similar, with each bonnd decreasing 
slowly during the entire 50-year simulation period and 
remaining above pre-1993 historic lake levels for most 
of the simulation period. Hillebrands, Minnewasta, 
Spring, and Waubay Lakes are similar to Bitter Lake in 
that they are unlikely to decrease to "normal" levels for 
several decades. However, the lower probability 
bounds (conditional analysis) for Blue Dog Lake and 
Rush Lake become nearly constant in year 2010 and 
beyond, indicating that Blue Dog Lake and Rush Lake 
could return to normal (pre-1993) levels within 
10 years.

The frequency results for Enemy Swim and 
Pickerel Lakes indicate a different pattern than the fre­ 
quency results for the other lakes. Because both lakes 
spill frequently and never join with the downstream 
lakes, the upper probability bounds (conditional anal­ 
ysis) for both lakes remain nearly constant for the 
entire simulation period. Therefore, levels of both 
lakes are unlikely to increase significantly over current 
levels. Both lakes could return to norrral levels much 
sooner than Bitter Lake or Waubay Lake under a 
reversal of the current wet conditions.

The hydroclimatic conditions before the begin­ 
ning of the simulation period have a prc nounced effect 
on the probabilities of lake levels in the near future. 
The Waubay Lakes Chain Basin presently is highly sat­ 
urated, and average or even below-average precipita­ 
tion in the near future can produce large runoff to the 
lakes. Conversely, if the basin was in a drought cycle, 
average or even above-average precipitation in the near 
future probably would produce little or no runoff.

To illustrate the effects of starting conditions, 
10,000 simulated 50-year traces (conditional analysis) 
for Waubay Lake were generated from the model using 
October 1, 1962, starting conditions. A comparison of 
the two sets of starting conditions indicates the upper 1- 
and 0.2-percent probability bounds (conditional anal­ 
ysis) for Waubay Lake for the 1962 starting conditions 
take much longer to reach long-term ec Tailibrium 
levels. However, with dry starting conditions, Waubay 
Lake can recover quickly and rise rapidly over the 
course of a few years given a sequence of wet years.
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The lower 1- and 0.2-percent probability bounds 
(conditional analysis), using October 1, 1962, starting 
conditions, initially decline to less than 1,780 ft and 
then slowly rise during the remainder of the simulation 
period. The same exceedance levels, using October 1, 
1998, starting conditions, slowly decline throughout 
the entire simulation period. The decline in the lower 
1- and 0.2-percent probability bounds for the 
October 1, 1962, starting conditions reflects dry condi­ 
tions that generally cause lake levels to decrease before 
eventually recovering. The historic lake level was near 
the lower 10-percent bound from about water years 
1963 to 1992 before rising above the upper 10-percent 
probability bound from water years 1993 to 1998.

Generally, the probability bounds (conditional 
analysis) produced by the models for any given exceed­ 
ance probability eventually converge to the same value, 
no matter what starting conditions are used. This is 
because, as discussed earlier, the effect of the starting 
conditions eventually becomes negligible if the traces 
are observed for a long enough time.

A climatic scenarios analysis was done to eval­ 
uate the hydrologic response of the Waubay Lakes 
Chain to historic 8-year climatic segments that repre­ 
sent a wide range of net lake evaporation. This was 
done by inputting historic precipitation and evapora­ 
tion data (developed for the water mass-balance model) 
and total inflow data (generated from the stochastic 
time-series model) into the water mass-balance model 
to predict resultant lake levels, areas, and volumes. 
Historic total inflow data were not used because total 
inflow is dependent on antecedent conditions of the 
basin. The starting lake levels used in the simulations 
represent October 1, 1998, levels. The water mass- 
balance model was used to simulate 25 hypothetical 
16-year climatic scenarios using all combinations of 
the five descriptive 8-year net lake evaporation seg­ 
ments. Of these 25 hypothetical climatic scenarios, 
five were chosen to represent the range of resultant lake 
levels. The five scenarios include wet-wet, wet-dry, 
average-average, dry-wet, and dry-dry net lake evapo­ 
ration.

The wet-wet scenario, representing two consec­ 
utive 1991-98 climatic segments, results in Bitter Lake 
increasing 22.2 ft above the starting lake level and 
Waubay Lake increasing 11.1 ft. Bitter and Waubay 
Lakes, after 16 years, would combine into one lake that 
has an elevation of 1,813.2 ft, which is 2.1 ft above the 
level at which Bitter Lake would begin to flow out of 
the closed basin. When an 8-year wet segment

(1991-98) is combined with an 8-year dry segment 
(1969-76), Bitter Lake, after 16 years, would increase 
9.8 ft above the starting lake level, and Waubay Lake 
would decline 0.6 ft. The average-average climat; o 
scenario, representing two consecutive 1985-92 
climatic segments, results in little change in the levels 
of Bitter and Waubay Lakes. The dry-wet climatic sce­ 
nario, representing 1969-76 and 1991-98 climatic seg­ 
ments, results in Bitter Lake, after 16 years, increasing 
8.8 ft above the starting lake level and Waubay Lake 
increasing 4.8 ft. When an 8-year dry segment is com­ 
bined with another 8-year dry segment, Bitter Lake, 
after 16 years, would decline 6.6 ft from the starting 
lake level, and Waubay Lake would decline 10.4 ft.

The conditional frequency analysis performed 
for Waubay Lake with October 1,1998, starting condi­ 
tions were compared to the scenario results. The five 
selected scenarios seemed to represent essentially the 
full range of hypothetical future lake levels. The lake 
levels after 16 years range from about the lower 
1-percent probability bound for the dry-dry scenario to 
about the upper 0.2-percent probability bound for the 
wet-wet scenario. The average-average scenario is 
near the 50-percent probability bound after 16 years.
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain
[Lake levels in feet above sea level;  , none]

Date

06-15-70

10-11-83

06-08-84

07-07-85

10-09-85

05-06-86

09-24-86

04-23-87

10-06-87

04-19-88

09-21-88

04-26-89

10-18-89

05-02-90

09-19-90

05-02-91

10-03-91

04-29-92

09-16-92

05-12-93

09-22-93

05-05-94

09-14-94

05-10-95

10-10-95

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

10-09-96

04-10-97

04-11-97

04-12-97

04-13-97

04-14-97

Lake 
level 
(feet)

1,772

dry

1.770.3

1,771

1,770.7

1,773

1,774

1,774.5

1,773.3

1,773.3

1,772.2

1,772.9

1,772.3

1,772.5

1,771.8

1,772.1

1,773

1,773.3

1,772.8

1,773.7

1,773.5

1,777.9

1,779.2

1,781.8

1,782.8

1,784.7

1,785.2

1,785.2

1,785

1,784.7

1,784.6

1,786.7

1,786.7

1,786.7

1,787

1,787.1

Lake level 
rounded to 
nearest 0.1 

(feet)

Bitter Lake

1,772.0

dry

1,770.3

1,771.0

1,770.7

1,773.0

1,774.0

1,774.5

1,773.3

1,773.3

1,772.2

1,772.9

1,772.3

1,772.5

1,771.8

1,772.1

1,773.0

1,773.3

1,772.8

1,773.7

1,773.5

1,777.9

1,779.2

1,781.8

1,782.8

1,784.7

1,785.2

1,785.2

1,785.0

1,784.7

1,784.6

1,786.7

1,786.7

1,786.7

1,787.0

1,787.1

Source AHpPlied 
, datum

da°ta1 cor «°n
(feet)

U

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Bl

Bl

Bl

Al

Al

Bl

Bl

Bl

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
da*'im 

correction 
(feet)

Bitter Lake   Continued

04-15-97

04-16-97

04-17-97

04-18-97

04-19-97

04-20-97

04-21-97

04-22-97

04-25-97

04-28-97

05-01-97

05-05-97

05-09-97

05-13-97

05-14-97

05-20-97

10-07-97

05-04-98

05-20-98

05-20-98

05-25-98

05-26-98

06-02-98

06-08-98

06-12-98

06-16-98

06-22-98

07-06-98

07-20-98

07-20-98

07-27-98

08-05-98

08-10-98

08-21-98

11-13-98

03-23-99

1,787.2

1,787.4

1,787.5

1,787.6

1,787.7

1,787.8

1,787.9

1,788

1,788.2

1,788.2

1,788.5

1,788.6

1,788.8

1,788.9

1,788.5

1,789

1,788.4

1,790.1

1.791.1

1,791.2

1,791.3

1,791.26

1,791.3

1,791.2

1,791.3

1,791.5

1,791.5

1,791.6

1,791.5

1,791.3

1,791.3

1,791.3

1,791.3

1,791.1

1,790.99

1,791.3

1,787.2

1,787.4

1,787.5

1,787.6

1,787.7

1,787.8

1,787.9

1.788.0

1,788.2

1,788.2

1,788.5

1,788.6

1,788.8

1,788.9

1,788.5

1,789.0

1,788.4

1,790.1

1,791.1

1,791.2

1,791.3

1,791.3

1,791.3

1,791.2

1,791.3

1,791.5

1,791.5

1,791.6

1,791.5

1,791.3

1,791.3

1,791.3

1,791.3

1,791.1

1,791.0

1,791.3

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

C

Al

Al

Bl

Al

Bl

Bl

D

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

--

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Bitter Lake   Continued

04-07-99

06-15-33

08-01-34

08-20-34

06-01-35

10-01-35

10-19-35

05-01-36

05-31-36

11-01-36

11-21-36

05-01-37

05-29-37

10-01-37

10-10-37

06-01-38

06-11-38

10-01-38

10-09-38

05-01-39

11-01-39

05-01-40

05-16-40

10-01-40

10-25-40

06-01-41

06-05-41

11-01-41

11-18-41

05-01-42

05-30-42

11-01-42

11-03-42

06-01-43

06-17-43

1,791.47

1,796.4

1,795.2

1,795.7

1,796.7

1,794.3

1,794.3

1,795.5

1,795.5

1,794.6

1,794.6

1,799.3

1,799.3

1,797.2

1,797

1,798

1,798

1,797.2

1,797.2

1,797.8

1,796.9

1,798.4

1,798.4

1,797.4

1,797.4

1,797.8

1,797.8

1,797

1,797

1,797.1

1,797.1

1,798.2

1,798.2

1,797.9

1,797.9

1,791.5

Blue Dog Lake

1,796.4

1,795.2

1,795.7

1,796.7

1,794.3

1,794.3

1,795.5

1,795.5

1,794.6

1,794.6

1,799.3

1,799.3

1,797.2

1,797.0

1,798.0

1,798.0

1,797.2

1,797.2

1,797.8

1,796.9

1,798.4

1,798.4

1,797.4

1,797.4

1,797.8

1,797.8

1,797.0

1,797.0

1,797.1

1,797.1

1,798.2

1,798.2

1,797.9

1,797.9

Bl

U

A2

E

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

A2

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

-

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Blue Dog Lake   Continued

11-01-43

11-28-43

07-01-44

07-05-44

11-01-44

11-20-44

05-01-45

05-06-45

10-01-45

10-13-45

05-01-46

05-22-46

09-01-46

09-30-46

05-01-47

05-24-47

05-01-48

05-12-48

05-01-49

05-19-49

11-01-49

11-10-49

05-01-50

05-16-50

01-01-51

01-08-51

05-01-51

05-07-51

02-01-52

02-26-52

10-01-52

11-01-53

04-01-54

09-01-54

05-01-55

05-01-56

1,797.8

1,797.8

1,797.8

1,797.8

1,797.4

1,797.4

1,797.9

1,797.9

1,796.7

1,796.7

1,798.9

1,798.9

1,797.7

1,797.7

1,798.1

1,798.1

1,797.9

1,797.9

1,797.8

1,797.8

1,799.4

1,799.4

1,800.5

1,800.5

1,800

1,800

1,800.5

1,800.5

1,800.2

1,800.2

1,799.6

1,799.4

1,801.5

1,799.6

1,800.3

1,800.4

1,797.8

1,797.8

1,797.8

1,797.8

1,797.4

1,797.4

1,797.9

1,797.9

1,796.7

1,796.7

1,798.9

1,798.9

1,797.7

1,797.7

1,798.1

1,798.1

1,797.9

1,797.9

1,797.8

1,797.8

1,799.4

1,799.4

1,800.5

1,800.5

1,800.0

1,800.0

1,800.5

1,800.5

1,800.2

1,800.2

1,799.6

1,799.4

1,801.5

1,799.6

1,800.3

1,800.4

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

A2

A2

A2

A2

A2

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level; --, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Blue Dog Lake   Continued

11-01-56

09-01-57

04-01-59

04-01-60

06-01-61

06-05-61

12-01-61

12-05-61

06-01-62

06-07-62

12-01-62

12-13-62

05-01-63

06-09-63

09-17-63

05-01-64

06-14-64

10-01-64

10-15-64

05-01-66

11-01-66

05-01-67

05-01-68

11-01-68

05-01-69

09-01-69

05-01-70

12-01-70

11-01-76

02-21-80

05-01-80

07-02-80

07-07-80

07-22-80

07-31-80

11-01-80

1,799.8

1,799.9

1,800.1

1,801.2

1,800.4

1,800.4

1,799.7

1,799.7

1,800.9

1,800.9

1,800.3

1,800.3

1,800.5

1,800.5

1,800.3

1,800.3

1,800.3

1,800.4

1,799.6

1,800.8

1,800.3

1,800.8

1,800.7

1,800.3

1,800.3

1,799.6

1,801

1,800.1

1,798.3

1,800.6

1,800.1

1,800.2

1,800

1,799.8

1,799.7

1,799.5

1,799.8

1,799.9

1,800.1

1,801.2

1,800.4

1,800.4

1,799.7

1,799.7

1,800.9

1,800.9

1,800.3

1,800.3

1,800.5

1,800.5

1,800.3

1,800.3

1,800.3

1,800.4

1,799.6

1,800.8

1,800.3

1,800.8

1,800.7

1,800.3

1,800.3

1,799.6

1,801.0

1,800.1

1,798.3

1,800.6

1,800.1

1,800.2

1,800.0

1,799.8

1,799.7

1,799.5

A2

E

A2

A2

A2

E

A2

E

A2

E

A2

E

A2

E

E

A2

E

A2

E

A2

A2

A2

A2

A2

A2

A2

A2

A2

A2

Bl

A2

Bl

Bl

Bl

Bl

A2

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0

13.0
-

--

-

-

-

--

 

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

App'ied 
dafum 

correction 
(fe*t)

Blue Dog Lake   Continued

11-04-80

04-01-81

04-02-81

05-01-81

05-01-83

05-08-83

10-01-83

10-11-83

06-01-84

06-08-84

08-01-84

08-22-84

05-01-85

05-07-85

10-01-85

10-09-85

05-01-86

05-06-86

09-01-86

09-24-86

04-01-87

04-22-87

10-01-87

10-06-87

04-01-88

04-19-88

09-01-88

09-21-88

09-21-88

04-01-89

04-26-89

04-26-89

10-01-89

10-18-89

10-18-89

05-01-90

1,799.5

1,800.2

1,800.2

1,800.2

1,800.2

1,800.2

1,799.7

1,799.7

1,800.3

1,800.3

1,800.2

1,800.2

1,800.3

1,800.3

1,800.3

1,800.3

1,800.7

1,800.7

1,800.8

1,800.8

1,800.6

1,800.6

1,800

1,800

1,800.2

1,800.2

1,799.2

1,799.2

1,799.5

1,800.2

1,800.2

1,800.5

1,799.8

1,799.8

1,800.1

1,800

1,799.5

1,800.2

1,800.2

1,800.2

1,800.2

1,800.2

1,799.7

1,799.7

1,800.3

1,800.3

1,800.2

1,800.2

1,800.3

1,800.3

1,800.3

1,800.3

1,800.7

1,800.7

1,800.8

1,800.8

1,800.6

1,800.6

1,800.0

1,800.0

1,800.2

1,800.2

1,799.2

1,799.2

1,799.5

1,800.2

1,800.2

1,800.5

1,799.8

1,799.8

1,800.1

1,800.0

Bl

A2

Bl

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

--

-

--

-

-

-

-

-

~

-

-

-

-

-

-

-

-

-

-

-

-

-

-

--

--

-

-

-

-

-

-

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level; -, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ Applied Source .TT datum
. . i correction data1 .. x. (feet)

Blue Dog Lake   Continued

05-02-90

05-02-90

09-01-90

09-19-90

09-19-90

05-01-91

05-01-91

10-01-91

10-03-91

10-03-91

04-01-92

04-29-92

04-29-92

09-01-92

09-16-92

09-16-92

05-01-93

05-12-93

05-12-93

09-01-93

09-23-93

09-23-93

05-01-94

05-05-94

05-05-94

09-01-94

09-14-94

09-14-94

05-01-95

05-10-95

05-10-95

10-01-95

10-10-95

10-10-95

05-01-96

05-08-96

1,800

1,800.3

1,799.7

1,799.7

1,800

1,800.3

1,800.5

1,800.1

1,800.1

1,800.3

1,800.3

1,800.1

1,800.4

1,800

1,800

1,800.3

1,800.3

1,800.3

1,800.6

1,800.5

1,800.5

1,800.7

1,800.7

1,800.7

1,801

1,800.2

1,800.2

1,800.4

1,800.8

1,800.8

1,801.1

1,800.5

1,800.5

1,800.7

1,800.7

1,800.7

1,800.0

1,800.3

1,799.7

1,799.7

1,800.0

1,800.3

1,800.5

1,800.1

1,800.1

1,800.3

1,800.3

1,800.1

1,800.4

1,800.0

1,800.0

1,800.3

1,800.3

1,800.3

1,800.6

1,800.5

1,800.5

1,800.7

1,800.7

1,800.7

1,801.0

1,800.2

1,800.2

1,800.4

1,800.8

1,800.8

1,801.1

1,800.5

1,800.5

1,800.7

1,800.7

1,800.7

Bl

H

A2

Bl

H

A2

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

H

A2

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data 1

Applied 
datum 

correction 
(feet)

Blue Dog Lake   Continued

05-08-96

06-04-96

06-04-96

07-01-96

07-01-96

07-29-96

07-29-96

09-01-96

09-04-96

09-04-96

10-09-96

10-09-96

04-07-97

04-10-97

04-11-97

04-12-97

04-13-97

04-14-97

04-15-97

04-16-97

04-17-97

04-18-97

04-19-97

04-20-97

04-21-97

04-22-97

04-25-97

04-28-97

05-01-97

05-09-97

05-13-97

05-16-97

05-20-97

10-01-97

10-07-97

03-01-98

1,801

1,800.7

1,801

1,800.3

1,800.6

1,800.1

1,800.3

1,800

1,800

1,800.3

1,800.1

1,800.3

1,802.3

1,801.9

1,802.2

1,802.1

1,801.8

1,801.7

1,801.5

1,801.5

1,801.7

1,801.8

1,802

1,802.1

1,802.1

1,802.2

1,802

1,801.8

1,801.6

1,801.4

1,801.2

1,800.58

1,801

1,800.5

1,800

1,800.9

1,801.0

1,800.7

1,801.0

1,800.3

1,800.6

1,800.1

1,800.3

1,800.0

1,800.0

1,800.3

1,800.1

1,800.3

1,802.3

1,801.9

1,802.2

1,802.1

1,801.8

1,801.7

1,801.5

1,801.5

1,801.7

1,801.8

1,802.0

1,802.1

1,802.1

1,802.2

1,802.0

1,801.8

1,801.6

1,801.4

1,801.2

1,800.6

1,801.0

1,800.5

1,800.0

1,800.9

H

Bl

H

Bl

H

Bl

H

A2

Bl

H

Bl

H

A2

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

C

Bl

A2

Bl

A2

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

~

-

--

-

-

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ Applied Source JT . datum
d ° a, cordon

Blue Dog Lake   Continued

04-01-98

05-01-98

05-04-98

05-20-98

05-25-98

05-26-98

05-29-98

06-02-98

06-08-98

06-15-98

06-16-98

06-22-98

06-29-98

07-06-98

07-20-98

07-27-98

08-05-98

08-10-98

08-21-98

08-25-98

08-28-98

09-04-98

11-13-98

03-23-99

04-07-99

06-15-25

06-15-27

06-15-31

08-01-33

07-01-34

07-12-34

08-01-34

08-10-34

08-30-34

05-31-35

1,802

1,802.9

1,802.1

1,802.87

1,802.9

1,802.88

1,802.9

1,802.9

1,802.7

1,803

1,803

1,803

1,803.1

1,803

1,803

1,802.8

1,802.9

1,802.8

1,802.6

1,802.6

1,802.7

1,802.5

1,802.73

1,803.3

1,803.55

1,848.3

1,849.7

1,844.7

1,843

1,841.7

1,841.7

1,841.1

1,841.1

1,841.05

1,841.4

1,802.0

1,802.9

1,802.1

1,802.9

1,802.9

1,802.9

1,802.9

1,802.9

1,802.7

1,803.0

1,803.0

1,803.0

1,803.1

1,803.0

1,803.0

1,802.8

1,802.9

1,802.8

1,802.6

1,802.6

1,802.7

1,802.5

1,802.7

1,803.3

1,803.6

Enemy Swim Lake

1,848.3

1,849.7

1,844.7

1,843.0

1,841.7

1,841.7

1,841.1

1,841.1

1,841.1

1,841.4

u
u
Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

F3

F3

F3

A2

A2

E 19.1

A2

E 19.1

E 19.1

E 19.1

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
dat im 

correction 
(fei*)

Enemy Swim Lake   Continued

10-01-35

10-19-35

04-01-36

05-30-36

11-01-36

11-21-36

05-01-37

05-30-37

10-01-37

10-09-37

06-01-38

06-11-38

10-01-38

10-08-38

05-01-39

05-29-39

11-01-39

11-18-39

05-01-40

05-16-40

10-01-40

10-25-40

06-01-41

06-04-41

11-01-41

11-18-41

05-01-42

05-30-42

11-01-42

11-03-42

06-01-43

06-17-43

11-01-43

11-28-43

07-01-44

07-05-44

1,840.1

1,840.1

1,840.2

1,840.2

1,838.1

1,838.1

1,841.9

1,841.9

1,840.9

1,840.9

1,841.1

1,840.6

1,840.2

1,840.2

1,841.5

1,841.52

1,839.6

1,839.61

1,840.3

1,840.31

1,838

1,837.95

1,840.4

1,840.36

1,840.2

1,840.17

1,841.5

1,841.55

1,840.5

1,840.51

1,845.8

1,845.8

1,845.4

1,845.4

1,846.7

1,846.71

1,840.1

1,840.1

1,840.2

1,840.2

1,838.1

1,838.1

1,841.9

1,841.9

1,840.9

1,840.9

1,841.1

1,840.6

1,840.2

1,840.2

1,841.5

1,841.5

1,839.6

1,839.6

1,840.3

1,840.3

1,838.0

1,838.0

1,840.4

1,840.4

1,840.2

1,840.2

1,841.5

1,841.6

1,840.5

1,840.5

1,845.8

1,845.8

1,845.4

1,845.4

1,846.7

1,846.7

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

-

19.1
-

19.1
-

19.1
-

19.1
-

19.1
-

19.1
-

19.1
-

19.1
-

19.1
--

19.1
_.

