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ABSTRACT

This study deals with the restoration of water quality of shallow,
polluted, and eutrophic lakes. Dredging and removing of lake bottom
sediments and introducing better quality water are the restoration
measures explored in this study. Vancouver Lake, Washington, was
used as a test case.

Hydrologic, hydrographic, hydrodynamic, and water quality information
provided by separate but correlated studies, was combined with the aid
of mathematical simulation models. Dissolved oxygen was used as an
indicator of the overall water quality in the system. Photosynthesis,
atmospheric reaeration, biological respiration, and advection were the
mechanisms considered in the computation of diurnal changes in dissoived
oxygen level. In addition to the DO model, the aguatic life model for
computing time-varying levels of phytoplankton and bacteria was also
tried. The validity of these models was verified with the actual field
data. After verifications of the models under the existing conditions,
they were used to project and predict the water quality of Vancouver
Lake as will be affected by dredged lake depths and introduced flows
from the Columbia River.

This report was submitted in fulfillment of Project Number 16080ERQ

under the partial sponsorship of the Office of Research and Monitoring,
Environmental Protection Agency.
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SECTION I

CONCLUSIONS

Without curtailing the present sources and amounts of pollution to
Vancouver Lake and dredging the lake to provide 15 feet of water,

a flow of about 750 cubic feet per second diverted from the Columbia
River to Vancouver Lake will be required to raise the dissolved
oxygen level in the lake to 8 mg/l. This diverted flow will also
reduce the amount of pollution that enters the lake via the Lake
River during high tides in the Columbia River.

Water quality simulation models are useful tools in studying, pre-
dicting and analyzing complex aquatic systems provided the models

are verified with actual field data. Research is needed to establish
numerical values of various coefficients and to refine the functional
relationships that apply under a variety of environmental conditions.
The accuracy of the models depends upon the accuracy of the values

of coefficients used and the functional relationships assumed.

The sensitivity analysis conducted in this study strongly suggests
that the diurnal variations in dissolved oxygen are very sensitive

to the phytoplankton specific growth rates. Furthermore, in matching
the computed values with the actual field data, the effect of temper-
ature on the values of the specific growth rate could not be ignored
as suggested in the literature. The specific growth rate value of
0.09 per day per degree centigrade best simulated the summer condi-
tions in Vancouver Lake.

In verifying the validity of the water quality simulation models,
actual field data should be available on a continuous basis for at
least the critical periods in water quality.



SECTION 11

RECOMMENDAT IONS

It is recommended that the information developed in this study should
be used as guidelines in the initial as well as final stages of modifi-
cations of the Vancouver Lake System. It is further recommended that
the Environmental Protection Agency partially sponsor a study which
would provide continuous monitoring of Vancouver Lake, under the post-
modification period, of such water quality parameters as have been used
in this simulation model study. The purpose of the recommended proposed
study is to check the predicted results and then to make modifications
in the water quality model so that the model can be used bv others in
analyzing other lakes by incorporating the changes corresponding to the
conditions being studied.

(O3]



SECTION III

INTRODUCTION

This study is one of several related studies conducted on Vancouver
Lake which in its present condition is polluted and therefore is of
limited value to the nearby communities of Vancouver, Washington and
Portland, Oregon. However, this shallow inland body of water has the
potential of becoming a useful multipurpose resource.

Description of the Study Area

Vancouver Lake (Figure 1) lies immediately northwest of the city of
Vancouver, Washington and only four miles across the Columbia River
from Portland, Oregon. The lake is bounded on the northwest, west
and south by a low-lying ground area which separates the lake from
the main channel of the Columbia River. To the east and the north-
east, the lake is bounded by hills on which are located rapidly
expanding residential areas. The lake has an average surface area of
2,600 acres. Except for periods of flooding, Vancouver Lake has an
average depth of only three feet.

The principal inlet streams are Burnt Bridge Creek on the southeastern
end and Lake River on the northern end of the lake. The Burnt Bridge
Creek, containing high pollutional loads, drains from elevated hilly
areas east of the lake where residential development is largely served
with septic tanks. Lake River, which connects the lake with the
Columbia River, reverses its flow direction with the change in the
tides. The lake receives tidal .flows from Lake River during high tides.
Of the several tributaries that discharge into Lake River, Salmon Creek
is the major tributary that receives significant loads of sediments

and nutrients from the agricultural, industrial, and domestic activities
located in its drainage basin. Seasonally, the inlet streams are
heavily loaded with sediment, and organic and inorganic nutrients. The
tidal flats at the north end of Vancouver Lake and the existing poor
water quality are evidences of incoming pollution load.

Previous Studies

Prior to 1965, many agencies and individuals have made limited effort
toward improving the usefulness of this lake through studies and )
various projects. A summary of these studies is included elsewhere.