19.1
-

19.1
-

19.1
-

19.1
 .

19.1
-

19.1
-

19.1
-

19.1
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Table B1. Historic lake levels for the 10 major lakes of the Waubay Lakes Chain   Continued
[Lake levels in feet above sea level;   , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Enemy Swim Lake   Continued

11-01-44

11-20-44

05-01-45

05-06-45

10-01-45

10-13-45

05-01-46

05-23-46

09-01-46

09-30-46

05-01-47

05-24-47

05-01-48

05-12-48

05-01-49

05-19-49

11-01-49

11-12-49

05-01-50

05-16-50

01-01-51

01-08-51

05-01-51

05-07-51

02-01-52

02-26-52

05-01-52

10-01-52

11-01-53

04-01-54

09-01-54

05-01-55

05-01-56

11-01-56

09-01-57

04-01-60

1,846.9

1,846.93

1,848.1

1,848.07

1,851.4

1,851.36

1,850

1,850.01

1,849.5

1,849.48

1,851.9

1,851.94

1,852.3

1,851.86

1,849.4

1,849.41

1,849.5

1,849.46

1,851.2

1,851.2

1,849.8

1,849.84

1,851.2

1,851.17

1,850.9

1,850.89

1,853.9

1,852

1,852.1

1,852.8

1,852.4

1,852.1

1,851.3

1,849.9

1,850.5

1,849.1

1,846.9

1,846.9

1,848.1

1,848.1

1,851.4

1,851.4

1,850.0

1,850.0

1,849.5

1,849.5

1,851.9

1,851.9

1,852.3

1,851.9

1,849.4

1,849.4

1,849.5

1,849.5

1,851.2

1,851.2

1,849.8

1,849.8

1,851.2

1,851.2

1,850.9

1,850.9

1,853.9

1,852.0

1,852.1

1,852.8

1,852.4

1,852.1

1,851.3

1,849.9

1,850.5

1,849.1

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

A2

A2

A2

A2

A2

A2

A2

A2

A2

-

19.1

-

19.1

-

19.1

-

19.1

-

19.1

-

19.1

-

19.1

-

19.1

-

19.1

~

19.1

-

19.1

-

19. L

-

19.1

-

-

-

-

-

-

-

-

-

-

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of

data 1

Applied 
datum 

correction 
(feet)

Enemy Swim Lake   Continued

06-01-61

06-06-61

12-01-61

12-05-61

06-01-62

06-07-62

12-01-62

12-13-62

05-01-63

05-09-63

09-17-63

05-01-64

05-14-64

10-15-64

05-01-66

05-05-66

11-01-66

11-11-66

05-01-67

05-17-67

05-01-68

05-02-68

11-01-68

11-12-68

05-01-69

05-19-69

10-23-69

11-01-69

05-01-70

05-13-70

12-01-70

12-13-70

10-13-72

10-28-72

05-01-75

11-01-76

1,847.9

1,847.9

1,846.9

1,846.9

1,849.7

1,849.7

1,850.8

1,850.8

1,851.1

1,851

1,851.9

1,851.7

1,851.7

1,850.5

1,852.3

1,852.2

1,851.3

1,851.2

1,852

1,851.9

1,850.4

1,850.4

1,849.6

1,849.5

1,852.5

1,852.5

1,851.3

1,851.4

1,853.2

1,853.1

1,851

1,851.2

1,853

1,852.6

1,852.5

1,847.2

1,847.9

1,847.9

1,846.9

1,846.9

1,849.7

1,849.7

1,850.8

1,850.8

1,851.1

1,851.0

1,851.9

1,851.7

1,851.7

1,850.5

1,852.3

1,852.2

1,851.3

1,851.2

1,852.0

1,851.9

1,850.4

1,850.4

1,849.6

1,849.5

1,852.5

1,852.5

1,851.3

1,851.4

1,853.2

1,853.1

1,851.0

1,851.2

1,853.0

1,852.6

1,852.5

1,847.2

A2

E

A2

E

A2

E

A2

E

A2

E

E

A2

E

E

A2

E

A2

E

A2

E

A2

E

A2

E

A2

E

E

A2

A2

E

A2

E

E

E

A2

A2

-

19.1

-

19.1

--

19.1

-

19.1

-

19.1

19.1

-

19.1

19.1

-

19.1

-

19.1

-

19.1

--

19.1

-

19.1

-

19.1

19.1

-

--

19.1

-

19.1

19.1

19.1

~
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ ADD! led
SOLirC^ rr

. datum
OT 1 correction

Enemy Swim Lake   Continued

07-01-82

07-07-82

10-01-82

10-29-82

05-01-83

05-07-83

10-01-83

10-12-83

06-01-84

06-08-84

09-01-84

09-27-84

05-01-85

05-07-85

10-01-85

10-09-85

05-01-86

05-07-86

09-01-86

09-24-86

04-01-87

04-23-87

10-01-87

10-07-87

04-01-88

04-19-88

09-01-88

09-21-88

04-01-89

04-28-89

10-01-89

10-18-89

05-01-90

05-02-90

09-01-90

09-19-90

1,851.7

1,851.7

1,851.2

1,851.2

1,851.4

1,851.4

1,850.2

1,850.2

1,851.9

1,851.9

1,851.2

1,851.2

1,852.3

1,852.3

1,851.5

1,851.5

1,854.6

1,854.6

1,854.2

1,854.2

1,854.4

1,854.4

1,852.5

1,852.5

1,852.3

1,852.3

1,850.7

1,850.7

1,852.2

1,852.2

1,851.2

1,851.2

1,851.2

1,851.2

1,850.7

1,850.7

1,851.7

1,851.7

1,851.2

1,851.2

1,851.4

1,851.4

1,850.2

1,850.2

1,851.9

1,851.9

1,851.2

1,851.2

1,852.3

1,852.3

1,851.5

1,851.5

1,854.6

1,854.6

1,854.2

1,854.2

1,854.4

1,854.4

1,852.5

1,852.5

1,852.3

1,852.3

1,850.7

1,850.7

1,852.2

1,852.2

1,851.2

1,851.2

1,851.2

1,851.2

1,850.7

1,850.7

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
da*'im 

correction
(fCHjt)

Enemy Swim Lake   Continued

05-01-91

10-01-91

10-02-91

04-01-92

04-29-92

09-01-92

09-16-92

05-01-93

05-12-93

09-01-93

09-22-93

05-01-94

05-04-94

09-01-94

09-14-94

05-01-95

05-10-95

10-01-95

10-04-95

05-01-96

05-08-96

06-01-96

06-04-96

07-01-96

07-29-96

09-01-96

09-04-96

10-09-96

04-10-97

04-11-97

04-12-97

04-13-97

04-14-97

04-15-97

04-16-97

04-17-97

1,850.7

1,852.1

1,852.1

1,852.4

1,852.4

1,852

1,852

1,853.4

1,853.4

1,854.8

1,854.8

1,855.1

1,855.1

1,853.9

1,853.9

1,854.7

1,854.7

1,853.8

1,853.8

1,854.6

1,854.6

1,854.6

1,854.6

1,854.3

1,854

1,853.6

1,853.6

1,853.4

1,856

1,856

1,856.1

1,856.2

1,856.2

1,856.3

1,856.27

1,856.2

1,850.7

1,852.1

1,852.1

1,852.4

1,852.4

1,852.0

1,852.0

1,853.4

1,853.4

1,854.8

1,854.8

1,855.1

1,855.1

1,853.9

1,853.9

1,854.7

1,854.7

1,853.8

1,853.8

1,854.6

1,854.6

1,854.6

1,854.6

1,854.3

1,854.0

1,853.6

1,853.6

1,853.4

1,856.0

1,856.0

1,856.1

1,856.2

1,856.2

1,856.3

1,856.3

1,856.2

A2

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

A2

Bl

Al

Bl

Bl

Bl

Bl

Bl

Bl

Al

Bl

--

--

-

--

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

--

-

--

--

-

-

-

-

--

--

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level: --, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ App ted Source IT , datum of . . i correction data1 ,. iV (feet)

Enemy Swim Lake   Continued

04-18-97

04-21-97

04-22-97

04-25-97

04-28-97

05-05-97

05-08-97

05-12-97

05-20-97

05-26-97

10-08-97

10-29-97

05-04-98

05-18-98

05-20-98

05-25-98

05-26-98

06-02-98

06-08-98

06-12-98

06-15-98

06-16-98

06-22-98

06-29-98

07-06-98

07-20-98

07-27-98

08-05-98

08-10-98

08-21-98

08-28-98

09-04-98

11-13-98

03-23-99

04-07-99

1,856.2

1,856.1

1,856.1

1,856

1,855.8

1,855.5

1,855.4

1,855.2

1,854.9

1,854.85

1,853.3

1,853.32

1,854.6

1,854.85

1,854.79

1,854.9

1,854.85

1,854.6

1,854.4

1,854.4

1,854.4

1,854.4

1,854.3

1,854.2

1,854.2

1,854

1,853.9

1,853.7

1,853.6

1,853.5

1,853.6

1,853.4

1,853.85

1,854

1,854.14

1,856.2

1,856.1

1,856.1

1,856.0

1,855.8

1,855.5

1,855.4

1,855.2

1,854.9

1,854.9

1,853.3

1,853.3

1,854.6

1,854.9

1,854.8

1,854.9

1,854.9

1,854.6

1,854.4

1,854.4

1,854.4

1,854.4

1,854.3

1,854.2

1,854.2

1,854.0

1,853.9

1,853.7

1,853.6

1,853.5

1,853.6

1,853.4

1,853.9

1,854.0

1,854.1

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Al

Bl

Al

D

Bl

D

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Date

05-01-60

05-01-60

10-01-60

11-01-60

04-01-61

05-01-61

10-01-61

10-01-61

04-01-62

05-01-62

10-01-62

10-01-62

04-01-63

05-01-63

10-01-63

10-01-63

04-01-64

05-01-64

10-01-64

10-01-64

04-01-65

05-01-65

10-01-65

10-01-65

04-01-66

05-01-66

10-01-66

10-01-66

04-01-67

05-01-67

10-01-67

10-01-67

04-01-68

05-01-68

10-01-68

04-01-69

Lake 
level 
(feet)

1,782.32

1,782.3

1,781.2

1,781.2

1,782.36

1,782.4

1,781.78

1,781.8

1,782.61

1,784.4

1,785.68

1,785.7

1,785.98

1,785.8

1,786.04

1,786

1,785.5

1,785.3

1,784.2

1,784.2

1,785.16

1,786.2

1,785.64

1,785.6

1,786.13

1,786

1,785.35

1,785.4

1,786.33

1,786.1

1,784.87

1,784.9

1,785.18

1,785.2

1,784.32

1,786.18

Lake level 
rounded to 
nearest 0.1 

(feet)

Hillebrands Lake

1,782.3

1,782.3

1,781.2

1,781.2

1,782.4

1,782.4

1,781.8

1,781.8

1,782.6

1,784.4

1,785.7

1,785.7

1,786.0

1,785.8

1,786.0

1,786.0

1,785.5

1,785.3

1,784.2

1,784.2

1,785.2

1,786.2

1,785.6

1,785.6

1,786.1

1,786.0

1,785.4

1,785.4

1,786.3

1,786.1

1,784.9

1,784.9

1,785.2

1,785.2

1,784.3

1,786.2

Source 
of 

datr1

G

F2

F2

G

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

FC

G

G

Applied 
datum 

correction 
(feet)

-26.38

-

-

-26.38

-26.38

-

-26.38

-

-26.38

-

-26.38

-

5.33

-

5.33

-

5.33

-

5.33

-

5.33

-

5.33

-

5.33

-

5.33

~

5.33

~

5.33

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source APPlied 
datum

i-1 TT
Hillebrands Lake   Continued

05-01-69

10-01-69

04-01-70

05-01-70

10-01-70

10-01-70

04-01-71

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

04-01-74

05-01-74

10-01-74

04-01-75

05-01-75

10-01-75

04-01-76

05-01-76

10-01-76

10-01-76

04-01-77

05-01-77

10-01-77

04-01-78

05-01-78

10-01-78

10-01-78

04-01-79

05-01-79

10-01-79

10-01-79

04-01-80

05-01-80

1,786.3

1,785.08

1,785.69

1,785.7

1,784.43

1,784.3

1,784.37

1,784.3

1,784.07

1,786

1,785.2

1,785.9

1,784.5

1,785.37

1,785.4

1,783.5

1,784.33

1,784.3

1,781.55

1,783.74

1,783.72

1,781.06

1,781.41

1,781.89

1,781.9

1,781.21

1,783.18

1,783.2

1,783.06

1,783.2

1,784.56

1,784.5

1,783.9

1,784.3

1,785.48

1,784.1

1,786.3

1,785.1

1,785.7

1,785.7

1,784.4

1,784.3

1,784.4

1,784.3

1,784.1

1,786.0

1,785.2

1,785.9

1,784.5

1,785.4

1,785.4

1,783.5

1,784.3

1,784.3

1,781.6

1,783.7

1,783.7

1,781.1

1,781.4

1,781.9

1,781.9

1,781.2

1,783.2

1,783.2

1,783.1

1,783.2

1,784.6

1,784.5

1,783.9

1,784.3

1,785.5

1,784.1

F2

G

G

F2

G

F2

G

F2

G

F2

F2

F2

F2

G

F2

G

G

F2

G

G

F2 -0.09

G

F2 -0.09

G

F2

G

G

F2

G

F2

G

F2

G

F2

G

F2

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
daT'«m 

correction 
(fe^t)

Hillebrands Lake   Continued

10-01-80

10-01-80

04-01-81

05-01-81

10-01-81

04-01-82

05-01-82

10-01-82

11-01-82

04-01-83

10-01-83

10-11-83

05-01-84

10-01-84

10-09-84

11-07-84

04-01-85

04-14-85

10-01-85

11-01-85

04-01-86

04-21-86

09-24-86

10-01-86

04-01-87

04-23-87

10-01-87

10-07-87

04-01-88

04-20-88

09-21-88

11-01-88

04-28-89

05-01-89

10-18-89

11-01-89

1,783.3

1,783.4

1,783.15

1,783.2

1,782.01

1,782.77

1,782.8

1,782

1,782.06

1,782.37

1,781.23

1,781.3

1,782.2

1,781.6

1,781.6

1,781.9

1,782.48

1,782.5

1,781.6

1,781.6

1,783.47

1,783.5

1,785.1

1,784.9

1,786

1,786

1,785.07

1,784.8

1,785.04

1,785

1,784

1,783.78

1,785.2

1,784.63

1,784.3

1,783.73

1,783.3

1,783.4

1,783.2

1,783.2

1,782.0

1,782.8

1,782.8

1,782.0

1,782.1

1,782.4

1,781.2

1,781.3

1,782.2

1,781.6

1,781.6

1,781.9

1,782.5

1,782.5

1,781.6

1,781.6

1,783.5

1,783.5

1,785.1

1,784.9

1,786.0

1,786.0

1,785.1

1,784.8

1,785.0

1,785.0

1,784.0

1,783.8

1,785.2

1,784.6

1,784.3

1,783.7

G

F2

G

F2

G

G

F2

F2

G

G

G

Bl

G

G

Bl

Bl

G

Bl

G

Bl

G

Bl

Bl

G

G

Bl

G

Bl

G

Bl

Bl

G

Bl

G

Bl

G

-

--

-

-

-

--

--

-

-

...

-

-

-

-

-

-

-

_.

-

..

-

-

-

-

_.

 

-

_.

-

-

-

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source Applied 
. datum

. . 1 correction data .. .. (feet)

Hillebrands Lake   Continued

05-02-90

06-01-90

09-21-90

11-01-90

04-01-91

05-01-91

10-01-91

10-02-91

04-01-92

04-29-92

09-16-92

10-01-92

04-01-93

05-12-93

09-22-93

05-01-94

05-04-94

09-14-94

10-01-94

05-01-95

05-11-95

10-01-95

10-11-95

04-01-96

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

10-01-96

10-09-96

04-01-97

04-10-97

05-20-97

10-01-97

10-08-97

1,784.5

1,783.89

1,784.1

1,783.4

1,783.43

1,784.4

1,784.46

1,785

1,784.33

1,785.1

1,784.9

1,783.47

1,784.35

1,785

1,786.8

1,788.5

1,788.4

1,788.4

1,788.41

1,792.86

1,792.9

1,794.08

1,794.1

1,795.87

1,796.1

1,797.2

1,796.8

1,796.6

1,796.3

1,796.86

1,796.2

1,798.3

1,797.5

1,799.2

1,800.08

1,799.4

1,784.5

1,783.9

1,784.1

1,783.4

1,783.4

1,784.4

1,784.5

1,785.0

1,784.3

1,785.1

1,784.9

1,783.5

1,784.4

1,785.0

1,786.8

1,788.5

1,788.4

1,788.4

1,788.4

1,792.9

1,792.9

1,794.1

1,794.1

1,795.9

1,796.1

1,797.2

1,796.8

1,796.6

1,796.3

1,796.9

1,796.2

1,798.3

1,797.5

1,799.2

1,800.1

1,799.4

Bl

G

Bl

G

G

Bl

G

Bl

G

Bl

Bl

G

G

Bl

Bl

G

Bl

Bl

G

G

Bl

G

Bl

G

Bl

Bl

Bl

Bl

Bl

G

Bl

G

Bl

Bl

G

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Hillebrands Lake   Continued

11-14-97

04-14-98

04-20-98

04-27-98

04-28-98

05-04-98

05-04-98

05-05-98

05-07-98

05-11-98

05-11-98

05-12-98

05-15-98

05-18-98

05-20-98

05-26-98

11-13-98

03-23-99

04-07-99

08-01-34

05-01-35

05-31-35

05-01-36

10-01-36

11-01-36

11-21-36

05-29-37

10-01-37

10-09-37

10-01-38

10-09-38

05-29-39

11-01-39

11-18-39

05-01-40

1,799.98

1,801.34

1,801.43

1,801.9

1,801.9

1,801.6

1,801.95

1,801.95

1,801.94

1,801.98

1,802.02

1,802.4

1,802.48

1,802.59

1,802.6

1,802.68

1,802.13

1,802.7

1,802.91

1,788.7

1,788.2

1,788.2

1,788.2

1,785.2

1,785.4

1,785.4

1,787.3

1,785.4

1,785.4

1,785.6

1,785.6

1,785.1

dry

dry

1,784.7

1,800.0

1,801.3

1,801.4

1,801.9

1,801.9

1,801.6

1,802.0

1,802.0

1,801.9

1,802.0

1,802.0

1,802.4

1,802.5

1,802.6

1,802.6

1,802.7

1,802.1

1,802.7

1,802.9

Minnewasta Lake

1,788.7

1,788.2

1,788.2

1,788.2

1,785.2

1,785.4

1,785.4

1,787.3

1,785.4

1,785.4

1,785.6

1,785.6

1,785.1

dry

dry

1,784.7

D

D

D

D

D

Bl

D

D

D

D

D

D

D

D

D

D

Bl

Bl

Bl

E

G

E

E

E

G

E

E

G

E

G

E

E

G

E

G

-

~

-

-

-

-

-

-

-

~

-

-

-

-

--

-

-

-

-

12.1

12.1
-

12.1

12.1

12.1
-

-

12.1
-

12.1
~

--

-

-

12.1
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Minnewasta Lake   Continued

05-16-40

06-01-41

06-04-41

11-01-41

11-18-41

05-01-42

05-30-42

11-01-42

11-03-42

06-01-43

06-17-43

11-01-43

11-28-43

11-01-44

11-20-44

05-01-45

05-06-45

10-01-45

10-13-45

09-01-46

09-30-46

05-01-47

05-24-47

05-01-48

05-12-48

05-19-48

05-01-49

11-01-49

11-12-49

05-01-50

05-16-50

01-01-51

01-09-51

05-01-51

05-07-51

02-01-52

1,784.7

1,784.9

1,784.9

1,784.4

1,784.4

1,785.7

1,785.7

1,785.6

1,785.6

1,796

1,796

1,796.6

1,796.6

1,796.2

1,796.2

1,797

1,797

1,797.3

1,797.3

1,796.7

1,796.7

1,799.2

1,799.2

1,797.6

1,797.6

1,799

1,795.8

1,794.8

1,794.8

1,795.7

1,795.7

1,792.8

1,792.8

1,797.1

1,797.1

1,797.4

1,784.7

1,784.9

1,784.9

1,784.4

1,784.4

1,785.7

1,785.7

1,785.6

1,785.6

1,796.0

1,796.0

1,796.6

1,796.6

1,796.2

1,796.2

1,797.0

1,797.0

1,797.3

1,797.3

1,796.7

1,796.7

1,799.2

1,799.2

1,797.6

1,797.6

1,799.0

1,795.8

1,794.8

1,794.8

1,795.7

1,795.7

1,792.8

1,792.8

1,797.1

1,797.1

1,797.4

E

G

E

G

E

G

E

G

E

G

E

G

E

G

E

G

E

G

E

G

E

G

E

G

E

E

G

G

E

G

E

G

E

G

E

G

-

12.1
-

12.1
-

12.1
-

12.1
-

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(fe^t)

Minnewasta Lake   Continued

02-26-52

05-01-52

10-01-52

11-01-53

04-01-54

09-01-54

05-01-55

05-01-56

11-01-56

09-01-57

04-01-59

04-01-60

06-05-61

12-05-61

06-07-62

12-01-62

12-13-62

05-09-63

05-01-63

09-01-63

09-17-63

05-01-64

05-14-64

10-01-64

10-15-64

05-01-66

11-01-66

05-01-67

05-01-68

11-01-68

05-01-69

09-01-69

05-01-70

12-01-70

11-02-83

06-09-84

1,797.4

1,798.6

1,796.4

1,796.3

1,796.5

1,796.8

1,796.4

1,795.4

1,793.9

1,794.5

1,792.8

1,792.1

1,790.4

1,789.5

1,790.5

1,797.29

1,797.3

1,797.6

1,797.62

1,797.85

1,797.8

1,798

1,798

1,796.25

1,796.2

1,797.52

1,796.05

1,796.52

1,795.07

1,794.11

1,796.9

1,796.58

1,797.02

1,795.92

1,792.2

1,792.8

1,797.4

1,798.6

1,796.4

1,796.3

1,796.5

1,796.8

1,796.4

1,795.4

1,793.9

1,794.5

1,792.8

1,792.1

1,790.4

1,789.5

1,790.5

1,797.3

1,797.3

1,797.6

1,797.6

1,797.9

1,797.8

1,798.0

1,798.0

1,796.3

1,796.2

1,797.5

1,796.1

1,796.5

1,795.1

1,794.1

1,796.9

1,796.6

1,797.0

1,795.9

1,792.2

1,792.8

E

G

G

G

G

G

G

G

G

G

G

G

E

E

E

G

E

E

G

G

E

G

E

G

E

G

G

G

G

G

G

G

G

G

Bl

Bl

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6

11.6
-
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Table B1. Historic lake levels for the 10 major lakes of the Waubay Lakes Chain   Continued
[Lake levels in feet above sea level;   , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ Applied Source JT datum
. . 1 correction data ,. . . (feet)

Minnewasta Lake   Continued

10-09-85

05-06-86

09-24-86

04-23-87

10-07-87

04-20-88

09-21-88

04-28-89

10-19-89

05-02-90

09-21-90

05-01-91

10-02-91

04-29-92

09-16-92

05-12-93

09-22-93

05-04-94

09-14-94

05-10-95

10-11-95

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

10-09-96

05-20-97

10-08-97

11-13-98

03-23-99

04-07-99

1,793.9

1,798.6

1,798.1

1,798

1,796.1

1,795.7

1,794.2

1,794.6

1,793.5

1,793.3

1,792.4

1,792.3

1,792.9

1,795.1

1,794.8

1.797

1,798.8

1,799.2

1,797.7

1,798.8

1,797.9

1,798.4

1,798.4

1,798.2

1,797.7

1,797.3

1,797.1

1,799.7

1,799.5

1,802.13

1,802.7

1,802.91

1,793.9

1,798.6

1,798.1

1,798.0

1,796.1

1,795.7

1,794.2

1,794.6

1,793.5

1,793.3

1,792.4

1,792.3

1,792.9

1,795.1

1,794.8

1,797.0

1,798.8

1,799.2

1,797.7

1,798.8

1,797.9

1,798.4

1,798.4

1,798.2

1,797.7

1,797.3

1,797.1

1,799.7

1,799.5

1,802.1

1,802.7

1,802.9

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Pickerel Lake

06-15-28

06-15-32

06-15-33

1,848.2

1,843.4

1,841.9

1,848.2

1,843.4

1,841.9

F3

F3

F3

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Pickerel Lake   Continued

06-01-34

08-01-34

08-10-34

08-18-34

05-01-35

10-01-35

10-19-35

04-01-36

04-29-36

05-01-36

10-01-36

11-01-36

11-21-36

05-01-37

05-29-37

10-01-37

10-09-37

06-01-38

06-11-38

10-01-38

10-09-38

05-01-39

05-29-39

11-01-39

11-18-39

05-01-40

05-16-40

10-01-40

10-25-40

06-01-41

06-04-41

11-01-41

11-18-41

05-01-42

11-01-42

11-03-42

1,841.2

1,840.5

1,840.55

1,840.5

1,841.1

1,840.3

1,840.3

1,841

1,841

1,840.5

1,838.2

1,838.2

1,838.2

1,844

1,843.9

1,843.4

1,843.4

1,844.9

1,844.9

1,843.8

1,843.8

1,845.4

1,845.4

1,843.8

1,843.8

1,844.9

1,844.9

1,843.8

1,843.8

1,845.5

1,845.5

1,844.7

1,844.7

1,846

1,845.1

1,845.1

1,841.2

1,840.5

1,840.6

1,840.5

1,841.1

1,840.3

1,840.3

1,841.0

1,841.0

1,840.5

1,838.2

1,838.2

1,838.2

1,844.0

1,843.9

1,843.4

1,843.4

1,844.9

1,844.9

1,843.8

1,843.8

1,845.4

1,845.4

1,843.8

1,843.8

1,844.9

1,844.9

1,843.8

1,843.8

1,845.5

1,845.5

1,844.7

1,844.7

1,846.0

1,845.1

1,845.1

F2

F2

E

E

F2

F2

E

F2

E

E

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

F2

E

-

-

11.9

11.9

-

-

11.9

-

11.9

11.9

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

11.9

-

-

11.9
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Pickerel Lake   Continued

06-01-43

06-17-43

11-01-43

11-28-43

07-01-44

07-05-44

11-01-44

11-20-44

10-01-45

10-13-45

05-01-46

05-22-46

10-01-46

10-01-46

05-01-47

05-23-47

05-01-48

05-12-48

05-01-49

05-19-49

11-01-49

11-12-49

05-01-50

05-16-50

01-01-51

01-08-51

05-01-51

05-08-51

05-01-52

10-01-52

11-01-53

11-01-53

04-01-54

04-01-54

09-01-54

05-01-55

1,845.2

1,845.2

1,844.7

1,844.7

1,845

1,845

1,844.6

1,844.6

1,844.6

1,844.6

1,844.9

1,844.9

1,844.9

1,844.9

1,844.1

1,844.1

1,844.8

1,844.8

1,844.7

1,844.7

1,843.7

1,843.7

1,845

1,845

1,844.3

1,844.3

1,845

1,845

1,845.3

1,843.4

1,842

1,842.1

1,844.8

1,844.9

1,844.3

1,844.6

1,845.2

1,845.2

1,844.7

1,844.7

1,845.0

1,845.0

1,844.6

1,844.6

1,844.6

1,844.6

1,844.9

1,844.9

1,844.9

1.844.9

1,844.1

1,844.1

1,844.8

1,844.8

1,844.7

1,844.7

1,843.7

1,843.7

1,845.0

1,845.0

1,844.3

1,844.3

1,845.0

1,845.0

1,845.3

1,843.4

1,842.0

1,842.1

1,844.8

1,844.9

1,844.3

1,844.6

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

E

F2

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

E

E

F2

E

F2

F2

E

-

11.9
-

11.9
-

11.9
-

11.9
-

11.9
~

11.9

11.9
-

-

11.9

-

11.9

-

11.9
-

11.9
-

11.9
-

11.9
-

11.9

-

11.9

11.9
--

11.9
-

-

11.9

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

App'fed 
daf'jm 

correction 
(fr«t)

Pickerel Lake   Continued

05-01-55

05-01-56

05-01-56

11-01-56

11-01-56

09-01-57

09-01-57

04-01-60

04-01-60

06-01-61

06-05-61

12-01-61

12-05-61

06-01-62

06-07-62

12-01-62

12-13-62

05-01-63

05-09-63

09-17-63

05-01-64

05-14-64

10-01-64

10-15-64

05-01-66

05-01-66

11-01-66

11-01-66

05-01-67

05-01-67

05-01-68

05-01-68

11-01-68

11-01-68

05-01-69

05-01-69

1,844.6

1,844.8

1.844.9

1,843.8

1,843.8

1,843.3

1,843.3

1.845.2

1,845.2

1,844.4

1,844.4

1,843.7

1,843.7

1,845.5

1.845.5

1,845

1,845

1,845.1

1,845.1

1,844.7

1,845

1,845

1,844.3

1,844.2

1,845.2

1,845.2

1,844.7

1,844.7

1,845.3

1,845.1

1,844.6

1,844.6

1,844.3

1,844.3

1,845.2

1,845.2

1,844.6

1,844.8

1,844.9

1,843.8

1,843.8

1,843.3

1,843.3

1,845.2

1,845.2

1,844.4

1,844.4

1,843.7

1,843.7

1,845.5

1,845.5

1,845.0

1,845.0

1,845.1

1,845.1

1,844.7

1,845.0

1,845.0

1,844.3

1,844.2

1,845.2

1,845.2

1,844.7

1,844.7

1,845.3

1,845.1

1,844.6

1,844.6

1,844.3

1,844.3

1.845.2

1,845.2

F2

E

F2

E

F2

E

F2

E

F2

F2

E

F2

E

F2

E

F2

E

F2

E

E

F2

E

F2

E

E

F2

E

F2

E

F2

E

F2

E

F2

E

F2

-

11.9
-

11.9
-

11.9
-

11.9

-

-

11.9
-

11.9
-

11.9
--

11.9
--

11.9

11.9
-

11.9
-

11.9

11.9
-

11.9
-

11.9
-

11.9
-

11.9
-

11.9
--
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Table B1. Historic lake levels for the 10 major lakes of the Waubay Lakes Chain   Continued
[Lake levels in feet above sea level; --, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source Applfed 
. datum

. 1 correction
Qala t . .,(feet)

Pickerel Lake   Continued

09-01-69

09-01-69

05-01-70

05-01-70

12-01-70

12-01-70

10-15-76

06-01-82

06-22-82

10-01-82

10-29-82

05-08-83

10-12-83

06-08-84

09-27-84

05-07-85

10-09-85

05-07-86

09-24-86

04-23-87

10-07-87

04-19-88

09-21-88

04-28-89

10-18-89

05-02-90

09-19-90

05-01-91

10-02-91

04-29-92

09-16-92

05-12-93

09-22-93

05-04-94

09-14-94

05-10-95

1,844.1

1,844.1

1,845.1

1,845.1

1,844.6

1,844.6

1,843.1

1,845

1,845

1,844.5

1,844.5

1,845.2

1,844.4

1,845.2

1,844.4

1,845.1

1,844.8

1,845.9

1,845.3

1,845.3

1,844.2

1,844.6

1,843.5

1,845.4

1,844.1

1,844.6

1,844.8

1,845.4

1,844.9

1,845.3

1,844.9

1,845.6

1,845.3

1,845.7

1,845

1,845.7

1,844.1

1,844.1

1,845.1

1,845.1

1,844.6

1,844.6

1,843.1

1,845.0

1,845.0

1,844.5

1,844.5

1,845.2

1,844.4

1,845.2

1,844.4

1,845.1

1,844.8

1,845.9

1,845.3

1,845.3

1,844.2

1,844.6

1,843.5

1,845.4

1,844.1

1,844.6

1,844.8

1,845.4

1,844.9

1,845.3

1,844.9

1,845.6

1,845.3

1,845.7

1,845.0

1,845.7

E 11.9

F2

E 11.9

F2

E 11.9

F2

F2 fall reading

F2

Bl

F2

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Pickerel Lake   Continued

10-04-95

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

10-09-96

04-10-97

04-11-97

04-12-97

04-13-97

04-14-97

04-15-97

04-16-97

04-17-97

04-18-97

04-21-97

04-22-97

04-25-97

04-28-97

05-01-97

05-05-97

05-08-97

05-12-97

05-20-97

10-08-97

05-04-98

05-20-98

05-25-98

05-26-98

06-02-98

06-12-98

06-16-98

06-22-98

06-29-98

07-06-98

1,845.1

1,845.7

1,845.6

1,845.3

1,845.3

1,845

1,845

1,846.6

1,846.6

1,846.5

1,846.4

1,846.4

1,846.4

1,846.5

1,846.5

1,846.5

1,846.5

1,846.5

1,846.3

1,846.2

1,846

1,845.9

1,845.9

1,845.8

1,846.6

1,846.7

1,846.6

1,846

1,845.9

1,845.89

1,845.7

1,845.7

1,845.7

1,845.5

1,845.5

1,845.6

1,845.1

1,845.7

1,845.6

1,845.3

1,845.3

1,845.0

1,845.0

1,846.6

1,846.6

1,846.5

1,846.4

1,846.4

1,846.4

1,846.5

1,846.5

1,846.5

1,846.5

1,846.5

1,846.3

1,846.2

1,846.0

1,845.9

1,845.9

1,845.8

1,846.6

1,846.7

1,846.6

1,846.0

1,845.9

1,845.9

1,845.7

1,845.7

1,845.7

1,845.5

1,845.5

1,845.6

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

D

Bl

D

Bl

Bl

Bl

Bl

Bl

Bl

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

~

-

~

-

-

-

~
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level; --, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source APPlied 
datum

.°. ! correction data .. .. (feet)

Pickerel Lake   Continued

07-20-98

07-27-98

08-05-98

08-10-98

08-21-98

08-28-98

09-04-98

04-07-99

06-15-70

11-02-83

06-08-84

08-22-84

05-07-85

10-09-85

05-06-86

09-24-86

04-22-87

10-06-87

04-19-88

09-21-88

04-26-89

10-18-89

05-02-90

09-19-90

05-01-91

10-03-91

04-29-92

09-16-92

05-12-93

09-23-93

05-05-94

09-14-94

05-10-95

10-10-95

05-08-96

1,845.3

1,845.2

1,845

1,845.1

1,845.1

1,845.2

1,845

1,845.73

1,799

1,797.6

1,798.8

1,798.3

1,798.8

1,798.8

1,800.1

1,799.7

1,799.7

1,797.7

1,797.8

1,796.5

1,798.5

1,797.6

1,797.9

1,796.5

1,797.5

1,798.8

1,799

1,798.4

1,799.4

1,800.3

1,800.6

1,799.2

1,800.4

1,799.4

1,800

1,845.3

1,845.2

1,845.0

1,845.1

1,845.1

1,845.2

1,845.0

1,845.7

Rush Lake

1,799.0

1,797.6

1,798.8

1,798.3

1,798.8

1,798.8

1,800.1

1,799.7

1,799.7

1,797.7

1,797.8

1,796.5

1,798.5

1,797.6

1,797.9

1,796.5

1,797.5

1,798.8

1,799.0

1,798.4

1,799.4

1,800.3

1,800.6

1,799.2

1,800.4

1,799.4

1,800.0

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

U

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

App'ied 
datum 

correction 
(feM)

Rush Lake   Continued

06-05-96

07-01-96

07-29-96

09-04-96

10-09-96

04-11-97

04-12-97

04-13-97

04-14-97

04-15-97

04-16-97

04-17-97

04-18-97

04-19-97

04-20-97

04-21-97

04-22-97

04-25-97

04-28-97

05-01-97

05-05-97

05-09-97

05-13-97

05-16-97

05-20-97

10-07-97

05-04-98

05-20-98

05-25-98

05-26-98

06-02-98

06-08-98

06-12-98

06-16-98

06-22-98

07-06-98

1,800.1

1,799.8

1,799.3

1,798.7

1,798.5

1,801.2

1,801.2

1,801.2

1,801.2

1,801.2

1,801.2

1,801.2

1,801.3

1,801.3

1,801.4

1,801.5

1,801.5

1,801.6

1,801.8

1,801.7

1,801.6

1,801.6

1,801.6

1,800.45

1,800.4

1,799.8

1,801.8

1,802.9

1,802.9

1,802.95

1,802.9

1,802.8

1,803

1,803.1

1,803.1

1,803.2

1,800.1

1,799.8

1,799.3

1,798.7

1,798.5

1,801.2

1,801.2

1,801.2

1,801.2

1,801.2

1,801.2

1,801.2

1,801.3

1,801.3

1,801.4

1,801.5

1,801.5

1,801.6

1,801.8

1,801.7

1,801.6

1,801.6

1,801.6

1,800.5

1,800.4

1,799.8

1,801.8

1,802.9

1,802.9

1,803.0

1,802.9

1,802.8

1,803.0

1,803.1

1,803.1

1,803.2

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

Fl

C

Bl

Bl

Bl

D

Bl

D

Bl

Bl

Bl

Bl

Bl

Bl

-

-

-

-

-

-

-

-

~

-

--

-

-

-

--

--

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

~

-

 

Table Bl 105



Table B1. Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source AHpPlied 
Qf datum

. . i correction data ,. ^ (feet)

Rush Lake   Continued

07-07-98

07-20-98

07-20-98

07-27-98

08-05-98

08-10-98

08-21-98

08-25-98

08-28-98

11-13-98

03-23-99

04-07-99

05-01-60

05-01-60

10-01-60

11-01-60

04-01-61

05-01-61

10-01-61

10-01-61

04-01-62

05-01-62

10-01-62

10-01-62

04-01-63

05-01-63

10-01-63

10-01-63

04-01-64

05-01-64

10-01-64

10-01-64

04-01-65

05-01-65

10-01-65

1,803.5

1,802.9

1,803.1

1,802.9

1,802.9

1,802.8

1,802.6

1,802.6

1,802.7

1,802.73

1,803.3

1,803.49

1,786

1,786.03

1,784.6

1,784.63

1,785.37

1,784.8

1,783.92

1,783.9

1,785.89

1,786.5

1,786.79

1,786.8

1,787.15

1,787

1,787.01

1,787

1,787.9

1,787.7

1,786.82

1,786.8

1,787.54

1,788

1,787.64

1.803.5

1,802.9

1,803.1

1,802.9

1,802.9

1,802.8

1,802.6

1,802.6

1,802.7

1,802.7

1,803.3

1,803.5

Spring Lake

1,786.0

1,786.0

1,784.6

1,784.6

1,785.4

1,784.8

1,783.9

1,783.9

1,785.9

1,786.5

1,786.8

1,786.8

1,787.2

1,787.0

1,787.0

1,787.0

1,787.9

1,787.7

1,786.8

1,786.8

1,787.5

1,788.0

1,787.6

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

F2

G -26.23

F2

G -26.23

G -26.23

F2

G -26.23

F2

G -26.23

F2

G -26.23

F2

G 5.33

F2

G 5.33

F2

G 5.33

F2

G 5.33

F2

G 5.33

F2

G 5.33

Date
Lake 
level 
(feet)

Lake level _ ... Source rounded to , of nearest 0.1 . ^
(feet) data

Applied 
datum 

correction 
(feet)

Spring Lake   Continued

10-01-65

04-01-66

05-01-66

10-01-66

10-01-66

04-01-67

05-01-67

10-01-67

10-01-67

04-01-68

05-01-68

10-01-68

04-01-69

05-01-69

10-01-69

04-01-70

05-01-70

10-01-70

04-01-71

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

04-01-74

05-01-74

10-01-74

04-01-75

05-01-75

10-01-75

10-01-75

04-01-76

05-01-76

10-01-76

10-01-76

1,787.6

1,789.01

1,788.9

1,788.51

1,788.5

1.788.68

1,788.6

1,787.4

1,787.4

1.788

1,788.1

1,787.44

1,787.84

1,787.9

1,786.92

1,787.98

1,787.9

1,786.86

1,787.56

1,787.6

1,787.28

1,788.7

1,788

1,788.4

1,787.3

1,788.16

1,788.2

1,786.46

1,787.29

1,787.8

1,786.06

1,786.6

1,786.8

1,786.77

1,784.2

1,784.37

1,787.6

1,789.0

1,788.9

1,788.5

1,788.5

1,788.7

1,788.6

1,787.4

1,787.4

1,788.0

1,788.1

1,787.4

1,787.8

1,787.9

1,786.9

1,788.0

1,787.9

1,786.9

1,787.6

1,787.6

1,787.3

1,788.7

1,788.0

1,788.4

1,787.3

1,788.2

1,788.2

1,786.5

1,787.3

1,787.8

1,786.1

1,786.6

1,786.8

1,786.8

1,784.2

1,784.4

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

G

F2

G

G

F2

G

G

F2

G

F2

F2

F2

F2

G

F2

G

G

F2

G

F2

G

F2

G

F2

-

5.33
-

5.33
-

5.33
-

5.33
-

-

-

-

-

-

-

-

-

~

-

-

-

-

-

~

~

~

--

-

~

-

~

~

-

-1.53
-

-1.53
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level; --, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ Applied Source fT . datum
. . i correction data ,. .. (feet)

Spring Lake   Continued

04-01-77

05-01-77

10-01-77

04-01-78

05-01-78

10-01-78

10-01-78

04-01-79

05-01-79

10-01-79

10-01-79

04-01-80

05-01-80

10-01-80

04-01-81

05-01-81

10-01-81

04-01-82

05-01-82

10-01-82

11-01-82

04-01-83

04-01-83

10-01-83

10-11-83

05-01-84

10-01-84

10-09-84

11-07-84

04-01-85

04-17-85

10-01-85

11-01-85

04-01-86

04-21-86

09-24-86

1,785.03

1,784.6

1,783.89

1,785.98

1,786

1,786.52

1,786.6

1,786.73

1,786.7

1,786.17

1,786.5

1,786.82

1,786.5

1,785.92

1,785.9

1,785.9

1,784.94

1,786.28

1,786.3

1,785.7

1,785.84

1,785.8

1,785.95

1,785.81

1,785

1,786.08

1,785.4

1,785.4

1,785.6

1,786.13

1,786.1

1,785.4

1,785.4

1,786.89

1,786.9

1,787.5

1,785.0

1,784.6

1,783.9

1,786.0

1,786.0

1,786.5

1,786.6

1,786.7

1,786.7

1,786.2

1,786.5

1,786.8

1,786.5

1,785.9

1,785.9

1,785.9

1,784.9

1,786.3

1,786.3

1,785.7

1,785.8

1,785.8

1,786.0

1,785.8

1,785.0

1,786.1

1,785.4

1,785.4

1,785.6

1,786.1

1,786.1

1,785.4

1,785.4

1,786.9

1,786.9

1,787.5

G

F2

G

G

F2

G

F2

G

F2

G

F2

G

F2

G

G

F2

G

G

F2

F2

G

F2

G

G

Bl

G

G

Bl

Bl

G

Bl

G

Bl

G

Bl

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
da*'jm 

correction 
(fr*)