Vancouver Lake, Lake River and the separating lowlands constitute a
13,000 acre complex having 12 miles of Columbia River frontage. This
complex has been and is being studied for recreational, industrial,
agricultural and navigational development. One or more interconnecting
channels between the lake and the Columbia River and dredging of
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Vancouver Lake are being considered as possible methods of increasing
lake use potential and as a water quality improvement measure. A study
dealing with the developmen% plan for the 13,000 acre complex was com-
pleted in September, 1967. (%)" This study was sponsored by the
Washington State Department of Commerce and Economic Development through
a federal grant from the Department of Housing and Urban Development
under the Urban Planning Assistance Grant Program authorized by Section
701 of the Housing Act of 1954, as amended. This study made an attempt
to determine the location and the extent of land that should be assigned
to the various uses of the complex. A wide variety of ideas for
improving the quality of the water-land environment in order to enhance
the usefulness of the area was proposed by this study and by others,

In 1966, the College of Engineering Research Division, Washington State
University (WSU), was contacted by the Port of Vancouver to determine
possible alternatives for restoring Vancouver Lake, After exploration,
it was found that practically no water quality, hydrologic, hydrographic,
and related water quantity data were available on Vancouver Lake, Lake
River, or their tributaries. A preliminary proposal, indicating the
need for various correlated studies which would establish a data base
and then consider a broad range of alternative solutions for improving
the quantity and quality of Vancouver Lake, was prepared. Between 1966
and 1969, separate proposals were submitted to the appropriate agencies
and the funds were finally secured to undertake these studies, A flow
chart of Vancouver Lake studies is shown in Figure 2 and a summary of
the studies conducted by WSU is given below:

1. Hydroclimatic Study:(s) This study was sponsored by the Federal
Water Pollution Control Administration and WSU, and it was com-
pleted in May, 1968. The primary purposes of the study were to
determine: (a) the physical, chemical, biological and bacterio-
logical water quality in Vancouver Lake-Lake River System, (b) the
levels of nutrients and the types and populations of living orga-
nisms in the lake bottom sediments, and (c) the sources of pollu-
tion to the system.

2. Hydrologic Study:(4) This study was sponsored by the Port of
Vancouver and WSU, and it was completed in September, 1971. The
main purpose of this study was to determine the amount of water
coming into and leaving Vancouver Lake under existing conditions.

3. Hydrographic Study:(S) This study was also sponsored by the Port
of Vancouver and WSU and it was completed in September, 1971. The
purpose of this study was to determine changes in depth and volume
in the lake as a result of variations in inflow and outflow in the
existing system.
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4., Hydraulic Model Study:cﬁ) This study was sponsored by Federal
Water Quality Administration (now the Environmental Protection
Agency) and WSU and it was completed in June, 1972. The main
purpose of this study was to investigate the influence of alter-
nate channel routes from the Columbia River into and out of
Vancouver Lake on the flushing action in the lake, sedimentation
and erosion patterns, detention times, river-lake stage relation-
ships, and other factors which would influence flow into and out
of Vancouver Lake.

Objectives

The purpose of this project was to combine the results of hydroclimatic,
hydrologic, hydrographic, and hydraulic model studies with the quality
of the proposed inflow from the Columbia River and evaluate the water
quality which could be expected in Vancouver Lake. It was the intent
of the project that water quality prediction techniques developed for
Vancouver Lake could be applied to other shallow lakes.

Specific objectives included in this study are:

a. Determination of seasonal variations in water quality in the
Columbia River in the vicinity of Vancouver, Washington,

b. Establishment of seasonal variations in water quality of
Vancouver Lake under the present conditions,

c. Determination of diurnal variations in dissolved oxygen,
temperature, etc. in Vancouver Lake during the critical
conditions which generally occur in the month of August,

d. Determination of variations in nutrient levels in bottom
sediments with sediment core depth, and

e. Development of a mathematical model for prediction of water
quality in Vancouver Lake for the post-development conditions
(dredging of the lake and connecting the south of the lake
with the Columbia River through a channel or culverts).



SECTION IV

SAMPLING AND MEASUREMENTS

The Hydroclimatic Study,(s) which was completed in 1968, provided suffi-
cient information on the seasonal variation of water quality in Vancouver
Lake-Lake River System, the sources of pollution to the system, and the
nutrient levels in the top few inches of the lake bottom sediments.
However, additional information was necessary to achieve the objectives
of this project and, hence, sampling and measurements were primarily
directed toward determining the quality of water which might be diverted
from the Columbia River to Vancouver Lake, determining the quality of
the lake sediment core samples, and establishing the diurnal variations
in water quality of Vancouver Lake.

Sampling

After careful study of the possible locations of Columbia River water
diversion to the lake, two water quality sampling stations on the
Columbia River were selected. These stations and the continuously
monitoring station in the center of the lake are shown in Figure 1.
Additional water quality stations shown in Figure 1 were used in the
1968 Hydroclimatic Study.

Based on low and high water levels and extreme seasonal changes, five
detailed field water quality surveys of the Columbia River were made
during December 1969, and in 1970 during the months of February, April,
June and August. During each survey, water samples at surface, mid-
depth and near bottom were taken at 1/4, 1/2, and 3/4 river widths at
each station.