Spring Lake   Continued

10-01-86

10-07-86

04-01-87

04-23-87

10-01-87

10-07-87

04-01-88

04-20-88

09-21-88

11-01-88

04-28-89

05-01-89

10-18-89

11-01-89

05-02-90

06-01-90

09-20-90

05-01-91

10-02-91

04-29-92

09-16-92

05-12-93

09-22-93

05-01-94

05-04-94

09-14-94

05-01-95

05-11-95

10-01-95

10-11-95

05-01-96

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

1,787.52

1,786.8

1,788.2

1,788.2

1,786.56

1,786.8

1,787.06

1,787

1,785.9

1,785.71

1,787.1

1,786.98

1,786.2

1,786.08

1,786.6

1,786.08

1,786.3

1,786.8

1,787.1

1,787.6

1,787.1

1,787.8

1,788

1,790

1,789.7

1,788.9

1,790.44

1,791

1,790.58

1,790.6

1,791.98

1,791.8

1,792.5

1,792.1

1,792

1,791.8

1,787.5

1,786.8

1,788.2

1,788.2

1,786.6

1,786.8

1,787.1

1,787.0

1,785.9

1,785.7

1,787.1

1,787.0

1,786.2

1,786.1

1,786.6

1,786.1

1,786.3

1,786.8

1,787.1

1,787.6

1,787.1

1,787.8

1,788.0

1,790.0

1,789.7

1,788.9

1,790.4

1,791.0

1,790.6

1,790.6

1,792.0

1,791.8

1,792.5

1,792.1

1,792.0

1,791.8

G

Bl

G

Bl

G

Bl

G

Bl

Bl

G

Bl

G

Bl

G

Bl

G

Bl

Bl

Bl

Bl

Bl

Bl

Bl

G

Bl

Bl

G

Bl

G

Bl

G

Bl

Bl

Bl

Bl

Bl

-

-

-

-

-

-

-

-

-

-

--

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

--

-

-

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level; --, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ Applied Source .'T datum
0 ! correction 

data (feet)

Spring Lake   Continued

10-01-96

10-09-96

04-01-97

04-10-97

05-29-97

06-09-97

10-01-97

10-08-97

11-14-97

04-14-98

04-20-98

04-27-98

04-28-98

05-04-98

05-04-98

05-05-98

05-07-98

05-11-98

05-11-98

05-12-98

05-15-98

05-18-98

05-20-98

05-26-98

11-13-98

03-23-99

04-07-99

05-01-62

10-01-62

05-01-63

10-01-63

05-01-64

10-01-64

05-01-65

10-01-65

1,792.46

1,791.7

1,798.22

1,796.4

1,799.2

1,799.6

1,800.08

1,799.4

1,799.98

1,801.34

1,801.43

1,801.9

1,801.9

1,801.6

1,801.95

1,801.95

1,801.94

1,801.98

1,802.02

1,802.4

1,802.48

1,802.59

1,802.6

1,802.68

1,802.13

1,802.7

1,802.91

1,785.3

1,785.5

1,785.4

1,785.4

1,785.8

1,784.8

1,786

1,785.7

1,792.5

1,791.7

1,798.2

1,796.4

1,799.2

1,799.6

1,800.1

1,799.4

1,800.0

1,801.3

1,801.4

1,801.9

1,801.9

1,801.6

1,802.0

1,802.0

1,801.9

1,802.0

1,802.0

1,802.4

1,802.5

1,802.6

1,802.6

1,802.7

1,802.1

1,802.7

1,802.9

Swan Pond

1,785.3

1,785.5

1,785.4

1,785.4

1,785.8

1,784.8

1,786.0

1,785.7

G

Bl

G

Bl

Bl

Bl

G

Bl

D

D

D

D

D

Bl

D

D

D

D

D

D

D

D

D

D

D

D

D

F2

F2

F2

F2

F2

F2

F2

F2

Date
Lake 
level 
(feet)

Lake level _ 
Source 

rounded to
nearest 0.1 . 1 

(feet) aata

Applied 
datum 

correction 
(feet)

Swan Pond   Continued

05-01-66

10-01-66

05-01-67

10-01-67

05-01-68

10-01-68

05-01-69

10-01-69

05-10-70

10-01-70

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

05-01-74

10-01-74

05-01-75

10-01-75

05-01-76

10-01-76

05-01-77

10-01-77

05-01-78

10-01-78

05-01-79

10-01-79

05-01-80

10-01-80

05-01-81

10-01-81

05-01-82

10-01-82

04-01-83

09-24-86

1,786.8

1,786.2

1,785.2

1,785.8

1,785.8

1,785.3

1,786.6

1,784.6

1,785.5

1,783.7

1,784.8

1,784.5

1,787.7

1,787.9

1,787.7

1,786.4

1,786.9

1,785.4

1,786.9

1,785.5

1,779.74

1,782.34

1,781.7

1,781.1

1,783.2

1,782.9

1,783.8

1,783.2

1,783.5

1,782.5

1,784.9

1,783.5

1,784

1,783.3

1,783.8

1,786.4

1,786.8

1,786.2

1,785.2

1,785.8

1,785.8

1,785.3

1,786.6

1,784.6

1,785.5

1,783.7

1,784.8

1,784.5

1,787.7

1,787.9

1,787.7

1,786.4

1,786.9

1,785.4

1,786.9

1,785.5

1,779.7

1,782.3

1,781.7

1,781.1

1,783.2

1,782.9

1,783.8

1,783.2

1,783.5

1,782.5

1,784.9

1,783.5

1,784.0

1,783.3

1,783.8

1,786.4

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

F2

Bl

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

--

-

~

-

-2.66

-2.66
-

-

-

-

-

--

-

-

-

-

-

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level ( 
rounded to 
nearest 0.1 

(feet)
. . i correction 

data (feet)

Swan Pond   Continued

04-23-87

10-07-87

04-20-88

09-21-88

04-28-89

10-18-89

05-02-90

09-20-90

05-01-91

10-02-91

04-29-92

09-16-92

05-12-93

09-22-93

05-04-94

09-14-94

05-11-95

10-11-95

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

10-09-96

04-10-97

05-20-97

06-09-97

10-08-97

05-04-98

11-13-98

03-23-99

04-07-99

06-15-34

06-15-36

06-15-59

1,786.8

1,785.3

1,786.3

1,784

1,784.7

1,783.8

1,784

1,783.4

1,783.8

1,784.5

1,784.8

1,784.3

1,785.1

1,788

1,789.7

1,789

1,791

1,790.6

1,791.8

1,792.5

1,792.1

1,792

1,791.8

1,791.7

1,796.4

1,799.2

1,799.6

1,799.4

1,801.6

1,802.13

1,802.7

1,802.91

dry

dry

nearly dry

1,786.8

1,785.3

1,786.3

1,784.0

1,784.7

1,783.8

1,784.0

1,783.4

1,783.8

1,784.5

1,784.8

1,784.3

1,785.1

1,788.0

1,789.7

1,789.0

1,791.0

1,790.6

1,791.8

1,792.5

1,792.1

1,792.0

1,791.8

1,791.7

1,796.4

1,799.2

1,799.6

1,799.4

1,801.6

1,802.1

1,802.7

1,802.9

Waubay Lake

dry

dry

nearly dry

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Gl

Gl

Gl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
da*um 

correction 
(fuel)

Waubay Lake   Continued

05-01-60

05-01-60

10-01-60

11-01-60

04-01-61

05-01-61

10-01-61

10-01-61

04-01-62

05-01-62

10-01-62

10-01-62

04-01-63

05-01-63

10-01-63

10-01-63

04-01-64

05-01-64

10-01-64

10-01-64

04-01-65

05-01-65

10-01-65

10-01-65

04-01-66

05-01-66

10-01-66

10-01-66

04-01-67

05-01-67

10-01-67

10-01-67

04-01-68

05-01-68

10-01-68

04-01-69

1,780.63

1,780.6

1,780.1

1,780.01

1,780.91

1,779.9

1,780.59

1,780.6

1,780.97

1,782

1,782.2

1,782.2

1,782.95

1,782.9

1,782.95

1,783

1,783.45

1,782.9

1,782.75

1,782.8

1,783.93

1,784.7

1,785.41

1,785.4

1,785.21

1,785.3

1,785.15

1,785.2

1,785.84

1,785.8

1,784.74

1,784.7

1,785.13

1,785.2

1,784.27

1,785.18

1,780.6

1,780.6

1,780.1

1,780.0

1,780.9

1,779.9

1,780.6

1,780.6

1,781.0

1,782.0

1,782.2

1,782.2

1,783.0

1,782.9

1,783.0

1,783.0

1,783.5

1,782.9

1,782.8

1,782.8

1,783.9

1,784.7

1,785.4

1,785.4

1,785.2

1,785.3

1,785.2

1,785.2

1,785.8

1,785.8

1,784.7

1,784.7

1,785.1

1,785.2

1,784.3

1,785.2

G

F2

F2

G

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

F2

G

G

-26.55

-

-

-26.55

-26.55

-

-26.55

-

-26.55

-

-26.55

--

5.33

-

5.33

-

5.33

-

5.33

-

5.33

--

5.33

-

5.33

-

5.33

-

5.33

~

5.33

-

--

-

-
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level; -, none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

_ Applied Source .'T 
, datum 

of ! correction
data (feet)

Waubay Lake   Continued

05-01-69

10-01-69

04-01-70

05-01-70

10-01-70

10-01-70

04-01-71

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

04-01-74

05-01-74

10-01-74

04-01-75

05-01-75

10-01-75

04-01-76

05-01-76

10-01-76

10-01-76

04-01-77

05-01-77

10-01-77

04-01-78

05-01-78

10-01-78

10-01-78

04-01-79

05-01-79

10-01-79

10-01-79

04-01-80

05-01-80

1,785.4

1,784.48

1,784.98

1,785

1,783.84

1,783.4

1,784.66

1,784.6

1,784.18

1,785.1

1,786.1

1,785.9

1,784.7

1,785.5

1,785.5

1,783.77

1,784.18

1,784.2

1,781.8

1,782.95

1,782.93

1,780.45

1,780.63

1,781.39

1,781.4

1,781.22

1,781.87

1,781.9

1,782.09

1,782.2

1,783.55

1,783.9

1,783.6

1,783.9

1,784.03

1,783.6

1,785.4

1,784.5

1,785.0

1,785.0

1,783.8

1,783.4

1,784.7

1,784.6

1,784.2

1,785.1

1,786.1

1,785.9

1,784.7

1,785.5

1,785.5

1,783.8

1,784.2

1,784.2

1,781.8

1,783.0

1,782.9

1,780.5

1,780.6

1,781.4

1,781.4

1,781.2

1,781.9

1,781.9

1,782.1

1,782.2

1,783.6

1,783.9

1,783.6

1,783.9

1,784.0

1,783.6

F2

G

G

F2

G

F2

G

F2

G

F2

F2

F2

F2

G

F2

G

G

F2

G

G

F2 -2.77

G

F2 -2.77

G

F2

G

G

F2

G

F2

G

F2

G

F2

G

F2

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data 1

Applied 
datum 

correction 
(feet)

Waubay Lake   Continued

10-01-80

04-01-81

05-01-81

10-01-81

04-01-82

05-01-82

10-01-82

11-01-82

04-01-83

10-01-83

10-11-83

05-01-84

10-01-84

10-09-84

11-07-84

04-01-85

04-17-85

10-01-85

11-01-85

04-01-86

04-21-86

09-24-86

10-01-86

04-01-87

04-23-87

10-01-87

10-07-87

04-01-88

04-20-88

09-21-88

11-01-88

04-28-89

05-01-89

10-18-89

11-01-89

05-02-90

1,782.95

1,782.67

1,782.7

1,781.41

1,781.83

1,781.9

1,781.1

1,781.26

1,781.7

1,780.55

1,780.5

1,781.27

1,780.87

1,781.6

1,781.1

1,781.56

1,781.6

1,780.92

1,780.9

1,782.25

1,782.2

1,785.2

1,785.48

1,787.7

1,787.5

1,786.4

1,786.3

1,785.97

1,785.9

1,784.6

1,784.52

1,785.3

1,785.35

1,784.4

1,784.29

1,784.6

1,783.0

1,782.7

1,782.7

1,781.4

1,781.8

1,781.9

1,781.1

1,781.3

1,781.7

1,780.6

1,780.5

1,781.3

1,780.9

1,781.6

1,781.1

1,781.6

1,781.6

1,780.9

1,780.9

1,782.3

1,782.2

1,785.2

1,785.5

1,787.7

1,787.5

1,786.4

1,786.3

1,786.0

1,785.9

1,784.6

1,784.5

1,785.3

1,785.4

1,784.4

1,784.3

1,784.6

G

G

F2

G

G

F2

F2

G

G

G

Al

G

G

Al

Bl

G

Al

G

Al

G

Al

Al

G

G

Al

G

Al

G

Al

Al

G

Al

G

Al

G

Al

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

~

-

-

-

-

-

-

-

-

-

-

-

-

-

-

~

-

~

--
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level _ Applied oOiirccs rounded to datum
nearest 0.1 . -\ correction 

(feet) a (feet)

Waubay Lake   Continued

06-01-90

09-21-90

11-01-90

04-01-91

05-01-91

10-02-91

04-29-92

09-16-92

05-12-93

09-22-93

05-01-94

05-04-94

09-14-94

10-01-94

05-01-95

05-11-95

10-01-95

10-11-95

04-01-96

05-08-96

06-05-96

07-01-96

07-29-96

09-04-96

10-01-96

10-09-96

04-01-97

04-10-97

04-11-97

04-14-97

04-15-97

04-16-97

04-17-97

04-18-97

04-21-97

04-22-97

1,784.29

1,783.9

1,783.05

1,783.05

1,784.1

1,784.3

1,784.2

1,783.9

1,784.3

1,787.6

1,790.6

1,790.5

1,791

1,790.87

1,792.86

1,792.9

1,794.08

1,794.1

1,795.87

1,796.1

1,797.2

1,796.8

1,796.6

1,796.3

1,796.86

1,796.2

1,798.3

1,797.5

1,797.5

1,798.3

1,798.4

1,798.4

1,798.4

1,798.5

1,798.7

1,798.7

1,784.3

1,783.9

1,783.1

1,783.1

1,784.1

1,784.3

1,784.2

1,783.9

1,784.3

1,787.6

1,790.6

1,790.5

1,791.0

1,790.9

1,792.9

1,792.9

1,794.1

1,794.1

1,795.9

1,796.1

1,797.2

1,796.8

1,796.6

1,796.3

1,796.9

1,796.2

1,798.3

1,797.5

1,797.5

1,798.3

1,798.4

1,798.4

1,798.4

1,798.5

1,798.7

1,798.7

G

Al

G

G

Al

Al

Al

Al

Al

Al

G

Al

Al

G

G

Al

G

Al

G

Al

Bl

Bl

Bl

Bl

G

Al

G

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(f^et)

Waubay Lake   Continued

04-25-97

04-28-97

05-01-97

05-05-97

05-09-97

05-12-97

05-16-97

05-20-97

06-09-97

10-01-97

10-08-97

11-14-97

04-14-98

04-14-98

04-20-98

04-20-98

04-27-98

04-27-98

04-28-98

04-28-98

05-04-98

05-04-98

05-04-98

05-05-98

05-07-98

05-07-98

05-11-98

05-11-98

05-12-98

05-12-98

05-15-98

05-18-98

05-18-98

05-20-98

05-20-98

05-25-98

1,798.9

1,799.1

1,799.2

1,799.5

1,799.6

1,799.7

1,799.49

1.799.2

1,799.6

1,800.08

1,799.4

1,799.98

1,801.3

1,800.81

1,801.43

1,800.9

1,801.9

1,801.37

1,801.9

1,801.37

1,801.6

1,801.95

1,801.42

1,801.95

1,801.94

1,801.42

1,801.98

1,802.02

1,802.4

1,801.9

1,802.48

1,802.59

1,802.06

1,802.6

1,802.2

1,802.3

1,798.9

1,799.1

1,799.2

1,799.5

1,799.6

1,799.7

1,799.5

1,799.2

1,799.6

1,800.1

1,799.4

1,800.0

1,801.3

1,800.8

1,801.4

1,800.9

1,801.9

1,801.4

1,801.9

1,801.4

1,801.6

1,802.0

1,801.4

1,802.0

1,801.9

1,801.4

1,802.0

1,802.0

1,802.4

1,801.9

1,802.5

1,802.6

1,802.1

1,802.6

1,802.2

1,802.3

Bl

Bl

Bl

Bl

Bl

Bl

C

Al

Bl

G

Al

D

Al

Bl

D

Bl

D

Bl

D

Bl

Bl

D

U

D

D

Bl

D

D

D

Bl

D

D

Bl

D

Al

Bl

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

~

-

-

-

-

~

-

-

-

-

-

~
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Table B1 . Historic lake levels for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level;  , none]

Date
Lake 
level 
(feet)

Lake level 
rounded to 
nearest 0.1 

(feet)

Source 
of 

data1

Applied 
datum 

correction 
(feet)

Waubay Lake   Continued

05-26-98

05-29-98

06-02-98

06-08-98

06-15-98

06-16-98

06-22-98

06-29-98

07-06-98

07-20-98

07-27-98

08-05-98

08-10-98

08-21-98

08-28-98

11-13-98

03-23-99

04-07-99

1,802.68

1,802.3

1,802.3

1,802.2

1,802.4

1,802.4

1,802.4

1,802.5

1,802.6

1,802.5

1,802.3

1,802.3

1,802.2

1,802

1,802.1

1,802.13

1,802.7

1,802.91

1,802.7

1,802.3

1,802.3

1,802.2

1,802.4

1,802.4

1,802.4

1,802.5

1,802.6

1,802.5

1,802.3

1,802.3

1,802.2

1,802.0

1,802.1

1,802.1

1,802.7

1,802.9

D

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

Bl

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Sources of lake-level data:
Al, Day Conservation District Notes (day/month data); 
A2, Day Conservation District Notes (month data; assume first

of the month); 
B1, South Dakota Department of Environment and Natural

Resources (day/month data); 
C, U.S. Army Corps of Engineers from Clark Engineering

Study (day/month data);
D, Waubay National Wildlife Refuge (day/month data); 
E, South Dakota Geological Survey though South Dakota

Department of Environment and Natural Resources (day/
month data);

Fl, U.S. Army Corps of Engineers (day/month data); 
F2, U.S. Army Corps of Engineers (month data; assume first of

the month);
F3, U.S. Army Corps of Engineers (year data; assume June 15); 
G, Waubay National Wildlife Refuge (month data; assume first

of the month); 
Gl, Waubay National Wildlife Refuge (year data; assume

June 15);
H, Carter and Thompson, 1999; 
U, Unknown (year data; assume June 15).
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Table B3. Precipitation data, in inches, used in water mass-balance model for the Waubay Lakes Chain
[Precipitation at Waubay National Wildlife Refuge station, 1961-98. Source: National Climatic Data Center (1998) and U.S. National Oceanic and 
Atmospheric Administration (1998-99)]

Water 
year

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

Oct

0.79

3.55

0.16

0.63

0.00

0.30

1.66

0.72

1.30

2.06

1.79

5.09

1.03

1.18

0.42

1.53

0.28

2.40

0.67

1.95

1.47

2.37

3.45

0.91

3.76

1.78

0.30

0.31

0.28

0.40

0.82

0.59

0.48

0.49

3.08

2.51

3.94

2.35

Nov

0.40

0.10

0.83

0.40

0.35

0.34

0.58

0.18

0.62

0.32

2.39

1.63

0.50

0.71

0.30

0.58

0.00

2.35

0.56

0.06

0.00

0.78

0.49

1.39

0.06

1.66

0.48

0.60

0.95

0.66

0.00

0.57

1.17

2.05

0.73

0.20

0.99

0.59

Dec

0.81

0.73

0.05

0.30

0.25

1.07

0.16

0.54

1.41

1.05

0.13

0.52

1.03

0.53

0.02

0.18

0.34

0.67

0.32

0.14

0.04

0.33

0.02

0.35

0.54

0.39

0.00

0.18

0.48

0.00

0.56

0.08

0.49

0.76

0.27

0.36

1.12

0.49

Jan

0.11

0.34

0.22

0.12

0.39

0.32

1.04

0.21

1.51

0.23

0.59

0.27

0.10

0.00

1.26

0.70

0.53

0.25

0.86

0.86

0.03

0.63

0.20

0.45

0.20

0.34

0.15

0.34

0.51

0.00

0.15

0.35

0.54

1.43

1.18

0.83

1.60

1.25

Feb

0.30

1.02

0.37

0.28

0.20

0.83

1.10

0.00

1.55

0.20

0.60

0.45

0.18

0.49

0.30

0.50

0.94

0.16

0.42

0.57

1.02

0.23

0.46

0.56

0.15

0.75

0.98

0.23

0.45

0.28

0.63

0.40

0.30

0.85

0.60

0.36

0.31

1.11

Mar

0.20

1.33

0.53

1.07

1.18

0.87

0.24

0.50

0.30

1.44

0.08

0.71

1.03

0.56

1.16

0.81

3.73

0.39

1.53

0.50

1.34

1.14

1.82

1.10

0.85

0.51

1.90

0.28

1.69

1.78

0.69

0.87

0.81

0.30

2.46

0.66

0.65

1.10

Apr

1.20

2.25

1.48

2.65

2.67

2.18

1.87

3.52

1.66

3.26

1.09

1.28

1.57

1.38

2.13

0.69

2.16

2.13

2.02

0.31

0.68

0.55

0.55

2.76

0.66

5.54

0.00

0.39

3.19

1.69

4.16

0.89

1.74

2.28

2.25

0.19

1.81

4.16

May

4.80

8.31

2.24

1.02

7.77

1.42

0.56

3.12

3.60

2.42

2.51

6.99

3.28

3.54

1.31

0.63

2.21

3.15

1.45

1.35

1.75

2.63

1.06

1.32

2.36

3.42

1.63

4.03

1.63

1.74

5.40

0.60

2.72

2.46

2.90

4.32

1.49

5.42

June

2.32

6.61

4.19

3.09

2.34

3.60

6.64

3.91

2.13

2.75

8.64

1.09

2.14

0.94

4.35

1.10

3.82

5.97

3.87

4.40

3.39

1.04

2.55

6.82

2.14

4.13

0.86

1.04

1.58

4.09

6.75

6.21

5.83

1.11

2.71

2.60

1.68

3.00

July

4.19

8.58

7.95

3.98

3.03

1.98

1.27

2.43

4.51

3.38

1.20

6.78

1.55

2.94

1.27

0.45

1.99

3.45

3.11

2.24

2.10

3.71

3.59

1.45

2.60

7.32

3.63

1.19

2.15

3.27

3.63

2.38

9.06

6.28

5.13

3.14

5.71

1.97

Aug

2.32

1.17

3.06

4.92

1.58

6.60

0.48

1.17

0.46

0.49

2.95

1.88

1.33

1.43

1.87

0.64

3.96

4.30

3.27

4.25

2.35

1.98

4.14

3.13

3.89

3.43

1.34

5.96

4.85

5.81

3.08

1.15

1.28

2.52

4.25

0.94

2.89

2.66

Sept

2.93

1.56

1.70

1.70

5.62

1.71

0.79

2.86

0.46

1.85

0.66

0.12

2.97

0.31

1.85

0.86

3.30

0.72

0.32

0.34

1.05

3.55

1.99

1.22

2.78

4.47

1.75

3.19

2.89

1.56

3.20

1.65

1.17

1.16

3.49

3.42

0.84

0.22
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Table B4. Evaporation data, in in<
[Estimated lake evaporation at Waubay. So

Water _ . Oct year

1961 2.56

1962 2.53

1963 2.40

1964 2.62

1965 2.71

1966 2.52

1967 3.10

1968 2.73

1969 2.69

1970 2.56

1971 2.93

1972 3.01

1973 2.38

1974 2.92

1975 2.93

1976 2.74

1977 3.73

1978 3.01 

1979 2.86

1980 2.49

1981 2.84

1982 2.62

1983 2.39

1984 2.67

1985 2.66

1986 2.61

1987 2.59

1988 2.73 

1989 3.40

1990 2.81

1991 2.91

1992 2.74

1993 2.36

1994 2.25

1995 2.50

1996 2.38

1997 2.15 

1998 2.60

Nov

0.83

0.82

0.78

0.85

0.88

0.81

1.00

0.88

0.87

0.83

0.95

0.97

0.77

0.94

0.95

0.88

1.21

0.97 

0.92

0.81

0.92

0.85

0.77

0.86

0.86

0.84

0.84

0.88 

1.10

0.91

0.94

0.89

0.76

0.73

0.81

0.77

0.70 

0.84

Dec

0.4:
0.4:
0.4(

0.4;
0.4!