A self-propelled pontoon boat (Figure 3) was used for sampling and for
some direct water quality measurements. The boat, having a deck area
of 160 sq. ft., provided sufficient space for six people, storage of
necessary equipment and instruments, and for on-the-spot measurement
and analysis of some water quality parameters, The boat equipment
included pH meters, dissolved oxygen probes and analyzers, thermisters,
a sonar depth measuring instrument, conductivity meters, a VanDorn
water sampler, homemade chemical kits for measuring alkalinity, hard-
ness and dissolved oxygen (Winkler), turbidimeters, portable ice chests,
portable bacteriological incubators, a submarine photometer, bottom
organism sampling and identification equipment, various reagents for
chemical testing and preserving of water and biological samples, a
variety of sample containers and bottles, necessary glassware, bottom
sediment coring equipment, etc.

Initially, the plan was to collect sediment core samples from five

locations (north, south, east, west, and center) in the lake and
three times during the study period. However, because of high water

11



Figure 3. Pontoon Boat
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conditions and the problem with the initial coring device, the exten-
sive sampling of the lake was limited to the month of August in 1970.
Sediment core sampler, which was borrowed from the Pacific Northwest
Water Laboratory at Corvallis (now under EPA), did not prove to be
entirely satisfactory for core sampling in Vancouver Lake. The bottom
sediments in Vancouver Lake were rather compacted at places and were
"soft" at other places. The Corvallis core sampler was designed for
sampling soft bottoms. Therefore, a homemade coring device, which
could be driven by hand or by hammering, was constructed. The device
proved adequate for our needs. During the high water levels in the
lake, the core sampling was limited to the shallow areas, and during
the low water levels in August 1970, an extensive sediment core
sampling was achieved.

Measurements

A variety of measurements, which provided information on the bacterio-
logical, limnological, nutrient, and environmental aspects of water
quality, was made during each of the field water quality surveys.
Nearly all of the bacteriological, phytoplankton, physical, and some
of the chemical analyses were made, within 12 hours of sampling, on
the boat or in the nearby borrowed laboratories of Clark College and
Sewage Treatment Plant of Vancouver. For other examinations and
analyses, samples were properly stored and transported to Sanitary
Engineering Laboratories in Pullman which is located about 350 miles
east of Vancouver, Washington.

To acquire data, on a continuous basis, on the diurnal variations in
levels of dissolved oxygen, temperature, pH, and conductivity in the
lake during the critical period (low water levels and high water
temperatures), the following setup was used. A floating wooden plat-
form, 8' x 6', was installed in the center of Vancouver Lake. The
platform was used to house instruments and a recorder which were
operated on a continuous basis with rechargeable batteries. The cali-
bration and operation of the system were checked once or twice a week.
The system for monitoring dissolved oxygen, temperature, pH, and
conductivity included a Hydro-lab water quality analyzer which con-
sisted of five modules, housed in a main frame, for the simultaneous
measurement of up to five water quality parameters, water quality
sensing probes, a marine field scanner, and a strip chart recorder.
The marine field scanner received output of each of the water quality
variables from the main frame and it in turn transmitted this infor-
mation to the strip chart recorder. The monitoring system (Figure 4)
was completely portable.

13



Figure 4.

Portable Continuous Water Quality
Monitoring System, A: sensing
probes; B: main analyzer; C: scanner;
D: strip chart recorder
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SECTION V

WATER QUALITY OF THE COLUMBIA RIVER

Bacteriological Quality

The purpose of bacteriological examination of an aquatic environment
has been, in the past and still is to a great extent, to measure the
degree of potential hazard to public health. Public health consider-
ation, beyond any doubt, should remain of high priority. However,
water quality degradation caused by bacteria which do not directly
affect public health but otherwise interfere with the normal uses of
water should also be of concern. The case in point is the presence
of bacteria of the genus Sphaerotilus, which are responsible for slime
growths in streams. These siime growths have been known(7,8,9to
collect and clog the nets of fishermen, interfere with fish hatching
by coating fish eggs, and smother aquatic flora and fauna that serve
as food for fish.

Although bacterial water quality standards for most bodies of water in
the U.S. are based on the total coliform density, it is believed by
many public health bacteriologists that the widely used total coliform
density is not adequate as the sole criteria for protecting public
health. Geldreich(10) states that the fecal coliform density provides

a better basis for protecting the public health during water-contact
activities and that the fecal coliform test for monitoring water

quality is the most accurate available. Measurements must be based

on detection of fecal contamination by all warm-blooded animals. When
fecal coliform densities are above 200 organisms per 100 ml, a sharp
increase in the frequency of Salmonella detection is found in fresh
water and estuarine pollution. According to Geldreich the recormended
1imit of 200 fecal coliforms per 100 ml for primary contact recreational
water use is consistent with research findings. The State of Washington
Class A interstate water quality standards state that total coliform
organisms shall not exceed median values of 240 colonies per 100 ml
with less than 20 percent of the samples exceeding 1,000/100 ml when
associated with any fecal source. In accordance with the characteristic
uses for Class A waters, the bacterial standards would permit water
contact sports such as swimming, water skiing, etc., to be carried on
without a hazard to public health.

The bacterial quality of Columbia River (designated as Class A stream)
was assessed by examining the water for total coliforms (TC), fecal
coliforms (FC), fecal streptococci (FS), plate counts (PC), Sphaerotilus
counts (Sphaer), and pigmented bacteria (Pig). The detailed results

are given in Table 1. The variation of total coliform density, fecal
coliform and fecal streptococci data, and the total plate counts for
the two stations and for the two river widths (total plate count data
plotted only for 1/2 river width) are shown in Figures 5, 6, 7, 8, and
9. The data presented in these figures are averages of bacterial counts

15
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Table 1. Bacteriological Water Quality of
Columbia River at Vancouver - Portland

Sampling
Station Date TC FC FS FC/FS %NFC PC/ml Sphaer/ml Pig/ml %Pig
o o0
cE) Dec. 4, 1969 560 90 21 4.3 84 96,000 ~500 30,000 31
’2253 Feb 4, 1970 310 50 17 2.9 84 72,000 ~200 8,700 12
Eg 0 Apr. 7, 1970 ~10 -2 -3 -0.8 -80 66,000 * 22,000 33
;Ef June 12, 1970 20 0 0 0.0 100 33,000 * 2,600 8
:j} Aug. 4, 1970 400 36 2 18.0 91 20,700 * ~6,000 13
HE Dec. 4, 1969 370 34 10 3.4 91 40,000 * 16,400 41
’;QE Feb. 4, 1970 340 78 26 3.0 77 71,000 ~60 23,000 32
Egé? Apr. 7, 1970 ~40 <10 ~4 - ~75 68,000 * 35,000 51
;?’EE June 12, 1970 <10 0 0 0.0 - 26,000 * 2,500 10
:}; Aug. 4, 1970 760 39 5 7.8 94 45,000 * 7,000 16
,_1§ g} Dec. 4, 1969 440 55 30 1.8 87 85,000 * 22,000 26
‘;2§ Feb. 4, 1970 110 18 9 2.0 83 68,000 ~800 21,000 31
8%‘2 Apr. 7, 1970 ~10 -3 ~4 ~0.7 ~70 44,000 * 11,000 25
§§ § June 12, 1970 100 -3 ~1 ~3.0 97 39,000 * 1,500 4
o= Aug. 4, 1970 200 11 1 11.0 94 45,000 * 6,000 13

1
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Table 1 (cont.). Bacteriological Water Quality of
Columbia River at Vancouver - Portland

Sampling
Station Date TC FC FS FC/FS %NFC PC/ml Sphaer/ml Pig/ml %Pig
= O
LE= Dec. 12, 1969 300 3 1 ~3.0 99 26,000 * 9,500 36
o E
TES Feb. 4, 1970  ~30 13 7 1.8 56 66,000 x 16,000 24
O
el Apr. 7, 1970 <10 0 0 0.0 , 20,600 “10 7,100 34
;g‘g June 12, 1970 <10 1 0 -~1.0 - 6,900 * 1,500 20
oo Aug. 4, 1970 800 8 2 4.0 99 7,500 ~10 1,600 21
Fc .
C Dec. 4, 1969 300 7 3 97 37,000 * 9,000 24
B e v
=D Feb. 4, 1970 =12 12 13 0.9 0 61,000 x 7,000 11
@] [
A2 S Apr. 7, 1970 <10 0o ~1 - - 36,000 * 13,000 36
3] vl
;;;g:;:* June 12, 1970 <l 2 2 ~1.0  "80 7,700 * 2,300 30
e Aug. 4, 1970 300 10 4 2.5 97 10,600 * 2,100 20
5
o Dec. 4, 1969 400 5 1 5.0 99 39,000 x 10,000 25
=
e- 8 Feb. 4, 1970 >9 9 7 1.2 0 70,000 * 14,000 20
- O M
P Apr. 7, 1970 <10 0 0 - - 20,000 * 8,000 40
)
R June 12, 1970 <10 1 0 - - 8,000 * 2,400 30
e Aug. 4, 1970 700 - 1 0.0 100 10,100 * 1,500 15
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Table 1 (cont.). Bacteriological Water Quality of
Columbia River at Vancouver - Portland

Sampling
Station Date TC FC FS FC/FS %NFC PC/ml Sphaer/ml Pig/ml %Pig
=0
B Dec. 12, 1969 600 47 27 1.7 92 42,000  ~200 11,000 26
255 Feb. 4, 1970  “20 17 5 3.4 15 62,000 * 18,000 29
§g§ Apr. 7, 1970 <10 ~2 0 ~2.0 - 400,000 * 190,000 47
524 June 12, 1970 <10 3 0 ~3.0 - 220,000 * 4,200 19
g Aug. 4, 1970 3,100 200 14  14.3 94 179,000 * 27,000 15
N Dec. 12,1969 300 8 0 1.0 97 31,000 * 14,000 45
TES Feb. 4, 1970 80 63 11 5.7 21 87,000 -200 20,000 22
égc‘%’ Apr. 7, 1970  ~40 <1 <3  -0.3 ~97 100,000 * 37,000 37
?5%2 June 12, 1970 <10 1 0o  -0.1 - 21,000 * 3,600 17
e Aug. 4, 1970 2,300 180 12  15.0 92 143,000 * 18,000 13
LB Dec. 12,1969 100 10 22 0.45 90 34,000 * 13,000 38
e Feb. 4, 1970 150 56 11 5.0 62 89,000 -100 22,000 25
L Apr. 7, 1970  -10  ~3 0 ~3.0 -70 87,000 * 37,000 42
S84 June 12, 1970 100 2 0 ~2.0 98 27,000 * 5,000 19
o Aug. 4, 1970 5,000 <200 20  10.0 96 187,000 * 20,000 11
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Table 1 {(cont.)