0.4:
0.5

0.4!

0.4'.

0.4;

;hes, used in water mass-balance model for the Waubay Lakes Chain
urce: Agricultural and Biosystems Engineering Department, 1999]

Jan

> 0.25

I 0.24

) 0.26

5 0.27

> 0.25

> 0.31

L 0.27

5 0.27

5 0.25

I 0.29

0.4^ 0.30

0.5^) 0.24

0.39 0.29

0.4?

0.4!

0.4!

0.6:

J 0.29

) 0.27

5 0.37

> 0.30

0.50 0.29 

0.47 0.25

0.4:
0.4'

0.4^

0.4(

0.4^

0.4^

0.4;

0.4;

0.4! 

0.5(
0.4'

0.4*

0.4f

0.3<

0.3'

0.4:
0.3<

0.28

r 0.26

0.24

0.27

0.27

0.26

0.26

0.27

0.34 

) 0.28

0.29

0.27

0.24

0.22

0.25

0.24

0.21

0.3^ 0.26

0.43^ 0.24

Feb

0.49

0.46

0.50

0.52

0.48

0.60

0.53

0.52

0.49

0.56

0.58

0.46

0.56

0.56

0.53

0.72

0.58

0.55 

0.48

0.55

0.51

0.46

0.51

0.51

0.50

0.50

0.53

0.66

0.54

0.56

0.53

0.45

0.43

0.48

0.46

0.42

0.50 

0.47

Mar

1.25

1.19

1.29

1.34

1.24

1.53

1.35

1.33

1.26

1.45

1.48

1.17

1.44

1.45

1.35

1.84

1.49

1.41 

1.23

1.40

1.30

1.18

1.32

1.32

1.29

1.28

1.35

1.68 

1.39

1.43

1.35

1.17

1.11

1.23

1.17

1.06

1.28 

1.20

Apr

2.49

2.36

2.58

2.67

2.47

3.04

2.69

2.64

2.51

2.88

2.96

2.34

2.87

2.88

2.69

3.67

2.96

2.81 

2.45

2.79

2.58

2.35

2.62

2.62

2.56

2.54

2.68

3.34

2.77

2.86

2.69

2.32

2.21

2.46

2.34

2.12

2.56 

2.39

May

3.75

3.56

3.89

4.02

3.73

4.59

4.05

3.98

3.79

4.35

4.46

3.53

4.33

4.34

4.06

5.54

4.47

4.24 

3.70

4.21

3.89

3.55

3.96

3.95

3.87

3.84

4.05

5.04 

4.17

4.31

4.06

3.50

3.34

3.71

3.53

3.20

3.86 

3.61

June

4.57

4.34

4.73

4.90

4.54

5.59

4.94

4.85

4.62

5.29

5.43

4.29

5.27

5.29

4.94

6.74

5.44

5.16

4.50

5.12

4.74

4.32

4.82

4.81

4.71

4.67

4.93

6.14 

5.08

5.25

4.95

4.26

4.07

4.52

4.30

3.89

4.70 

4.40

July

4.87

4.62

5.05

5.22

4.84

5.96

5.26

5.17

4.92

5.64

5.79

4.58

5.62

5.64

5.27

7.19

5.80

5.51 

4.80

5.46

5.05

4.60

5.14

5.13

5.02

4.98

5.25

6.55

5.42

5.59

5.27

4.54

4.34

4.82

4.58

4.15

5.01 

4.69

Aug

4.67

4.44

4.84

5.01

4.65

5.72

5.05

4.96

4.72

5.41

5.56

4.39

5.39

5.41

5.06

6.90

5.57

5.28 

4.61

5.24

4.85

4.42

4.93

4.92

4.82

4.78

5.04

6.28 

5.20

5.37

5.06

4.36

4.16

4.62

4.40

3.98

4.80 

4.50

Seit

3.75

3.56

3.88

4.02

3.73

4.59

4.05

3.98

3.79

4.34

4.45

3.52

4.32

4.34

4.05

5.53

4.46

4.24 

3.69

4.20

3.89

3.54

3.95

3.95

3.86

3.83

4.04

5.04

4.17

4.30

4.06

3.50

3.34

3.71

3.52

3.19

3.85 

3.61
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Table B5. Areas and volumes for the 10 major lakes of the Waubay Lakes Chain
[Lake levels in feet above sea level. Lake area/capacity tables at 1-foot intervals]

Lake level 
(feet)

1,769

1,770

1,771

1,772

1,773

1,774

1,775

1,776

1,777

1,778

1,779

1,780

1,781

1,782

1,783

1,784

1,785

1,786

1,787

1,788

1,789

1,790

1,791

1,792

1,793

1,794

1,795

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

Area 
(acres)

Bitter Lake

0

1,225.5

2,173.3

2,806.5

3,224.5

3,492.9

3,663.3

3,777.8

3,869.6

3,964.3

4,081.1

4,233.3

4,429.3

4,674.5

4,971.0

5,319.4

5,718.9

6,167.7

6,663.6

7,204.0

7,786.3

8,407.8

9,065.9

9,758.0

10,481.7

11,234.9

12,015.4

12,821.4

13,651.1

14,503.0

15,375.9

16,268.6

17,180.0

18,109.5

19,056.5

20,020.4

21,001.0

Volume 
(acre-feet)

0

547.1

2,278.9

4,790.1

7,820.5

11,189.3

14,773.7

18,497.4

22,321.8

26,237.6

30,257.9

34,411.7

38,739.1

43,286.8

48,105.2

53,246.1

58,761.1

64,700.4

71,112.2

78,042.4

85,534.2

93,628.1

102,362.0

111,771.1

121,888.5

132,744.4

144,367.4

156,783.7

170,018.0

184,093.2

199,031.0

214,851.7

231,574.4

249,217.7

267,799.3

287,336.3

307,845.6

Lake level 
(feet)

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,791

1,792

1,793

1,794

1,795

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

Area 
(acres)

Bitter Lake   Continued

21,998.2

23,012.2

24,043.0

25,091.1

26,157.0

27,241.4

28,345.2

29,469.4

30,615.2

31,784.0

Blue Dog Lake

0

500.5

889.6

1,094.9

1,236.7

1,343.0

1,426.3

1,493.7

1,550.0

1,598.8

1,643.0

1,685.3

1,728.0

1,773.3

1,823.3

1,880.1

1,945.1

2,020.0

2,105.8

2,203.2

2,312.2

2,432.4

2,562.8

2,701.7

2,847.0

Volume 
(acre-feet)

329,343.8

351,847.6

375,373.8

399,939.3

425,561.9

452,259.5

480,051.1

508,956.7

538,997.1

570,194.8

0

106.8

831.8

1,831.5

3,001.0

4,293.2

5,679.4

7,140.5

8,663.1

10,238.0

11,859.1

13,523.3

15,229.8

16,980.1

18,778.0

20,629.0

22,540.9

24,522.6

26,584.5

28,738.1

30,994.8

33,366.2

35,863.0

38,494.6

41,268.6
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Table B5. Areas and volumes for
[Lake Levels in feet above sea level. Lake a

Lake level 
(feet)

1,823

1,824

1,825

1,826

1,827

1,828

1,829

1,830

1,831

1,832

1,833

1,834

1,835

1,836

1,837

1,838

1,839

1,840

1,841

1,842

1,843

1,844

1,845

1,846

1,847

1,848

1,849

1,850

1,851

1,852

1,853

1,854

1,855

1,856

1,857

1,858

1,859

Area 
(acres)

Enemy Swim L

0

4.3

64.5

134.0

208.3

286.1

366.5

449.1

533.8

620.2

708.3

797.9

889.0

981.4

1,075.2

1,170.3

1,266.7

1,364.4

1,463.4

1,563.7

1,665.4

1,768.5

1,873.0

1,979.0

2,086.4

2,195.3

2,305.7

2,417.5

2,530.5

2,644.7

2,759.6

2,874.9

2,989.9

3,104.0

3,216.3

3,325.6

the 10 major lakes of the Waubay Lakes Chain   Continued
rea/capacity tables at 1-foot intervals]

Volume 
(acre-feet)

ake

0

0.2

33.3

132.1

302.9

549.9

875.9

1,283.5

1,774.9

2,351.7

3,015.9

3,768.9

4,612.2

5,547.3

6,575.4

7,698.1

8,916.4

10,231.8

11,645.6

13,159.1

14,773.6

16,490.4

18,311.1

20,237.0

22,269.6

24,410.3

26,660.7

29,022.2

31,496.1

34,083.6

36,785.6

39,602.8

42,535.3

45,582.4

48,742.8

52,014.0

3,430.8 55,392.5

Lake level 
(feet)

1,860

1,861

1,862

1,863

1,864

1,865

1,766

1,767

1,768

1,769

1,770

1,771

1,772

1,773

1,774

1,775

1,776

1,777

1,778

1,779

1,780

1,781

1,782

1,783

1,784

1,785

1,786

1,787

1,788

1,789

1,790

1,791

1,792

1,793

1,794

1,795

Area 
(acres)

Enemy Swim Lake   Continued

3,531.0

3,625.3

3,713.1

3,794.6

3,870.5

3,942.0

Hillebrands Lake

0

0.1

3.0

14.5

39.9

80.3

131.6

187.6

242.2

291.7

334.5

370.7

401.1

426.8

449.1

468.9

487.1

504.4

521.1

537.7

554.4

571.3

588.6

606.4

624.6

643.2

662.5

682.2

702.4

723.1

Volume 
(acre-feet)

58,873.9

62,452.6

66,122.3

69,876.7

73,709.7

77,616.3

0

0

1.1

8.9

34.8

93.7

198.9

358.4

573.6

841.1

1,154.8

1,507.9

1,894.3

2,308.5

2,746.7

3,205.9

3,684.0

4,179.8

4,692.6

5,222.0

5,768.1

6,331.0

6,910.9

7,508.4

8,123.8

8,757.7

9,410.5

10,082.7

10,775.0

11,487.7
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Table B5. Areas and volumes for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level. Lake area/capacity tables at 1-foot intervals]

Lake level 
(feet)

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,783

1,784

1,785

1,786

1,787

1,788

1,789

1,790

1,791

1,792

1,793

1,794

1,795

1,796

1,797

1,798

Area 
(acres)

Hillebrands Lake   Continued

744.3

765.9

788.0

810.6

833.5

856.9

880.6

904.7

929.1

953.8

978.9

1,004.2

1,029.8

1,055.6

1,081.7

1,107.9

1,134.2

1,160.8

1,187.3

1,214.0

Minnewasta Lake

0

35

117

210

306

398

482

557

624

685

743

798

851

903

954

1,005

Volume 
(acre-feet)

12,221.3

12,976.4

13,753.3

14,552.6

15,374.6

16,219.8

17,088.5

17,981.1

18,898.0

19,839.4

20,805.8

21,797.3

22,814.3

23,857.0

24,925.6

26,020.4

27,141.4

28,288.9

29,462.9

30,663.6

0

9

84

246

505

858

1,299

1,819

2,410

3,064

3,779

4,549

5,373

6,250

7,178

8,158

Lake level 
(feet)

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,816

1,817

1,818

1,819

1,820

1,821

1,822

Area 
(acres)

Minnewasta Lake   Continued

1,056

1,107

1,158

1,209

1,259

1,310

1,361

1,411

1,462

1,512

1,563

1,613

1,663

1,713

1,762

1,812

1,861

Pickerel Lake

0

0.3

0.6

3.0

8.5

17.3

28.8

42.6

58.1

75.0

93.2

112.4

132.6

153.6

175.5

198.1

221.4

245.3

269.9

Volume 
(acre-feet)

9,189

10,271

11,404

12,587

13,821

15,106

16,441

17,827

19,264

20,751

22,288

23,876

25,514

27,202

28,939

30,726

32,563

0

0.5

0.8

2.4

7.8

20.4

43.2

78.8

129.0

195.4

279.4

382.1

504.5

647.5

811.9

998.7

1,208.3

1,441.6

1,699.2
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Table B5. Areas and volumes fo
[Lake levels in feet above sea level. Lake

Lake level 
(feet)

1,823

1,824

1,825

1,826

1,827

1,828

1,829

1,830

1,831

1,832

1,833

1,834

1,835

1,836

1,837

1,838

1,839

1,840

1,841

1,842

1,843

1,844

1,845

1,846

1,847

1,848

1,849

1,850

1,851

1,852

1,853

1,854

1,855

1,792

1,793

1,794

Area 
(acres)

Pickerel Lake   C

295.1

320.9

347.2

374.0

401.4

429.2

457.5

486.3

515.5

545.2

575.3

605.8

636.7

668.0

699.7

731.7

764.2

796.9

830.1

863.6

897.4

931.6

966.1

1,000.9

1,036.0

1,071.5

1,107.2

the 10 major lakes of the Waubay Lakes Chain   Continued
irea/capacity tables at 1-foot intervals]

Volume 
(acre-feet)

mtinued

1,981.7

2,289.6

2,623.6

2,984.1

3,371.8

3,787.0

4,230.4

4,702.2

5,203.1

5,733.5

6,293.7

6,884.2

7,505.4

8,157.7

8,841.5

9,557.1

10,305.0

11,085.6

11,899.0

12,745.8

13,626.3

14,540.8

15,489.6

16,473.0

17,491.5

18,545.2

19,634.5

1,143.3 20,759.8

1,179.7 21,921.2

1,216.3

1,253.3

1,290.5

1,328.0

Rush Laki

0

511

1,476

23,119.2

24,353.9

25,625.8

26,935.0

0

115

1,129

Lake level 
(feet)

1,795

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,776

1,777

1,778

1,779

1,780

1,781

1,782

1,783

1,784

1,785

1,786

1,787

1,788

1,789

1,790

Area 
(acres)

Rush Lake   Continued

2,070

2,391

2,622

2,833

3,041

3,249

3,455

3,659

3,860

4,057

4,251

4,441

4,627

4,810

4,989

5,166

5,339

5,510

5,677

5,842

6,004

Spring Lake

0

234.7

438.7

600.5

709.0

775.5

816.8

845.8

869.8

892.3

914.9

937.9

961.6

985.8

1,010.4

Volume 
(acre-feet)

2,934

5,178

7,687

10,415

13,352

16,498

19,850

23,408

27,168

31,127

35,281

39,627

44,161

48,879

53,779

58,857

64,110

69,534

75,128

80,888

86,811

0

111.9

451.1

975.1

1,634.0

2,379.1

3,176.6

4,008.6

4,866.6

5,747.7

6,651.2

7,577.6

8,527.3

9,501.0

10,499.1
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Table B5. Areas and volumes for the 10 major lakes of the Waubay Lakes Chain Continued
[Lake levels in feet above sea level. Lake area/capacity tables at 1-foot intervals]

Lake level 
(feet)

1,791

1,792

1,793

1,794

1,795

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,780

1,781

1,782

1,783

1,784

1,785

1,786

1,787

1,788

1,789

1,790

Area 
(acres)

Spring Lake   Continued

1,035.2

1,060.1

1.085.0

1,109.8

1,134.5

1,159.0

1,183.2

1,207.3

1,231.1

1,254.6

1,277.8

1,300.8

1,323.4

1,345.9

1,368.0

1,389.9

1,411.5

1,432.8

1,453.9

1,474.7

1,495.3

1,515.6

1,535.6

1,555.4

1,575.0

Swan Pond

0

28.1

55.6

76.9

91.2

100.9

108.2

114.6

120.5

126.4

132.2

Volume 
(acre-feet)

11,521.9

12,569.6

13,642.1

14,739.6

15,861.7

17,008.5

18,179.6

19,374.9

20,594.1

21,836.9

23,103.1

24,392.4

25,704.5

27,039.2

28,396.1

29,775.1

31,175.8

32,597.9

34,041.3

35,505.6

36,990.6

38,496.0

40,021.6

41,567.2

43,132.4

0

12.7

54.9

121.7

206.3

302.5

407.2

518.6

636.2

759.7

889.0

Lake level 
(feet)

1,791

1,792

1,793

1,794

1,795

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

1,772

1,773

1,774

1,775

1,776

1,777

1,778

1,779

1,780

1,781

1,782

Area 
(acres)

Swan Pond   Continued

138.0

143.8

149.5

155.2

160.8

166.3

171.8

177.2

182.6

187.9

193.1

198.3

203.4

208.4

213.4

218.3

223.1

227.9

232.7

237.3

242.0

246.6

251.1

255.6

260.0

Waubay Lake

0

406.6

1,251.4

2,155.3

3,018.3

3,780.9

4,438.1

5,011.9

5,529.0

6,010.3

6,470.3

Volume 
(acre-feet)

1,024.1

1,164.9

1,311.6

1,463.9

1,621.9

1,785.4

1,954.5

2,129.0

2,309.0

2,494.2

2,684.7

2,880.4

3,081.3

3,287.1

3,498.0

3,713.8

3,934.6

4,160.1

4,390.4

4,625.4

4,865.0

5,109.3

5,358.1

5,611.4

5,869.2

0

104.3

924.9

2,627.6

5,221.3

8,630.1

12,747.7

17,478.5

22,752.7

28,524.6

34,766.3
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Table B5. Areas and volumes fo
[Lake levels in feet above sea level. Lake

Lake level 
(feet)

1,783

1,784

1,785

1,786

1,787

1,788

1,789

1,790

1,791

1,792

1,793

1,794

1,795

1,796

1,797

1,798

1,799

1,800

1,801

1,802

1,803

1,804

1,805

1,806

1,807

1,808

1,809

1,810

1,811

1,812

1,813

1,814

1,815

Area 
(acres)

Waubay Lake   C

6,917.8

7,358.1

7,794.1

8,227.6

8,659.3

9,089.7

9,519.1

9,947.4

10,374.7

10,801.0

11,226.2

11,650.3

12,073.3

12,495.1

12,915.6

13,335.0

13,753.2

14,170.1

14,585.8

15,000.2

15,413.4

15,825.4

16,236.1

16,645.6

17,053.8

17,460.9

17,866.6

18,271.2

18,674.5

19,076.6

19,477.3

19,876.8

20,275.0

  the 10 major lakes of the Waubay Lakes Chain   Continued
irea/capacity tables at 1-foot intervals]

Volume 
(acre-feet)

mtinued

41,461.1

48,599.5

56,175.9

64,186.9

72,630.4

81,505.0

90,809.5

100,542.8

110,703.9

121,291.9

132,305.6

143,743.9

155,605.8

167,890.1

180,595.5

193,720.9

207,265.1

221,226.9

235,604.9

250,398.0

265,604.9

281,224.3

297,255.2

313,696.1

330,545.9

347,803.3

365,467.2

383,536.2

402,009.2

420,884.8

440,161.9

459,839.0

479,915.1
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Table B6. Total inflow for water years 1961 -98 for the Waubay Lakes Chain
[Water year is October 1 through September 30]

Water 
year

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

Total inflow 
(acre-feet)

Oct-Apr

10,005.5

30,726.2

11,578.1

7,421.2

34,520.8

5,764.9

15,846.6

14,891.5

30,794.2

15,290.2

25,531.4

25,560.9

1,703.6

May-Sept

8,197.8

-8,887.9

7,679.6

8,853.0

1,391.8

14,368.2

2,347.2

807.0

-2,052.7

-3,149.1

8,709.3

9,145.2

2,875.4

Water 
year

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

Total inflow 
(acre-feet)