Bacteriological Water Quality of

Columbia River at Vancouver - Portland

Sampling
Station Date TC FC FS FC/FS %NFC  PC/ml Sphaer/ml Pig/ml %Pig
o 0
o —
N T
=g § Apr. 7, 1970 ~50 ~50 ~40 ~1.2 0 125,000 ~200 52,000 41
o w
,2’3 o June 12, 1970 30 18 4 4.5 40 32,000 * 2,300 7
Uoe o
S gq‘_‘j Aug. 4, 1970 5,600 268 17 15.7 95 120,000 * 14,000 11
=AY
S0 Jppe)
n
—
-~
F.)
o~ I
’*g-ﬁ Apr. 7, 1970 >70 ~70 ~5 ~14.0 0 97,000 ~100 41,000 42
= oy
.37‘0[“:’ June 12, 1970 20 9 0 ~9.0 55 41,000 ~100 5,500 13
oo
ﬁ §f3 Aug. 4, 1970 38,700 280 24 11.6 97 220,000 * 21,000 9
v S =E
(&
— =
<
i)
N E
2o
g'ﬂ g June 12, 1970 a0 12 0 ~12.0 87 64,000 * 9,000 14
- 0 m
- E . Aug. 4, 1970 9,200 273 30 9.1 97 212,000 * 48,000 23
583
L=

1
4
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Table 1 (cont.).

Bacteriological Water Quality of

Columbia River at Vancouver - Prtland
Sampling .
Station Date TC FC FS FC/FS NFC PC/ml Sphaer/ml Pig/ml %Pig
i
el
:';% Apr. 9, 1970 <10 0.0 - 3,400,000 * 2,680,000 78
[ w
29 o June 12, 1970 <10 4 ~4.0 - 8,000 * 2,300 29
L o =]
I gqg Aug. 4, 1970 700 22 ~ ~5.5 97 10,900 ~100 2,200 20
SR
mlvm
)]
oo
~ 5 E
TES Apr. 4, 1970 <10 0 0 0. - 31,000 * 6,000 19
AT 9 June 12, 1970 10 0 .0 ~100 16,900 * 4,800 28
S 5§ Aug. 4, 1970 4,200 189 10 18.9 96 65,000 * 10,000 15
2SS a
i<t
5
o~ O
TES
§~ &
oS Aug. 4, 1970 7,500 192 12 16.0 97 82,000 * 4,500 5
S5
v O 2
()

3
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Table 1 (cont.). Bacteriological Water Quality of
Columbia River at Vancouver - Portland

Sampling
Station Date TC FC FS FC/FS SNFC PC/ml Sphaer/ml Pig/ml %Pig
=
43
=
# .4 O
=8
,gjécg Aug. 4, 1970 3,100 140  ~5  ~28.0 95 41,000 * 3,600 9
4
288
VSRR
C =z
v |t
S
ot
TC Total Coliforms No./100mls

FC = Fecal Coliforms No./100mls

FS = Fecal Streptococci No./100mls

FC/FS = Ratio of Fecal Coliforms to Fecal Streptococci
%NFC = Percent of Nonfecal Coliforms

PC/ml = Total Count/ml

Sph/ml = Sphaerotilus/ml

Pig/ml = No. Pigmented Bacteria/ml

%Pig = Percent of Pigmented Bacteria

* Below level of detection at 1:10 dilution
- No calculated value
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measured at water surface, mid-depth, and near bottom. Generally, the
bacterial counts at station 2, the downstream station, were higher than
at station 1, the upstréam station. Also, the counts were generally
higher in winter months and late summer period than in early summer
months. It appears that the bacterial intensity is inversely propor-
tional to the flow in the Columbia River. The flow of the Columbia
River varies considerably during the year with flow increasing gradually
during March and April, increasing abruptly during May and June, and
decreasing again in July. The flow normally remains low during the
fall and winter months, although high water can occur during the winter
months.

In examining Figures 5 and 6, it can be seen that the median value for

TC is well within the Class A stream standards. It should be noted,
however, that the TC counts were excessively high during August. The
counts of FC were below 200 organisms per 100 ml in all cases except

in August at 1/4 channel width at station 2 (Figures 7 and 8). Also,

the ratio of FC/FS, in most cases, was greater than 0.6 (Table 1)
indicatin% that contaminatio? g?s largely from domestic sewage. Geldreich
et al. 1) and Kenner et al. 1 report that the ratio of FC/FS for man

is 4.4 and that for other warm-blooded animals it is 0.6 or less. Table 1
further indicates that, in most cases, the fecal coliforms constituted
less than 30% of the total coliforms. In summary, bacterial quality of
the Columbia River as it exists today should present no health hazard to
the public in its use of the river for water-contact recreation.

Generally, the presence of Sphaerotilus in the Columbia River water was
measurable in winter months and the levels in summer months were
generally below the detectable limit. The significance of 10 to 800
Sphaerotilus organisms per ml that have been detected in our sampling
in the Columbia River has not been determined so far as proposed diver-
sion of river water to Vancouver Lake is concerned.

The chromogenic or pigmented bacteria are comprised of those bacteria
able to form visible pigmented colonies on modified Henrici's agar at
room temperature in 2 days. Chromogenic colonies ranged in color from
light yellow through yellow orange and red orange and from pink to red
with some purple colonies. Preliminary identification placed them in
the genera Flavobacterium, Xanthomonas, Pseudomonas, Brevibacterium,
and Micrococcus. Most of the isolants were gram negative rods. Some
colonies produced a melanin-like diffusible black pigment. The signif-
icance of the organisms is not known at present.

The numbers of chromogenic bacteria are indicative of the overall
quality of surface waters. The populations of chromogenic bacteria
in the Columbia River gai4in ?greement (Table 1) with the findings of
other investigators.(1 s+, 15 Plating media with reduced amounts of
nutrients are in many instances replacing the standard plate count
agar (Standard Methods). Chromogenesis is more evident when the orga-
nisms are grown on a low nutrient medium. The numbers chromogenic
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bacteria usually comprise are about 20 to 49% gflg?e total populations
capable of growing on low nutrient media. (14515 The pigmented
average 24% of the total colony count with a range of 4 to 78% in
Columbia River waters. Waters of exceptionally high quality (arctic
lakes) may exhibit only 5% of the total population as chromogenic.
During our investigation, a 5% figure was observed only once (Table 1).

It is desirable in a comprehensive bacteriological survey of surface
waters to enumerate not only the bacteria of sanitary significance

but also to enumerate those indigenous to the stream. The results of
previous studies indicate that total counts_in_relatively unpolluted
streams average 4.0 x 104 bacteria per ml. (13,18,13) The average total
count for Columbia River waters is 6.0 x 107 bacteria/ml (Table 1).
This average is not significantly higher than those of previous inves-
tigations. High quality'w?isri gsually exhibit values of approximately
3.0 x 105 bacteria per ml.\-7s 0) The difference in total counts from
station 1 to station 2 can be attributed to urban influences. This
type of impact has been well documented. (13,18)  When the higher counts
are considered with respect to the usual numbers encountered in highly
polluted water (1.0 x 107), their significance is unimportant. (18,Z1)

Phytoplankton

At each of the two stations on the Columbia River, algae measurements
were made at three equal river widths and at three water depths (surface,
mid-depth, and near bottom) for each river width. The data indicated

no major variations in the species and their numbers with respect to
depth, width, or station but there were definite changes in species and
their numbers with respect to time. These algae data are summarized in
Table 2. It can be seen that the peak algae concentrations occurred in
the month of June when the numbers reached 4,700 cells per ml. In April
and in August the concentration ranged between 1,000 and 2,000 cells per
ml whereas the concentration remained below 300 cells per ml during the
months of December and February.

Table 2. ALGAE DISTRIBUTION IN THE
COLUMBIA RIVER

1969 1970
December February April June August

Total cells/ml 256 88 1060 4691 1682

Diatoms (%) 68.0 71.6 84.9 77.0 73.0
Greens (%) 15.2 14.8 0.0 15.2 11.0
Blue Greens (%) 0.0 0.0 0.0 0.4 0.7
Others (%) 16.8 13.6 15.1 7.4 15.3
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Table 2 further shows the distribution of algae into the three groups--
diatoms, greens, and blue greens. Diatoms were the predominant algae
present in the Columbia River throughout the year, making up 68 to 85%
of total algae. The greens constituted from 0 tc 15%, blue greens less
than 1%, and other unidentified species 7 to 17% of the total algae.
The blue greens were observed only in the months of June and August.

Detailed tabulations of the algal species observed in the Columbia
River are given in Appendices A and B. The relative abundance of algal
forms observed in the months of December, February, April, June, and
August are shown in Figures 10,11, 12, 13 and 14, respectively. In
December 1969, the most prevalent form was Asterionella and other
prominent diatoms were Fragilaria, Melosira, and Stephanodiscus.
Tribonema, belonging to the vellow greens, was the only other identi-
Tiable form present. All these forms were also observed in February
1970, but in smaller numbers, and the dominant form was Fragilaria
which increased in numbers and remained dominant by April 1970. At
that time another form, Melosira, was observed and by June this genus
had surpassed other algae and showed a concentration of about 2,000
cells per ml at station 2. Other identified algae observed, in consid-
erable numbers, in the month of June were Fragilaria, Tribonema,
Asterionella, Stephanodiscus, Tabellaria, Scenedesmus, and Oscillatoria.
K decrease in concentration of algae was observed in August 1970 and
the forms identified in decreasing order were Tabellaria, Fragilaria,
Stephanodiscus, Tribonema, Asterionella, Melosira, Scenedesmus, and
Oscillatoria.