Oct-Apr

27,085.7

20,878.7

37,018.2

-11,424.7

27,124.2

30,041.2

7,404.1

7,502.8

19,876.6

10,668.3

17,504.9

16,676.2

31,624.3

May-Sept

-1,777.9

1,039.8

4,987.9

16,960.9

10,760.1

5,896.3

9,507.5

165.7

-2,068.8

-2,726.0

4,578.6

5,874.6

21,919.2

Water 
year

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

Total inflow 
(e^re-feet)

Oct-Apr

31,731.7

10,657.3

26,476.7

11,839.2

10,449.6

12,795.3

20,352.7

50,166.9

40,573.7

47,866.2

93,617.7

63,026.2

May-Sept

-2,942.3

-1,791.9

1,663.3

1,137.8

13,794.8

5,964.4

35,507.8

13,140.5

16,049.6

-372.1

14,206.2

23,199.4
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Table B7. Simulated lake levels
[Lake levels in feet above sea level]

Date

05-01-63

10-01-63

05-01-64

10-01-64

05-01-65

10-01-65

05-01-66

10-01-66

05-01-67

10-01-67

05-01-68

10-01-68

05-01-69

10-01-69

05-01-70

10-01-70

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

05-01-74

10-01-74

05-01-75

10-01-75

05-01-76

10-01-76

05-01-77

10-01-77

05-01-78

10-01-78

05-01-79

10-01-79

05-01-80

10-01-80

05-01-81

Bitter 
Lake

1,771.5

1,771.6

1,771.7

1,771.5

1,772.8

1,772.8

1,772.8

1,772.4

1,772.9

1,771.8

1,772.3

1,771.4

1,772.9

1,771.8

1,772.5

1,771.0

1,772.1

1,771.7

1,773.0

1,773.1

1,772.8

1,771.8

1,772.7

1,771.0

1,771.9

1,770.7

1,772.4

1,769.2

1,769.2

1,771.0

1,772.3

1,772.3

1,773.4

1,772.8

1,772.8

1,772.2

1,772.2

Blue Dog 
Lake

1,800.1

1,800.3

1,800.4

1,800.3

1,800.8

1,800.3

1,800.3

1,800.5

1,800.7

1,799.8

1,800.5

1,799.8

1,800.3

1,799.0

1,800.4

1,798.7

or the 10 major lakes of the Waubay Lakes Chain, 1963-98

Enemy 
Swim 
Lake

1,851.0

1,851.2

1,851.3

1,851.1

1,852.7

1,852.6

1,852.6

1,852.4

1,853.0

1,851.9

1,852.5

1,851.7

1,853.3

1,852.3

1,853.0

1,851.6

1,800.6 1,852.7

1,800.3 1,852.3

1,800.7 1,853.6

1,800.6 1,853.6

1,800.2

1,799.4

1,800.7

1,799.1

1,800.6

1,853.4

1,852.3

1,853.4

1,851.9

1,852.7

1,799.6 1,851.6

1,800.9

1,799.2

1,797.2

1,799.0

1,800.7

1,800.5

1,800.4

1,800.1

1,800.3

1,800.2

1,800.3

1,853.2

1,851.0

1,849.9

1,850.1

1,851.6

1,851.6

1,853.0

1,852.5

1,852.5

1,852.0

1,852.0

Hille- 
brands 

Lake

1,785.8

1,785.8

1,785.7

1,785.3

1,786.9

1,786.7

1,786.5

1,786.2

1,786.7

1,785.5

1,785.9

1,784.9

1,786.6

1,785.3

1,786.0

1,784.3

1,785.5

1,785.0

1,786.4

1,786.5

1,786.1

1,784.8

1,785.9

1,784.2

1,785.0

1,783.8

1,785.4

1,783.1

1,781.8

1,781.9

1,783.4

1,783.3

1,784.8

1,784.1

1,784.0

1,783.4

1,783.3

Minne- 
wasta 
Lake

1,797.3

1,797.4

1,797.5

1,797.1

1,797.7

1,797.8

1,797.8

1,797.4

1,797.6

1,796.7

1,796.9

1,796.3

1,797.2

1,796.4

1,796.9

1,795.8

1,796.3

1,795.8

1,796.7

1,796.8

1,796.7

1,795.8

1,796.2

1,795.0

1,795.4

1,794.5

1,795.2

1,793.0

1,792.6

1,792.5

1,793.4

1,793.3

1,794.1

1,793.7

1,793.7

1,793.2

1,793.3

Pickerel 
Lake

1,845.1

1,845.0

1,845.0

1,845.0

1,845.5

1,845.0

1,845.0

1,845.0

1,845.2

1,844.3

1,845.0

1,844.3

1,845.4

1,844.2

1,845.1

1,843.5

1,845.1

1,845.0

1,845.4

1,845.1

1,844.9

1,844.1

1,845.2

1,843.6

1,845.0

1,844.1

1,845.4

1,843.5

1,841.9

1,843.1

1,845.1

1,845.0

1,845.5

1,845.0

1,845.0

1,844.9

1,845.0

Rush 
Lake

1,798.9

1,798.6

1,798.5

1,798.3

1,799.0

1,798.7

1,798.5

1,798.3

1,798.7

1,797.6

1,798.3

1,797.5

1,798.9

1,798.0

1,798.5

1,797.1

1,798.3

1,798.1

1,799.0

1,798.8

1,798.4

1,797.3

1,798.5

1,797.1

1,798.1

1,797.0

1,798.7

1,796.2

1,795.7

1,795.2

1,797.3

1,797.7

1,799.0

1,798.3

1,798.3

1,797.8

1,798.0

Spring 
Lake

1,787.0

1,787.2

1,787.3

1,787.1

1,787.9

1,788.0

1,788.0

1,787.7

1,788.0

1,787.2

1,787.6

1,787.1

1,788.0

1,787.4

1,787.9

1,787.0

1,787.6

1,787.2

1,788.0

1,788.1

1,788.0

1,787.2

1,787.7

1,786.6

1,787.1

1,786.3

1,787.0

1,785.0

1,784.8

1,784.6

1,785.5

1,785.4

1,786.2

1,785.9

1,786.0

1,785.5

1,785.6

Swan 
Pond

1,785.4

1,785.4

1,785.4

1,785.0

1,785.0

1,785.8

1,786.7

1,786.1

1,786.7

1,785.8

1,785.8

1,785.3

1,785.8

1,785.2

1,785.4

1,784.5

1,784.6

1,784.1

1,785.6

1,787.1

1,787.8

1,786.9

1,786.7

1,785.7

1,785.6

1,784.8

1,784.7

1,782.2

1,782.5

1,782.0

1,782.4

1,782.3

1,782.6

1,782.2

1,782.3

1,781.8

1,782.0

Wauhay 
Lake

1,782.9

1,783.2

1,783.3

1,783.0

1,784.8

1,785.1

1,785.1

1,784.7

1,785.3

1,784.2

1,784.5

1,783.7

1,785.4

1,784.4

1,785.0

1,783.7

1,784.3

1,783.8

1,785.6

1,78^.0

1,785.9

1,784.8

1,785.4

1,784.0

1,784.4

1,783.3

1,784.5

1,782.1

1,781.5

1,781.2

1,782.1

1,782.0

1,783.8

1,783.2

1,783.2

1,782.5

1,782.5
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Table B7. Simulated lake levels for the 10 major lakes of the Waubay Lakes Chain, 1963-98-Continued
[Lake levels in feet above sea level]

Date

10-01-81

05-01-82

10-01-82

05-01-83

10-01-83

05-01-84

10-01-84

05-01-85

10-01-85

05-01-86

10-01-86

05-01-87

10-01-87

05-01-88

10-01-88

05-01-89

10-01-89

05-01-90

10-01-90

05-01-91

10-01-91

05-01-92

10-01-92

05-01-93

10-01-93

05-01-94

10-01-94

05-01-95

10-01-95

05-01-96

10-01-96

05-01-97

10-01-97

05-01-98

10-01-98

Bitter 
Lake

1,771.1

1,772.0

1,771.2

1,771.7

1,770.6

1,771.6

1,771.1

1,771.8

1,771.4

1,773.0

1,773.9

1,774.7

1,773.4

1,773.2

1,771.9

1,772.9

1,772.0

1,772.2

1,771.5

1,771.9

1,772.4

1,772.6

1,772.2

1,772.9

1,774.4

1,778.1

1,778.4

1,781.3

1,782.1

1,784.5

1,784.2

1,788.5

1,788.2

1,790.6

1,790.7

Blue Dog 
Lake

1,799.3

1,800.6

1,799.6

1,800.4

1,799.1

1,800.5

1,800.1

1,800.6

1,800.3

1,801.0

1,801.4

1,801.9

1,800.1

1,800.3

1,798.9

1,800.7

1,799.9

1,800.4

1,799.8

1,800.4

1,800.6

1,800.6

1,800.2

1,800.7

1,802.1

1,800.6

1,800.3

1,800.2

1,800.4

1,800.5

1,800.1

1,799.9

1,800.4

1,801.8

1,801.9

Enemy 
Swim 
Lake

1,851.0

1,852.0

1,851.1

1,851.6

1,850.6

1,851.5

1,851.0

1,851.7

1,851.3

1,853.2

1,853.7

1,854.0

1,852.5

1,852.4

1,851.1

1,852.4

1,851.5

1,851.8

1,851.1

1,851.5

1,852.1

1,852.4

1,852.0

1,852.9

1,853.9

1,854.4

1,853.7

1,854.2

1,853.9

1,854.3

1,853.6

1,855.2

1,854.0

1,854.8

1,854.0

Hille- 
brands 
Lake

1,782.1

1,783.0

1,782.0

1,782.3

1,781.2

1,782.0

1,781.3

1,782.0

1,781.5

1,783.5

1,784.7

1,786.1

1,784.4

1,784.2

1,782.7

1,784.0

1,783.0

1,783.1

1,782.3

1,782.5

1,783.1

1,783.3

1,782.8

1,783.7

1,785.8

1,788.1

1,787.8

1,793.1

1,794.0

1,796.0

1,796.0

1,799.8

1,799.5

1,801.8

1,801.9

Minne- 
wasta 
Lake

1,792.5

1,793.1

1,792.7

1,793.1

1,792.4

1,793.1

1,792.7

1,793.2

1,792.8

1,794.1

1,795.1

1,795.8

1,794.7

1,794.5

1,793.5

1,794.2

1,793.5

1,793.7

1,793.2

1,793.5

1,794.0

1,794.1

1,793.8

1,794.4

1,795.7

1,798.0

1,797.9

1,800.2

1,799.8

1,800.5

1,799.4

1,799.9

1,799.5

1,801.8

1,801.9

Pickerel 
Lake

1,844.0

1,845.1

1,844.2

1,845.0

1,843.9

1,845.0

1,844.8

1,845.2

1,844.9

1,845.5

1,845.4

1,845.5

1,844.0

1,844.5

1,843.2

1,845.1

1,844.3

1,845.0

1,844.4

1,845.0

1,845.2

1,845.1

1,844.9

1,845.3

1,845.6

1,845.8

1,845.1

1,845.6

1,845.2

1,845.7

1,845.0

1,846.4

1,845.2

1,846.0

1,845.3

Rush 
Lake

1,797.0

1,798.2

1,797.5

1,798.1

1,797.2

1,798.1

1,797.7

1,798.5

1,798.2

1,799.1

1,799.1

1,799.2

1,798.0

1,798.0

1,796.8

1,798.3

1,797.4

1,797.8

1,797.1

1,797.7

1,798.5

1,798.6

1,798.3

1,798.8

1,799.2

1,800.6

1,799.3

1,800.2

1,799.8

1,800.5

1,799.4

1,799.9

1,799.5

1,801.8

1,801.9

Spring 
Lake

1,785.0

1,785.6

1,785.2

1,785.6

1,785.1

1,785.7

1,785.4

1,785.9

1,785.6

1,786.8

1,787.6

1,788.0

1,787.1

1,787.0

1,786.1

1,786.8

1,786.2

1,786.4

1,786.0

1,786.3

1,786.8

1,787.0

1,786.8

1,787.4

1,788.1

1,789.0

1,788.9

1,790.0

1,790.3

1,791.1

1,791.0

1,799.8

1,799.5

1,801.8

1,801.9

Swan 
Pond

1JP1.5

1.7P2.0

1.7P1.9

1JP2.3

1JP2.0

1.7P2.4

1JP2.1

1JP2.4

1.7P2.1

1JP2.8

1.7P3.2

1JP4.3

1JP3.4

1.7P3.1

1.7P2.3

1JP2.5

1.7P2.0

1JP2.2

1JP2.0

1.7P2.3

1JP2.7

1.7P2.7

1JP2.4

1JP2.7

1JP5.3

1JP9.0

1.7P8.9

1,790.0

1,790.3

1,791.1

1,791.0

1,799.8

1,799.5

1,801.8

1,801.9

Waubay 
Lake

1,781.4

1,782.1

1,781.4

1,781.7

1,780.8

1,781.4

1,780.8

1,781.5

1,781.0

1,783.6

1,785.5

1,787.3

1,786.1

1,785.7

1,784.5

1,785.1

1,784.2

1,784.2

1,783.5

1,783.7

1,784.3

1,784.6

1,784.1

1,785.1

1,787.6

1,790.7

1,791.0

1,793.1

1,794.0

1,796.0

1,796.0

1,799.9

1,799.5

1,801.8

1,801.9
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Table B8. Simulated lake areas, in acres, for the 10 major lakes of the Waubay Lakes Chain, 1963-98

Date

05-01-63

10-01-63

05-01-64

10-01-64

05-01-65

10-01-65

05-01-66

10-01-66

05-01-67

10-01-67

05-01-68

10-01-68

05-01-69

10-01-69

05-01-70

10-01-70

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

05-01-74

10-01-74

05-01-75

10-01-75

05-01-76

10-01-76

05-01-77

10-01-77

05-01-78

10-01-78

05-01-79

10-01-79

05-01-80

10-01-80

05-01-81

10-01-81

Bitter 
Lake

2,499.4

2,585.4

2,656.0

2,508.9

3,166.1

3,152.0

3,137.6

3,015.1

3,190.9

2,686.3

2,929.2

2,486.9

3,183.2

2,711.7

3,038.6

2,158.4

2,872.1

2,647.1

3,213.0

3,243.4

3,172.6

2,672.6

3,101.1

2,210.5

2,764.7

1,968.6

2,976.5

0

0

2,187.6

2,973.0

2,929.5

3,334.4

3,158.3

3,139.9

2,894.1

2,890.2

2,237.0

Blue Dog 
Lake

1,602.9

1,612.4

1,615.0

1,613.3

1,635.8

1,612.3

1,610.9

1,619.1

1,628.4

1,590.6

1,622.3

1,591.2

1,611.5

1,551.9

1,616.6

1,533.7

1,626.6

1,614.1

1,628.8

1,624.1

1,605.9

1,571.7

1,631.8

1,555.7

1,623.7

1,580.6

1,637.9

1,561.2

1,437.7

1,552.4

1,631.5

1,621.4

1,616.7

1,605.5

1,611.2

1,608.9

1,612.8

1,567.6

Enemy 
Swim 
Lake

2,535.5

2,550.2

2,564.0

2,539.5

2,725.7

2,717.5

2,715.4

2,696.1

2,763.8

2,638.6

2,701.3

2,609.0

2,799.2

2,674.5

2,762.1

2,595.8

2,729.1

2,684.4

2,828.7

2,827.9

2,800.8

2,679.2

2,802.1

2,627.6

2,724.5

2,600.0

2,780.6

2,525.1

2,411.7

2,428.4

2,598.2

2,596.6

2,762.9

2,705.1

2,704.6

2,648.1

2,650.2

2,531.1

Hille- 
brands 

Lake

550.8

550.3

549.6

543.5

570.1

565.9

563.0

558.4

566.7

545.6

553.0

536.6

564.5

543.0

554.3

526.8

545.9

537.3

561.6

562.2

555.3

535.0

553.1

524.6

538.1

517.0

545.0

505.8

483.8

485.1

510.7

508.7

534.0

523.4

521.2

511.2

509.4

488.4

Minne- 
wasta 
Lake

968.7

971.9

975.0

957.4

989.5

994.7

995.1

971.1

984.7

936.4

948.9

918.0

960.6

920.6

945.1

888.3

914.9

892.1

936.4

940.9

938.0

890.5

911.8

848.3

869.0

823.4

856.5

738.8

720.2

711.3

760.9

757.1

800.9

778.4

780.8

752.5

756.3

712.9

Pickerel 
Lake

969.5

967.2

966.7

965.1

983.6

966.6

965.3

967.0

972.3

940.6

967.2

942.8

979.3

939.4

968.4

914.2

969.8

964.6

980.3

969.9

963.3

934.2

973.3

919.3

967.3

933.4

979.1

914.4

860.1

900.5

969.5

967.2

981.8

965.1

965.7

963.5

965.5

931.9

Rush 
Lake

3,011.6

2,951.1

2,935.7

2,890.1

3,045.2

2,965.1

2,928.5

2,894.5

2,971.8

2,732.2

2,887.4

2,720.8

3,021.3

2,817.6

2,922.0

2,643.4

2,894.4

2,845.9

3,039.4

2,986.2

2,921.4

2,681.9

2,931.5

2,625.4

2,838.2

2,604.4

2,971.7

2,429.4

2,283.7

2,138.9

2,683.0

2,763.7

3,027.1

2,899.9

2,898.6

2,789.9

2,828.9

2,610.4

Spring 
Lake

937.1

941.5

945.9

940.9

958.3

962.2

962.8

954.8

962.4

943.2

951.6

940.3

961.9

946.4

960.2

937.3

951.3

943.4

962.8

963.4

962.5

943.6

955.1

929.6

940.2

922.8

937.5

892.0

887.8

884.1

902.8

902.2

919.8

912.1

914.5

904.2

906.8

891.7

Swan 
Pond

104

104.1

104.3

101.0

101.1

106.6

112.9

108.6

112.8

107.0

107.1

103.4

106.9

102.4

104.3

96.6

97.2

91.9

105.4

115.0

119.2

113.8

113.0

105.8

105.7

99.5

98.0

61.4

66.7

56.0

65.5

62.9

68.9

61.0

63.9

50.2

56.0

42.7

Waubay 
Lal-s

6,86^.9

6,98^.4

7,06P.3

6,909.3

7,72P.l

7,841.3

7,857.0

7,667.0

7,942.4

7,45?, 7

7,573.9

7,231.7

7,965.8

7,542.0

7,795.6

7,221.9

7,505.3

7,265.9

8,047.4

8,220.0

8,165.7

7,689.4

7,971.9

7,350.9

7,515.5

7,046.4

7,571.3

6,520.2

6,237.0

6,098.0

6,533.0

6,467.7

7,253.6

7,027.6

7,010.7

6,706.6

6,676.3

6,218.7
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Table B8. Simulated lake areas, in acres, for the 10 major lakes of the Waubay Lakes Chain, 1963-98-Continued

Date

05-01-82

10-01-82

05-01-83

10-01-83

05-01-84

10-01-84

05-01-85

10-01-85

05-01-86

10-01-86

05-01-87

10-01-87

05-01-88

10-01-88

05-01-89

10-01-89

05-01-90

10-01-90

05-01-91

10-01-91

05-01-92

10-01-92

05-01-93

10-01-93

05-01-94

10-01-94

05-01-95

10-01-95

05-01-96

10-01-96

05-01-97

10-01-97

05-01-98

10-01-98

Bitter 
Lake

2,803.4

2,320.5

2,632.4

1,842.5

2,574.6

2,214.3

2,694.8

2,428.6

3,223.4

3,476.7

3,623.8

3,344.5

3,280.7

2,736.3

3,183.9

2,801.3

2,896.0

2,515.5

2,732.3

2,998.6

3,078.1

2,887.9

3,191.9

3,564.3

3,974.9

4,003.8

4,489.9

4,698.0

5,528.0

5,386.7

7,476.3

7,311.5

8,805.4

8,881.9

Blue Dog 
Lake

1,625.4

1,581.9

1,614.8

1,557.3

1,620.9

1,604.2

1,627.4

1,610.2

1,643.7

1,661.0

1,682.7

1,602.0

1,613.2

1,544.2

1,629.2

1,595.3

1,617.0

1,591.3

1,616.0

1,626.9

1,625.2

1,609.9

1,631.8

1,689.9

1,623.8

1,611.3

1,605.9

1,616.8

1,623.0

1,602.4

1,592.4

1,614.6

1,674.8

1,679.9

Enemy 
Swim 
Lake

2,639.0

2,546.0

2,599.7

2,483.4

2,585.6

2,525.7

2,609.7

2,561.3

2,780.5

2,845.6

2,870.8

2,707.3

2,695.8

2,544.4

2,690.9

2,589.4

2,619.3

2,539.6

2,584.1

2,657.4

2,690.9

2,644.7

2,750.6

2,864.6

2,923.4

2,843.1

2,903.2

2,861.2

2,906.5

2,830.4

3,015.5

2,871.2

2,966.2

2,878.4

Hille- 
brands 
Lake

504.4

486.7

493.1

472.1

486.7

475.2

487.3

477.8

512.9

533.3

555.7

528.5

525.2

499.6

521.7

503.9

506.7

491.6

496.5

506.3

510.0

500.9

516.6

551.2

589.9

585.5

684.9

702.4

743.3

743.4

829.9

822.6

875.0

877.6

Minne- 
wasta 
Lake

747.5

721.3

745.0

708.2

743.7

721.8

749.7

731.3

802.8

851.0

887.5

830.6

820.9

766.6

804.3

767.8

776.3

751.2

769.1

794.4

802.9

785.4

815.5

883.5

1,001.1

998.4

1,112.8

1,094.5

1,132.3

1,074.6

1,097.6

1,081.0

1,194.3

1,200.4

Pickerel 
Lake

969.5

939.3

965.0

926.8

967.5

959.1

971.8

963.8

984.4

981.0

984.0

930.9

949.9

903.0

968.8

943.1

964.8

944.4

965.3

971.5

970.2

963.7

975.1

988.2

994.1

971.2

987.2

974.6

989.2

965.0

1,014.2

974.2

999.9

977.9

Rush 
Lake

2,863.0

2,716.6

2,838.2

2,650.9

2,857.9

2,757.2

2,929.0

2,866.8

3,051.4

3,064.1

3,078.3

2,835.7

2,828.8

2,562.1

2,883.8

2,700.7

2,789.2

2,642.4

2,762.2

2,930.2

2,957.6

2,886.7

2,992.9

3,082.5

3,362.3

3,098.1

3,278.8

3,203.6

3,358.3

3,122.1

3,216.6

3,148.6

3,608.8

3,633.1

Spring 
Lake

904.9

896.6

906.6

894.3

908.0

900.6

911.6

905.4

932.7

951.9

962.7

940.0

937.2

916.7

932.3

918.9

923.2

914.7

922.9

934.3

938.8

932.9

946.2

964.9

986.6

982.3

1,009.5

1,018.2

1,037.6

1,035.7

1,250.9

1,243.4

1,295.4

1,297.9

S*»an 
P-^id

54.9

52.8

63.0

55.0

64.7

58.1

65.1

59.1

72.9

80.7

94.5

83.3

78.7

61.9

67.8

56.0

59.7

54.8

63.0

70.4

71.4

65.7

71.6

110.1

126.6

125.5

132.0

134.0

138.6

138.1

187.1

185.4

197.1

197.6

Waubay 
Lake

6,503.8

6,178.3

6,317.2

5,894.2

6,182.8

5,905.1

6,249.1

6,018.4

7,174.3

8,026.4

8,807.0

8,252.2

8,087.8

7,556.6

7,834.7

7,447.2

7,444.5

7,146.2

7,223.8

7,477.2

7,625.1

7,413.5

7,849.1

8,924.1

10,243.2

10,372.1

11,283.2

11,650.4

12,474.9

12,477.8

14,110.0

13,974.6

14,900.3

14,949.6
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^able B9.