The fact that 85% of the algae that make up the phytoplankton population
of the Columbia River are diatoms strongly indicates that the water
quality of this stream is presently in good condition. This fact,
coupled with the observation that blue greens make up only about 0.4

to 0.7% of the populations and these occur during the warmer months of
late June through August, is another indication that these waters are
in good condition. It is recognized that some blue greens are present
in waters of excellent condition as well as certain diatoms are present
in polluted waters, but the wide variety of clean water species 1s
indicative of the overall water conditions. Over 50 different species
of diatoms were represented--25-30 species of greens and only 5 specles
of blue greens--which gives an indication as to the variety of phyto-
plankton present. This variety and number of clean water species
present would indicate that the body of water is in a mesotrophic state
of nutrition.

Nutrients and Other Parameters

The detailed data on 5-day biochemical oxygen demand (BOD), chemical
oxygen demand (COD), total solids (TS), total volatile solids (TVS),
suspended solids (SS), volatile suspended solids (VSS), total phosphorus
and soluble phosphorus expressed as PO,, organic nitrogen, ammonia
nitrogen, and nitrate nitrogen are given in Appendix C. A summary of
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these parameters and also of other water quality parameters such as
alkalinity, pH, hardness, sulfates, Pearl-Benson index (PBI), chlorides,
dissolved oxygen, temperature, and conductivity is presented in Table 3.
The values included in Table 3 are derived for the most part from the
entire data collected at the two stations, three river widths at each
station, and three depths for each river width.

The 5-day BOD values measured were always less than 2.0 mg/l and the
average was about 1.0 mg/l. The COD values ranged from 2.5 to 14.0
mg/1 with 5.8 mg/1l as the average.

Total nitrogen varied from 0 to 1.38 mg/l and the average was about

0.35 mg/1 (Table 3). Most of the nitrogen measured was in the forms

of nitrates and organic nitrogen. The nitrate levels gradually increased
from December to April and then there was an abrupt drop from April to
June (Figure 15). The organic nitrogen remained about constant from
December to February and then gradually decreased from February to

June. The ammonia levels stayed about constant during the study period.

The total phosphate levels ranged from 0.04 to 0.85 mg/l as POs with an
average value of 0.23 mg/l. On the average, 50% of the phosphorus
measured was in the soluble form and the remaining 50% was associated
with the suspended solids.

Generally, the nitrogen and phosphorus levels were low (Figure 15)
during the summer months when high biological activity was noticed
(Table 2).

The concentration of total solids ranged from 68 to 180 mg/l with an
average value of 116 mg/l. On the average, about 30% of the total
solids were volatile solids. The concentration of suspended solids
varied from 0 to 35 mg/l and the average was about 18 mg/l. On the
average, about 33% of the suspended solids were volatile.

The measurements summarized in Table 3 indicate that the water quality
of the Columbia River, at present, is in good condition and the river
can be used for recreational and other purposes. The levels of phos-
phorus are higher than 0.0l mg/l as P, the border-line level recognized
by some and disputed by others, between eutrophic and non-eutrophic
waters.
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Table 3.

SUMMARY OF COLUMBIA RIVER WATER QUALITY

Concentration, mg/1

Minimum Maximum Average o
BOD 0 2.1 1.0 0.44
CoD 2.5 14.0 5.8 2.50
NH3—N 0 0.15 0.05 0.036
Org-N 0 0.53 0.11 0.072
NO3—N 0 0.70 0.19 0.18
Total P—PO4 0.04 0.85 0.23 0.13
Soluble P—PO4 0.01 0.72 0.12 0.11
TS 68 180 116 23
TVS 18 64 34 9
SS 0 35 18 8
VSS 0 15 6 4
pH 7.6 8.2 8
Alk—CaCO3 18 79 47 20
Hardness—CaCO3 18 78 63 13
SO4 0 11 6.6 2
PBI 0 0.52 0.1 0.13
C1 2.3 5.5 4,1 1
DO 8 12 9
+Temp. 4 21
*Conductivity 65 210 167 36

*Conductivity is given in units of u

+Temp. is given in °C
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SECTION VI

QUALITY OF VANCOUVER LAKE SEDIMENIS

Quality of Vancouver Lake bottom sediments was assessed by measuring the
organic matter, phosphorus, and nitrogen levels in the sediment core
samples collected throughout the lake. Also, the potential of these
sediments to support phytoplankton populations was evaluated on a quali-
tative basis. A few samples were analyzed by the method of neutron
activation analysis to determine the levels of some of the trace elements
available in_the lake sediments. Data on bottom organisms as collected
previously(3) are also summarized.

Nutrients

Generally, the nutrient levels in the top six inches of bottom sediments
were higher than in the remaining core. There were some pockets of high
nutrient levels observed even at deeper than six inches of core depth.
Typical vertical profiles of nutrient levels in Vancouver Lake bottom
sediments, as observed in August 1970, are shown in Figure 16. It
should be noted that the ammonia-nitrogen levels increased with core
depth whereas organic nitrogen, phosphorus, COD and volatile solids,
generally, decreased with core depth.

It should also be mentioned that previous findings(s) indicate that the
levels of nutrients in the top layers of Vancouver Lake bottom sediments
were the highest in the winter months and the lowest in the late summer
period.