Date

05-01-63

10-01-63

05-01-64

10-01-64

05-01-65

10-01-65

05-01-66

10-01-66

05-01-67

10-01-67

05-01-68

10-01-68

05-01-69

10-01-69

05-01-70

10-01-70

05-01-71

10-01-71

05-01-72

10-01-72

05-01-73

10-01-73

05-01-74

10-01-74

05-01-75

10-01-75

05-01-76

10-01-76

05-01-77

10-01-77

05-01-78

10-01-78

05-01-79

10-01-79

05-01-80

10-01-80

05-01-81

10-01-81

Simulated lake volumes

Bitter 
Lake

3,366.8

3,719.0

4,033.2

3,404.2

7,281.2

7,158.7

7,035.7

6,088.8

7,503.8

4,175.6

5,512.6

3,318.4

7,434.5

4,298.6

6,258.3

2,237.0

5,163.0

3,992.0

7,709.7

8,005.4

7,338.6

4,110.5

6,736.6

2,386.0

4,566.7

1,754.4

5,822.1

0

0

2,319.5

5,798.3

5,514.7

8,988.9

7,212.9

7,055.6

5,295.0

5,271.0

2,464.6

Blue Dog 
Lake

10,382.9 ;

10,720.3 ;

10,812.5 ;

10,751.8 :

in acre-feet, for the 10 major lakes of the Waubay Lakes Chain, 1963-98

Enemy 
Swim 
Lake

51,606.2

51,936.5

52,246.3

51,695.7

11,585.5 35,977.7

10,716.0 :

10,665.6 :

10,962.9 :

11,307.4 :

9,958.8 :

11,081.5 :

9,978.4 :

10,686.6 :

8,719.0 :

10,872.7 :

8,191.4 :

11,237.8 :

55,784.0

55,735.6

55,280.3

56,887.7

53,943.6

55,402.0

53,265.7

57,740.7

54,775.5

56,847.1

52,963.9

56,059.1

10,779.9 35,007.3

11,321.6 38,460.2

11,144.8 38,442.4

10,487.9 37,779.1

9,334.8 34,884.9

11,435.3 37,811.3

8,834.9 $3,690.9

11,133.5 35,950.7

9,623.3 33,060.4

11,662.5 $7,291.3

9,002.6 31,374.7

5,902.9 £8,897.9

8,734.9 £9,257.2

11,423.3 33,018.4

11,045.6 ^2,981.9

10,876.5 :

10,472.2 :

10,677.6 :

10,596.0 :

10,733.4 :

9,204.5 :

!6,865.6

!5,492.4

!5,481.6

4,162.3

4,212.4

1,510.3

Hille- 
brands 

Lake

5,649.5

5,631.5

5,609.8

5,407.9

6,288.3

6,149.5

6,053.0

5,899.1

6,176.4

5,477.4

5,722.4

5,185.4

6,101.1

5,391.9

5,764.4

4,869.3

5,487.0

5,208.2

6,007.4

6,025.3

5,797.0

5,132.1

5,724.1

4,799.2

5,233.5

4,563.2

5,457.1

4,217.2

3,572.5

3,609.3

4,368.9

4,305.8

5,101.9

4,762.6

4,693.2

4,383.9

4,327.8

3,705.5

Minne- 
wasta 
Lake

7,468.1

7,529.4

7,587.5

7,255.8

7,865.7

7,967.9

7,974.4

7,514.1

7,773.7

6,870.3

7,099.3

6,538.8

7,315.4

6,585.3

7,029.3

6,019.8

6,484.1

6,085.0

6,869.7

6,952.5

6,898.8

6,058.3

6,428.9

5,356.2

5,695.3

4,961.4

5,487.8

3,744.7

3,505.0

3,393.4

4,044.4

3,991.3

4,619.1

4,289.5

4,325.0

3,929.1

3,980.7

3,412.8

Pickerel 
Lake

15,585.9

15,520.7

15,507.4

15,462.8

15,981.2

15,504.1

15,467.5

15,516.3

15,663.0

14,785.9

15,521.0

14,846.7

15,859.0

14,752.4

15,554.5

14,071.2

15,592.7

15,447.7

15,887.6

15,596.0

15,411.6

14,612.6

15,690.9

14,209.0

15,524.1

14,591.6

15,854.6

14,077.3

12,656.4

13,706.9

15,584.4

15,521.6

15,930.9

15,463.4

15,478.1

15,418.9

15,474.8

14,550.9

Rush 
Lake

12,890.5

12,032.4

11,817.0

11,186.5

13,375.0

12,228.8

11,716.5

11,247.2

12323.5

9,094.9

11,149.7

8,949.2

13,030.1

10,207.8

11,626.8

7,989.6

11,245.6

10,586.6

13,292.0

12,528.2

11,618.6

8,461.8

11,759.0

7,773.6

10,482.4

7,524.7

12,322.8

5,632.3

4,362.9

3,393.6

8,475.2

9,499.9

13,113.8

11,321.7

11,304.0

9,842.1

10,358.7

7,595.2

Spring 
Lake

7,542.3

7,722.1

7,898.5

7,697.2

8,393.4

8,551.7

8,572.3

8,252.0

8,556.7

7,788.7

8,125.9

7,673.3

8,537.0

7,915.7

8,468.8

7,551.6

8,113.5

7,795.0

8,575.4

8,597.3

8,563.4

7,804.9

8,264.9

7,245.0

7,669.5

6,970.1

7,559.5

5,735.9

5,568.9

5,421.3

6,165.2

6,141.2

6,851.4

6,539.9

6,637.0

6,221.4

6,328.6

5,723.0

Swan 
Pond

344.1

345.9

347.7

304.2

305.2

382.4

487.9

413.1

486.4

388.5

390.4

336.0

387.1

321.9

348.3

255.3

261.0

212.2

363.9

526.9

609.8

504.1

489.8

370.5

368.5

286.4

269.3

68.9

84.0

55.9

80.4

73.0

91.1

67.8

75.8

43.8

55.8

30.8

Wa 'bay 
Lake

40,638.9

42,507.3

43,841.7

41,328.3

54,996.9

57,C24.3

57,307.9

53,517.1

58,862.7

50,303.9

52,287.1

46,496.6

59,292.2

51,734.9

56,201.7

46,334.9

51,101.5

47,C51.7

60,800.1

64,C43.9

63,C15.3

54,312.0

59,404.7

48,479.3

51,278.1

43,491.7

52,243.2

35,483.4

31,515.5

29,662.1

35,668.0

34,729.3

46,857.8

43,191.8

42,923.3

38,227.6

37,774.3

31,268.1
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Table B9. Simulated lake volumes, in acre-feet, for the 10 major lakes of the Waubay Lakes Chain, 1963-96-Continued

Date

05-01-82

10-01-82

05-01-83

10-01-83

05-01-84

10-01-84

05-01-85

10-01-85

05-01-86

10-01-86

05-01-87

10-01-87

05-01-88

10-01-88

05-01-89

10-01-89

05-01-90

10-01-90

05-01-91

10-01-91

05-01-92

10-01-92

05-01-93

10-01-93

05-01-94

10-01-94

05-01-95

10-01-95

05-01-96

10-01-96

05-01-97

10-01-97

05-01-98

10-01-98

Bitter 
Lake

4,772.7

2,726.5

3,925.6

1,479.6

3,673.1

2,397.2

4,216.1

3,099.7

7,809.9

10,925.8

13,769.1

9,109.1

8,389.6

4,420.7

7,440.1

4,761.2

5,306.1

3,430.3

4,400.6

5,972.8

6,555.7

5,257.3

7,513.6

12,478.0

26,591.3

27,648.7

39,870.9

43,637.2

56,132.7

54,163.5

81,533.2

79,415.7

98,881.4

99,899.6

Blue Dog 
Lake

11,194.8

9,666.5

10,806.0

8,882.7

11,029.9

10,427.1

11,267.3

10,640.5

11,886.0

12,559.8

13,420.6

10,349.8

10,748.2

8,492.1

11,335.4

10,118.8

10,886.2

9,981.2

10,849.4

11,248.7

11,187.5

10,631.3

11,434.0

13,706.7

11,137.1

10,679.5

10,487.5

10,877.4

11,105.9

10,363.0

10,017.2

10,800.6

13,104.9

13,307.8

Enemy 
Swim 
Lake

33,954.2

31,841.4

33,054.2

30,455.1

32,734.5

31,389.0

33,280.9

32,184.7

37,289.5

38,876.0

39,502.6

35,544.4

35,273.4

31,805.7

35,158.3

32,820.6

33,501.2

31,699.6

32,700.5

34,378.4

35,158.7

34,084.1

36,570.4

39,346.2

40,824.2

38,814.4

40,313.4

39,263.0

40,395.1

38,502.2

43,204.5

39,512.3

41,920.7

39,691.8

Hille- 
brands 

Lake

4,175.1

3,655.6

3,840.8

3,228.2

3,654.3

3,323.0

3,671.5

3,397.5

4,433.7

5,077.3

5,810.6

4,925.6

4,819.8

4,031.9

4,708.5

4,159.6

4,245.8

3,798.6

3,941.2

4,232.1

4,345.7

4,070.7

4,550.9

5,660.7

6,953.4

6,804.6

10,174.5

10,775.2

12,185.8

12,190.9

15,245.0

14,982.2

16,882.4

16,979.9

Minne- 
wasta 
Lake

3,860.7

3,519.1

3,827.7

3,354.8

3,809.9

3,525.3

3,890.2

3,647.2

4,648.2

5,398.5

6,007.0

5,074.1

4,922.7

4,123.8

4,670.1

4,140.3

4,259.9

3,910.5

4,157.7

4,522.0

4,648.7

4,391.0

4,840.2

5,938.7

8,093.0

8,040.2

10,409.4

10,010.9

10,839.4

9,587.8

10,079.2

9,724.3

12,257.7

12,401.0

Pickerel 
Lake

15,584.0

14,751.8

15,460.0

14,412.4

15,528.0

15,295.3

15,649.1

15,425.3

16,004.8

15,908.6

15,991.7

14,523.6

15,040.3

13,774.5

15,564.3

14,854.8

15,454.1

14,890.9

15,468.8

15,642.5

15,605.1

15,422.9

15,741.1

16,110.6

16,279.4

15,631.7

16,084.1

15,727.9

16,141.2

15,459.4

16,854.7

15,715.5

16,445.8

15,820.8

Rush 
Lake

10,817.4

8,895.8

10,483.2

8,081.1

10,748.0

9,415.9

11,723.5

10,868.4

13,465.0

13,650.8

13,858.2

10,449.9

10,356.7

7,035.7

11,100.4

8,695.3

9,832.1

7,977.9

9,480.5

11,740.0

12,123.5

11,140.4

12,623.4

13,920.2

18,247.4

14,151.2

16,911.7

15,741.2

18,182.8

14,507.3

15,941.5

14,904.6

22,430.3

22,863.7

Spring 
Lake

6,249.4

5,919.2

6,319.0

5,828.5

6,375.5

6,080.2

6,520.0

6,272.1

7,368.7

8,139.0

8,569.3

7,658.2

7,546.1

6,725.1

7,350.3

6,813.7

6,986.4

6,644.8

6,972.6

7,429.7

7,613.8

7,373.6

7,908.8

8,657.6

9,531.1

9,358.0

10,460.2

10,818.9

11,622.1

11,543.5

21,640.4

21,244.5

24,088.3

24,231.7

Swan 
Find

53.3

48.9

73.2

53.5

78.2

60.6

79.2

63.1

105.4

139.5

234.7

153.6

129.8

70.4

87.5

55.8

64.7

53.1

73.2

96.2

99.8

81.2

100.5

439.2

763.5

741.3

P83.9

930.9

1,037.4

1,026.9

2/64.8

2/05.7

2.P34.1

2.P56.0

Waubay 
Lake

35,247.4

30,724.5

32,613.1

27,058.6

30,785.8

27,193.6

31,680.6

28,627.9

45,556.3

60,411.1

75,625.2

64,655.9

61,551.7

51,988.1

56,905.5

50,108.6

50,062.3

45,097.4

46,366.0

50,620.3

53,180.0

49,535.1

57,165.2

78,036.9

107,528.9

110,641.1

133,816.9

143,747.1

167,293.7

167,379.4

219,186.7

214,624.9

246,789.3

248,567.4
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Table B1 0. Probability of Wauba 
starting lake levels

Water 
year

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

1,785

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

99

99

99

99

98

98

97

97

96

96

96

/ Lake exceeding selected lake levels in each of the next 50 years, using October 1, 1998,

Exceedance probability (in percent) for lake level (in feet above sea level)

1,790

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

99

99

98

97

96

95

94

93

91

90

89

87

86

85

84

82

82

81

80

79

78

1,795

100

100

100

100

100

100

100

100

100

99

98

97

94

92

88

85

82

79

76

74

72

70

68

66

64

62

61

60

58

58

57

56

55

54

53

53

52

1,800

100

100

100

99

96

91

84

77

70

65

60

56

52

50

47

45

43

42

40

39

38

37

36

35

34

33

33

32

31

31

31

30

29

29

29

28

28

1,805

5.9

11

15

16

17

18

17

17

16

15

15

14

13

13

12

13

12

12

11

11

11

11

11

10

10

10

10

9.4

9.2

8.9

8.8

9.0

8.9

8.8

8.5

8.3

8.3

1,810

0

0

0.01

0.12

0.49

0.75

1.2

1.4

1.7

1.9

2.2

2.1

2.2

2.1

2.1

2.0

2.0

2.1

2.2

2.0

1.9

2.0

2.0

1.9

1.9

1.9

1.9

1.8

1.9

1.8

1.8

1.8

1.8

1.7

1.8

1.7

1.8

1,815

0

0

0

0

0

0

0.01

0.02

0.04

0.04

0.03

0.02

0.04

0.03

0.02

0.05

0.05

0.05

0.04

0.03

0.03

0.02

0.05

0.02

0.03

0.07

0.07

0.03

0.04

0.04

0.06

0.04

0.04

0.06

0.07

0.03

0.04
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Table B10. Probability of Waubay Lake exceeding selected lake levels in each of the next 50 years, using October 1, 1998, 
starting lake levels-Continued

Water 
year

2036

2037

2038

2039

2040

2041

2042

2043

2044

2045

2046

2047

2048

Exceedance probability (in percent) for lake level (in feet above sea level)

1,785

95

94

94

94

93

93

92

92

92

91

91

91

90

1,790

76

76

75

74

73

73

72

71

71

71

71

70

70

1,795

51

50

50

49

49

49

48

48

47

47

47

47

46

1,800

28

27

27

27

26

26

26

26

25

25

25

25

24

1,805

8.3

8.3

8.3

8.1

8.0

8.1

7.9

7.9

8.0

7.8

7.7

7.5

7.3

1,810

1.8

1.7

1.7

1.6

1.6

1.5

1.5

1.5

1.5

1.5

1.5

1.4

1.4

1,815

0.05

0.10

0.09

0.07

0.08

0.08

0.09

0.08

0.03

0.05

0.05

0.03

0.03
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Table B11. Probability of Waubay Lake exceeding selected lake levels in each of the next 50 years, using October 1 , 1P62, 
starting lake levels

Water 
year

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

Exceedance probability (in percent) for lake level (in feet above sea level)

1,785

2.9

8.2

17

1,790

0

0.07

1.3

24 4.2

30 8.2

35 12

38 15

41

44

47

50

52

53

18

20

22

24

27

28

55 30

57 31

58 33

60 35

62

63

65

66

36

38

39

40

67 41

68 43

69 43

70 44

71 45

71 46

72 47

73 48

74 49

74 50

75 51

75

76

76

77

77

51

52

52

53

53

1,795

0

0

0.03

0.42

1.9

3.7

5.9

7.6

9.3

11

12

14

15

16

17

18

19

20

21

23

23

24

25

26

27

27

28

29

30

30

31

31

32

32

32

33

33

1,800

0

0

0

0.03

0.26

0.76

1.7

2.5

3.5

4.6

5.4

6.2

6.9

7.8

8.4

9.3

10

11

11

12

12

13

13

14

14

14

15

15

15

15

16

16

16

17

17

17

17

1,805

0

0

0

0

0.01

0.05

0.22

0.48

0.78

1.0

1.5

1.8

2.1

2.2

2.4

2.7

2.9

3.1

3.4

3.6

3.6

3.7

3.9

3.9

4.0

4.1

4.3

4.3

4.5

4.5

4.7

5.0

5.1

5.2

5.2

5.4

5.5

1,810

0

0

0

0

0

0

0.02

0.03

0.05

0.10

0.13

0.12

0.19

0.24

0.30

0.34

0.34

0.31

0.33

0.40

0.47

0.53

0.63

0.60

0.64

0.73

0.85

0.90

0.91

0.91

0.92

0.89

0.87

0.97

1.01

0.96

1.0

1,815

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0.01

0

0.01

0.01

0.01

0.01

0.01

0.01

0

0

0

0.02

0

0.02

0.02

0.03

0.03

0.01

0.02

0.03

0.02

0.03
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Table B11 . Probability of Waubay Lake exceeding selected lake levels in each of the next 50 years, using October 1, 1962, 
starting lake levels-Continued

Water 
year

2000

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

Exceedance probability (in percent) for lake level (in feet above sea level)

1,785

77

78

78

79

78

79

79

79

79

80

80

81

81

1,790

54

54

54

55

55

56

56

56

57

57

57

58

58

1,795

34

34

35

35

35

35

36

36

36

37

37

37

37

1,800

18

18

18

18

18

19

19

19

19

19

19

20

19

1,805

5.3

5.5

5.4

5.5

5.9

5.7

5.8

5.9

6.0

5.8

5.8

5.8

5.8

1,810

1.1

1.1

1.2

1.0

1.0

1.0

1.1

1.0

1.1

1.0

1.0

1.1

1.1

1,815

0.02 '

0.04

0.02

0.05

0.06

0.05

0.05

0.06

0.01

0.03

0.04

0.02

0.02
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Section C -
the Wkter

explanation of Procedures for Operating 
Mass-Balance and Stochastic 
Time-Series Models





Procedure C1 . Regression procedure for estimating missing lake levels

Missing semiannual lake levels were estimated using known lake levels of Hillebrands, Spring, and Waubay 
Lakes. Explanatory variables considered for estimating the level of a given lake at the end of a time step were as 
follows:

CH is the change in the level of Hillebrands Lake during a time step,
CS is the change in the level of Spring Lake during a time step, 
CW is the change in the level o:F Waubay Lake during a time step, 
LH is the level of Hillebrands ijake at the beginning of a time step, 
LS is the level of Spring Lake 4t the beginning of a time step, and 
LW is the level of Waubay Lak£ at the beginning of a time step.

All-subsets regression was used to select the best (largest adjusted coefficient of determination, R2) set of 
explanatory variables for each ^ake that had missing data. To improve the model fit, separate variables were 
included depending on whether CH, CS, or CW was positive (lake was rising) or negative (lake was falling). For 
example, CW was converted to two explanatory variables, CW+ and CW., where

CW+ = I(CW>0)CW

CW. = [1-I(CW>0)]CW

with

KCW>O) =
0,ifCW<0

___ * %

CH and CS were transformed in a similar manner. The fitted regression equations and adjusted R values are as 
follow:

Lake Regression equation for estimating 
lake level at end of time step

Bitter Lake 803.2 + 0.54LW + 0.68CW. + 0.89CW+

Blue Dog Lake 1,484.2 + 0.30LS + 0.61CH. + 0.30CS+ - 0.13LW

Enemy Swim Lake 1 320.3 + 0.83[LO] + 2.17CS. + 0.63CS+

Minnewasta Lake -1,564.1 + 1.13LH + 1.81CH+ + 1.28LS - 0.53LW

Pickerel Lake 1,695.9 + 0.17LS - 0.09LW + 0.68CS. + 0.46CS+

Rush Lake 1,798.2 - 1.93CH. + 2.35CW. + 0.97CH+

Swan Pond -497.5 + 1.28LS + 0.67CS. + 1.53CS+

explanatory variable. If Lo

Adjusted R 
(percent)

80

72

83

62

81

87

72

The level of Enemy Swim Lake was not sufficiently correlated with the levels of Hillebrands, Spring, and Waubay Lakes 
to obtain an adequate fit. Therefore, the level of Enemy Swim Lake at the beginning of the time step, Lo, was used as an

vas missing, the estimated lake level for the previous time step was substituted for Lo.
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Procedure C2. Estimating unknown coefficients in the water mass-balance model equations
[vaval is volume available; rdw* is redistributed flow, where * is lake connection number]

Given the proportion of total inflow entering each lake (the p^'s) and the coefficients in the empirical flow-rating 
equations for rdwl to rdw4 (the a^s and bj's), the algorithm for computing individual lake volumes (procedure C3) 
can be used to uniquely determine the lake volume of each lake at the end of each winter and summer period for 
water years 1963-98, given the starting lake volumes at the beginning of a water year (for exampK on Oct. 1, 
1962). The computed volumes at the end of each period can be compared to the historic volumes, and the unknown 
coefficients can be adjusted until the computed and historic volumes agree as closely as possible. Many different 
measures can be used for quantifying how closely the computed and historic lake levels agree. For this study, 
values for the coefficients were selected to minimize the sum-of-squared deviations between the computed and 
historic lake volumes for each lake. This was accomplished using nonlinear least-squares regression.

At first, an assumption was made that the proportion of total inflow attributed to each lake (the PJ'S) was constant 
throughout the historic period. However, a satisfactory fit was not obtained using this assumptior. Rather, the 
proportion of total inflow that needed to be attributed to the Bitter Lake drainage basin was higher during 1993-98 
(the wet period) than during 1963-92. This finding is consistent with findings by the USAGE (tark 5) that the 
contributing drainage area of Bitter Lake increased during the wet period. Therefore, Bitter Lake inflow was 
computed and removed from the total inflow, and then the remaining inflow was divided among the remaining nine 
lakes using the formulas given below.

Formulas for dividing total inflow among individual lakes:

Bitter Lake: Q10 = PB^ (I), for 1963-92 
Q 10 = PBI2 (I), for 1993-98

Remaining nine lakes: Qj = pj (1-PBI^ (I), for 1963-92 
Qi = ^ (1-PBI2) (I), for 1993-98.

Thus, the model has 11 coefficients for dividing total inflow among the individual lakes (PBI^ PBI2, and nine PJ'S). 
The equations for estimating proportions of total inflow for the individual lakes are given in table 8 (the intercept 
terms in table 8 are explained below). The estimated proportions for 1993-98 are very close to the percent of total 
area values given in table 5.

Another modification of the equations used to calculate inflow to individual lakes was needed to achieve an 
adequate fit between historic and computed volumes for some of the lakes. Consistent gains or losses in the 
volumes of Enemy Swim Lake, Hillebrands Lake, Minnewasta Lake, Spring Lake, and Swan Pord remained 
relatively constant during 1963-98 and, thus, were not proportional to total inflow. A possible source of these gains 
or losses is ground-water flow between various lakes in the system. For example, Enemy Swim Lake may 
discharge ground water to Spring Lake. Although analysis of the ground-water system is beyond the scope of this 
study, an intercept term was introduced into the model for some lakes in an effort to improve the fit between historic 
and calculated volumes. The intercept for Enemy Swim Lake (-135 acre-feet per each semiannual period or - 
270 acre-feet per year; table 8) is consistent with a ground-water loss, and the intercept for Spring Lake (280 acre- 
feet per semiannual period or 560 acre-feet per year) is consistent with a ground-water gain. Hovever, the 
estimated gain for Spring Lake is about twice as large as the estimated loss for Enemy Swim Lake. The discrepancy 
could be caused by an estimation error or by ground-water inflow to Spring Lake from a source other than Enemy 
Swim Lake. The negative intercept for Hillebrands Lake probably is not caused by ground-water loss to Spring 
Lake because Spring Lake was higher than Hillebrands Lake for most of the historic period. However, Hillebrands 
Lake may discharge ground water to Waubay Lake. The small intercept for Swan Pond
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Procedure C2. Estimating urjknown coefficients in the water mass-balance model equations Continued

(30 acre-feet per semiannual period) and the substantial intercept for Minnewasta Lake (170 acre-feet per
semiannual period) may indica 

The rating equations used to ca

e a source of ground-water inflow to those lakes as well.

culate the redistributed flows are given in table 9. The multipliers and exponents
in the first four lake connections listed in the table were estimated from the historic data (the exponent for rdwl is 
equal to one). When the exponent was larger than one, such as for the rating curves for rdw3 and rdw4, values were 
computed for the volume available after the incremental amount spilled exceeds the incremental increase in vo^me 
available (for example, when the derivative with respect to a vaval exceeds one). Those values were computed to 
be about 10,000 acre-feet for rdw3 and 25,000 acre-feet for rdw4. Therefore, the flow ratings were curtailed at 
those values and all available water in excess of those values is allowed to spill.

Although no coefficients were 
remaining redistributed flows i

estimated in computing rdw5 to rdwlO, the assumption used to compute the 
s described in procedure C3.
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Procedure C3. Computing individual lake volumes in the water mass-balance model

Given the precipitation, evaporation, total inflow, and spill elevation data developed in the previous sections, a 
regression procedure was developed to estimate inflow to individual lakes and flow between lakes. The regression 
procedure is based on the computational algorithm described in this section for computing the volume of each lake 
at the end of each time step. Unknown coefficients needed in the algorithm for computing lake volumes were 
estimated using nonlinear least-squares regression to minimize the sum-of-squared deviations between historic lake 
volumes and fitted lake volumes. The estimation procedure is described in procedure C2, and comparisons are 
made between fitted and historic lake levels.

The algorithm for computing lake volumes is based on the water mass-balance model equations given in table 6. 
The volumes (the V0's and Vj's), the precipitation (p), and the evaporation (e) in the water mass-balance equations 
are known for each time step in the historic 1963-98 period. The total inflow to all 10 lakes (I) also has been 
estimated for each time step. To estimate inflow to the individual lakes (the Qj's), the simplifying assumption was 
made that the inflow to each lake is proportional to the total inflow to all 10 lakes,

where the pj's will be estimated from the historic data as described below.

The redistributed flows given in table 6 are ordered approximately according to spills from upstream to 
downstream lakes. Therefore, the flows between lakes were calculated sequentially. For the first four spills 
(Pickerel to Waubay, Enemy Swim to Blue Dog, Blue Dog to Rush, and Rush to Waubay), an empirical (for 
example, data-based) flow rating was developed to regulate each of the spills, given that the upstream and 
downstream lakes are separate bodies of water. The upstream and downstream lakes are assumed in the model to 
be separate lakes if the downstream lake is below the spill elevation with the upstream lake. In that case, the 
empirical flow ratings for the first four spills (assuming initially that the redistributed flows are ze^o for all other 
spills beside the first four) are represented by the following equations:

rdwl = al [V t + (p-eXA^/12 + Q { -

rdw2 = a2 [V2 + (p-e)(A2)/12 + Q2 - SPLV2]+ b2 

rdw3 = a3 [V3 + (p-e)(A3)/12 + Q3 + rdw2 - SPLV3] + b3

rdw4 = a4 [V4 + (p-e)(A4)/12 + Q4 + rdw3 - SPLV3 ] + b4 
where

rdw* is redistributed flow, where * is lake connection number;
Vj, Aj, and Qi are the starting volume, starting area, and inflow for Pickerel Lake for a given time step;
V2, A2 , and Q2 are the starting volume, starting area, and inflow for Enemy Swim Lake for a given time step;
V3 , A3 , and Q3 are the starting volume, starting area, and inflow for Blue Dog Lake for a giver time step;
V4, A4, and Q4 are the starting volume, starting area, and inflow for Rush Lake for a given time step;
SPLV 1 is the volume of Pickerel Lake at its spill elevation with Waubay Lake;
SPLV2 is the volume of Enemy Swim Lake at its spill elevation with Blue Dog Lake;
SPLV3 is the volume of Blue Dog Lake at its spill elevation with Rush Lake;
SPLV4 is the volume of Rush Lake at its spill elevation with Waubay Lake;
al, . . ., a4 and bl, . . ., b4 are coefficients to be fitted on the basis of historic data; and
[ ... ] + indicates that the quantity in brackets is replaced by zero if it is negative.
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Procedure C3. Computing individual lake volumes in the water mass-balance model Continued

The previous equations for rdwl to rdw4 are used only if the volume spilled from the upstream lake is not large 
enough to fill the downstream lake to the spill elevation, in which case no backwater flows from the downstream 
lake. This situation always holds for the first two spills because the spill elevations for Enemy Swim and Pickerel 
Lakes are both well above the elevation at which the other eight lakes join and eventually spill to the Big Skrix 
River. However, Rush Lake cab rise above the spill elevation with Blue Dog Lake, and Waubay Lake can ri^e 
above the spill elevation with Rush Lake. In such cases, the spill volume is calculated such that the upstream and 
downstream lakes are at the same level, and the two lakes are treated as a single body of water until the downstream 
lake again falls below the spill ^levation with the upstream lake. For example, if after calculation of rdw3, Blue 
Dog and Rush Lakes join and th en Rush Lake spills to Waubay Lake as indicated by a positive value for rdw4, then 
Blue Dog and Rush Lakes neec to be rebalanced if necessary to maintain the same level. Thus, rdw3 needs to be 
adjusted accordingly. If Waubay Lake also is above its spill elevation with Rush Lake, then rdw3 and rdw4 need 
to be adjusted iteratively until ijilue Dog, Rush, and Waubay Lakes are balanced.

After Blue Dog, Rush, and Waubay Lakes are balanced, then other lakes are included, one at a time, in the water 
mass-balance algorithm. First, Hillebrands Lake is included. If Waubay Lake is below the spill elevation with 
Hillebrands Lake, then rdw5 is zero and rdw3 and rdw4 do not need to be adjusted any further. However, if Waubay 
Lake is above the spill elevatioji with Hillebrands Lake, then Waubay Lake is allowed to spill to Hillebrands Lake 
until Waubay Lake either falls back to its spill elevation with Hillebrands Lake or Waubay Lake and Hillebrrnds 
Lake are at the same level. Th^n, rdw3, rdw4, and rdw5 are adjusted as necessary to rebalance Blue Dog, Rush, 
Waubay, and Hillebrands Lakes. No rating curve was developed to regulate flow between Waubay and Hillebrands 
Lakes because Waubay Lake isj much larger than Hillebrands Lake and will, therefore, fill Hillebrands Lake if it 
rises slightly above the spill elevation.

After Blue Dog, Rush, Waubay, and Hillebrands Lakes are balanced, then Spring Lake, Swan Pond, and 
Minnewasta Lake are included one at a time with the preceding lakes until all seven lakes are balanced. As was 
the case with rdw5, no spill ratings were developed for calculating rdw6, rdw7, or rdw8 because Spring Lake, $%van 
Pond, and Minnewasta Lake generally fill up quickly once the upstream lake exceeds the spill elevation.

Spill ratings for Rush Lake to Bitter Lake (rdw9) and Bitter Lake to the Big Sioux River (rdwlO) needed to 1^ 
developed as well. Unlike rdw 1 to rdw4, an empirical flow-rating equation could not be developed for rdw9 or 
rdwlO because no historic data are available for when either spill took place. Therefore, the last two spill 
calculations are based on daily flow ratings supplied by the U.S. Army Corps of Engineers. These flow ratings are 
available at the U.S. Geological Survey Subdistrict office in Huron, S. Dak.

A continuous curve (relating lake levels to flow) was used to approximate the daily flow rating for Rush Lake to 
Bitter Lake, with the following results:

DF9 = 160(LRU- 1,803.6)7(1,811.5 - 1,803.6), if LBI<1,803.6<LRU<1,811.5
DF9 = 160(LRU - LBI)/(1,811.5 - LBI), if 1,803.6<LBI<LRU<1,811.5 

where
DF9 = daily flow from Rush Lake to Bitter Lake, in acre-feet; 
LRU = the level of Rush Lake, in feet; and 
LBI = the level of Bitter Lake, in feet.
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Procedure C3. Computing individual lake volumes in the water mass-balance model Continu?d

If Rush Lake is above 1,811.5 feet, then the railroad embankment is overtopped and flow is assumed to be 
unimpeded. If Rush Lake is below 1,803.6 feet (the spill elevation with Bitter Lake), no flow is allowed. Although 
Bitter Lake may never spill into Rush Lake, if that situation does occur, the water is allowed to flow from Bitter 
Lake to Rush Lake until the levels of the two lakes are the same or until Bitter Lake is below the spill elevation.

After rdwl to rdw8 are computed, as described earlier, rdw9 is computed as follows. The increase in the volume 
of Rush Lake from the beginning of the time step,

IVRU = (p-e)(A4V12 + Q4 + rdw3 - rdw4 - rdw8,

is assumed to occur at a constant daily rate (IVRU divided by the number of days in the time step). The volume of 
Rush Lake is increased on a daily basis and the daily flows (DF9) are computed for each day. Trn value of rdw9 
is the sum of the daily spills for the time step. If rdw9 is not zero, then rdw3 to rdw8 need to be adjusted to rebalance 
the first nine lakes.

If, after the 10 lakes are balanced, Bitter Lake is below the spill elevation with the Big Sioux River, then rdwlO is 
zero. If Bitter Lake is above the spill elevation, then rdwlO is computed using a daily time step, in a similar manner 
to that used for rdw9, by using the following daily flow rating:

DF10 = 64(LBI - 1,813.0)2 '48 , if LBI>1,813.0 
where

DF10 = daily flow from Bitter Lake to the Big Sioux River, in acre-feet.

The increase in volume of Bitter lake from the beginning of the time step,

IVBI = (p-e)(A10)/12 + Q10 + rdw9,

is assumed to occur at a constant daily rate. The daily flows (DF9) are computed for each day, and the value of 
rdwlO is the sum of the daily flows for the time step. If rdwl0 is not zero, then lakes 3 through 10 are rebalanced 
so that they all have the same level.

Finally, after balancing all 10 lakes, the levels of the lakes at the end of the time step become the smarting levels for 
the next time step, and the balancing algorithm is repeated.
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Procedure C4. Operating the 
Chain

water mass-balance and stochastic time-series models for the Waubay Lake^

Open input file A and read the number of traces to generate and the number of years per trace.

Set the spill elevations between all 10 lakes.

Read the starting levels for all 10 lakes from input file A for the first time step. 

Compute the starting areas and volumes for all 10 lakes. 

(A) Do a trace.

Open input file B to read the precipitation (p), evaporation (e), and total inflow (f) data for each lake and time step 
or generate these data using the time-series model.

Convert total inflow from thou: and acre-feet to acre-feet.

(B) Do a time step.

If not the first time step, reset starting conditions for this time step to ending conditions of the previous time step.

Compute p volume - e volume + inflow.
Inflow to an individual lake is cjomputed using the regression equation for that lake.

Compute the volume of each lake at the end of the time step; no flow between lakes is assumed.

Set the flow between all lakes e^qual to zero.

Compute the flow between Pickerel and Waubay Lakes using rating equations. If Pickerel Lake is below the spill
elevation, set the flow between lakes equal to zero.

Compute the flow between Ene^my Swim and Blue Dog Lakes using rating equations. If Enemy Swim Lake is 
below the spill elevation, set the flow between lakes equal to 0.

Compute the flow between the Remaining lakes (lakes 3 through 10; see fig. 9 for numbering scheme).

(C) Add a lake connection.

Set a counter (icxx) equal to zero so the iterations of the model can be counted to avoid an endless loop; will later
check the counter and allow on y 50 iterations).

Set a variable (istop) equal to z0ro; this variable allows an upstream lake to spill only once to a downstream lake 
when the upstream lake is abovle the spill elevation and the downstream lake is below the spill elevation; for 
example, Blue Dog Lake to Rukh Lake.
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Procedure C4. Operating the water mass-balance and stochastic time-series models for the Waubay Lakes 
Chain Continued

(D)

Increment the counter (icxx) by one.

Set a variable (ichk) to zero; if ichk equals zero, the two lakes in consideration are balanced; if ichk equals 1, the 
two lakes need more balancing (more iterations are needed).

(E) Balance a group of lake connections.

Groups of lake connections are 3-3, 3-4, 3-5, 3-6, 3-7, 3-8, 3-9, and 3-10.
Start with one lake connection in the group, balance the lakes, add another lake connection, and then balance all
the lakes in that group; continue this process until all lakes are balanced for this time step.

Do the Blue Dog Lake to Rush Lake connection.
Recompute the level of each lake using the applicable equation for that lake and taking into account any changes
to the flow between lakes from a previous iteration.

Balance the lake levels depending on the lake-level condition:

(Condition 1) - If the levels of Blue Dog and Rush Lakes are both less than or equal to the spill elevation, these 
lakes are balanced; balance the lakes in the next lake connection in the group (go to E).

(Condition 2) - If the levels of Blue Dog and Rush Lakes are both greater than the spill elevation,
then:
if the levels of the two lakes are greater than or equal to 0.1 foot, set the variable ichk equal to 1 so more balancing
is needed (the levels are not within 0.1 foot of each other).
Compute the areas of the two lakes using their levels.
Use these areas to weight the levels to balance the levels of the two lakes.
Compute the flow between the lakes using the new lake level of Blue Dog Lake.

(Condition 3) - If the level of Blue Dog Lake is greater than the spill elevation and the level of Rush Lake is less 
than or equal to the spill elevation and variable to tell if Blue Dog Lake has spilled to Rush Lake in a previous 
iteration = 0 (istop = 0), 
then
Set the variable to see if more balancing is needed between the two lakes (need more balancing, i~hk equals 1) 
Compute the volume available to spill from Blue Dog Lake to Rush Lake. 
Compute the volume needed to raise Rush Lake 1 acre-foot above its spill elevation. 
Compute the volume that can spill from Blue Dog Lake to Rush Lake using a rating curve (see table 10). 
If Rush Lake can take all water that spills from Blue Dog Lake and still be less than the spill elevation, then spill 
this volume to Blue Dog Lake.
If Rush Lake raises more than 1 acre-foot above its spill elevation when Blue Dog Lake spills, set E ush Lake 1 acre- 
foot above its spill elevation; now both lakes will be above their spill elevations and ichk still eqrals 1 so more 
iteration is needed; however, on the next iteration, this lake connection will fall under condition 2. 
Set the variable istop equal tol so Blue Dog Lake does not spill again to Rush Lake.
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Procedure C4. Operating the water mass-balance and stochastic time-series models for the Waubay Lakes 
Chain Continued

(Condition 4) - If the level of Bltie Dog Lake is less than or equal to the spill elevation and the level of Rush Lake
is greater than the spill elevatioiL
then: I
If the levels of the two lakes are greater than or equal to 0.1 foot, set the variable ichk equal to 1 so more balancing
is needed (the levels are not within 0.1 foot of each other).
Compute the volume needed to raise Blue Dog Lake 1 acre-foot above its spill elevation.
Compute the volume available to spill from Rush Lake to Blue Dog Lake.
If Blue Dog Lake raises more than 1 acre-foot above its spill elevation, then transfer this water so both lakes are
above their spill elevations; ichk is still equal to 1 so more iteration is needed; however, on the next iteration, the
lake connection will fall under condition 2.
If too little water can spill from Rush Lake to fill Blue Dog Lake above its spill elevation, then transfer all w^ter
from Rush Lake until it is at its ipill elevation (Blue Dog Lake will still be below its spill elevation and Rush Lake
will be at its spill elevation, and ichk equals 1 so more iteration is needed; however, on the next iteration, the lake
connection will fall under condition 1.

i

Balance the lakes in the next lake connection in the group (go to E) until all lake connections have been considered. 
(Note that lake connections 3-9 and 3-10 are handled differently (7 conditions). These procedures are discussed in 
more detail in the main body of the report.)

Repeat iterating (go to D) until all lakes in the lake connections are balanced or until 50 iterations have been 
completed (ichk equals 0 and the counter is less than or equal to 50).

Add another lake connection (g0 to C). Keep adding one new lake connection until all eight lake connectiors 
(3-10) have been added.

Save the final volumes for each lake for that time step.

If any volumes of the 10 lakes are less than or equal to zero, set the volume of the lake equal to zero.

Save the final lake levels, areasi and inflows for each lake for that time step.

Do the next time step (go to B) until all time steps have been done.

Write to output file C the final Revels for each lake and time step.
Write to output file D the precipitation data (input or generated) for each lake and time step.
Write to output file E the evaporation data (input or generated) for each lake and time step.
Write to output file F the total inflow data (input or generated) for each lake and time step.
Write to output file G the final redistributed flows for each lake and time step.
Write to output file H the final volumes for each lake and time step.
Write to output file I the final areas for each lake and time step.

Do the next trace (go to A) until all traces have been done.
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Section D - Figures
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Figure D1. Estimated and historifc lake areas of individual lakes within the Waubay Lakes Chain, 1960-98.
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Figure D2. Estimated and historic lake volumes of individual lakes within the Waubay Lakes Chain, 1960-r Q .
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Figure D3. Bathymetric data for Bitter Lake.
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Figure D4. Bathymetric data for Blue Dog Lake.
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Figure D5. Bathymetric data for Enemy Swim Lake.
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Figure D6. Bathymetric data for Hillebrands Lake, Spring Lake, and Swan Pond.
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Figure D7. Bathymetric data for Minnewasta Lake.
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Figure D8. Bathymetric data for Pickerel Lake.
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Figure D9. Bathymetric data for Rush Lake.
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Figure D10. Bathymetric data for Waubay Lake.
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Figure D11. Additional bathymetric data for Bitter Lake.
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Figure D12. Additional bathymetric data for Blue Dog Lake.
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Figure D13. Additional bathymetric data for Enemy Swim Lake.
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Figure D14. Additional bathymetric data for Hillebrands Lake, Spring Lake, and Swan Pond. 
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Figure D15. Additional bathymetric data for Minnewasta Lake.
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Figure D16. Additional bathymetric data for Pickerel Lake.
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Figure D17. Additional bathymetric data for Rush Lake.
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Figure D18. Additional bathymetric data for Waubay Lake.
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