The minimum, maximum, and average values of organic carbon, nitrogen,
and phosphorus derived from the 43 Vancouver Lake sediment analyses are
summarized in Table 4, A similar analysis of ''sewage sludge in river"
as found by others(22) is also included in this table for comparison.
It can be seen that the bottom sediments of Vancouver lLake come close
to resembling '"sewage sludge in river."

Table 4. CARBON, NITROGEN, AND PHOSPHORUS IN
VANCOUVER LAKE BOTTOM SEDIMENTS

Ratio
%C %N %P C:N N:P
Maximum 2.60 0.31 0.14 20 4
Minimum 0.40 0,05 0.06 4 0.5
Average 2.00 0.20 0.10 10 2
Sewage Slud 5.8 0.28 0.18 21 2
in River%zgs3
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Also, organic sediment index (0SI), which is a product of percent organic
nitrogen and percent carbon measurements of sediments, was computed and
the values of OSI for Vancouver Lake sediments varied from 0.02 to 0.82
with an average value of 0.4. According to the classification suggested
by Ballinger and McKee, 23) the Vancouver Lake sediments fall between
type I and type II sediments. The type I sediments represent sand,

clay, and old stable sludge, and the type Il sediments represent organic
detritus, peat, and partially stabilized sludge.

Laboratory studies(24) with lake bottom sediments from three lakes in
west-central Minnesota indicated that the sediments can act as reser-
voirs of orthophosphate and that the release of orthophosphates from
the sediment to the water takes place when the phosphate concentration
in the overlying waters is low. In evaluating the nutrient concentra-
tions measured in sediments, it is important to know the nutrient
fraction that is available for biological reactions and the fraction
that is not available. Although the determination as to what fraction
of nutrients in sediments is available for biological activity was not
in the scope of this study, a small qualitative study to gain infor-
mation related to this topic was undertaken. This study involved Z5-
250 ml glass flasks, each of which contained five grams of Vancouver
Lake sediment and 100 ml of the Columbia River water, and 3-250 ml glass
flasks, each of which contained 100 ml of the Columbia River water only
to serve as controls. The sediments used in this study were taken from
the five locations (north, south, east, west, and center of the lake)

in Vancouver Lake and from five core depths at each location. The
flasks were exposed to about 300-foot candles fluorescent light intensity
in a room maintained at 20°C. The experiment was continued for seven

weeks, and the results of algae growth observations are summarized in
Table 5.

Table 5. ALGAE GROWTH* POTENTIAL OF VANCOUVER LAKE
BOTTOM SEDIMENTS - COLUMBIA RIVER WATER

Sediment Core Depth (inches)

Time Control**

(Weeks) 0-5 5-10 10-15 15-20 20-25
0 NG NG NG NG NG NG
1 NG NG NG NG NG NG
2 NG SG NG NG NG NG
3 e SG NG NG NG NG
5 NG AG SG SG LG LG
7 NG AG SG SG SG LG

*Algae growth observations denoted as: NG - no growth, LG - little
growth, SG - sparse growth, and AG - abundant growth.
**Columbia River water with no Vancouver Lake sediments added.
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It appears that the nutrients in the top five inches of the lake sedi-
ments were sufficiently "available' to produce abundant algae growth
which took place after the 3rd week and before the 5th week of the
experiment. It can also be concluded from this experiment that the
"availability" of nutrients in sediments at depths greater than about
five inches was scarce.

Trace Elements

Neutron activation analysis technique was used to determine the levels
of some of the trace elements present in the sediments and water. The
results are summarized in Table 6. The levels of nine elements found
in Vancouver Lake sediments are of the same magnitude as present in
average basalt rocks. Cobalt is one of the trace elements that has
been recognized as essential for the grow%% gf blue green algae and it
is required in concentration of 0.5 mg/1. S 1t appears from Table ©
that there is no deficiency of cobalt in the Vancouver Lake system.

Table 6. SOME TRACE ELEMENTS IN VANCOUVER LAKE-
COLUMBIA RIVER SYSTEM

Concentration in ppm

Vancouver Lake Co}umbla
River
Element Sediments Water Water
Iron 5 x 107 ND* ND
Cobalt 18.5 1.02 0.58
Chromium 57.5 8.9 8.9
Barium 500-700 ND ND
Scandium 18.5 0.95 0.14
Europium 1.42 0.06 0.06
Hafnium 7.35 ND ND
Thorium 17.10 0.60 0.12
Rupidium 90.2 ND ND

*ND = not determined

Bottom Organisms

The number of organisms per square meter of the lake bottom area ranged
from 0 to 2,451. Aquatic earthworms, chironomids, and nematodes were
three predominant organisms in the lake sediments. Most of the orga-
nisms detected were aquatic earthworms of the family Naididae which
are characteristic of shallow and turbulent waters. Chironomid worms
were sparingly present in areas where organic solids were present in
the mud. They were conspicuously absent in locations where log rafts
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were formerly tied up. At these locations (in the Lake River), a
great deal of bark and wood chips were sieved from the bottom sedi-
ments but relatively few living organisms were found.

The significance of the biological inventory of the bottom organisms
lies in the fact that these organisms are more or less fixed in their
habitat and cannot move to more favorable surroundings when pollu-
tional conditions become critical. Therefore, these organisms shoul%
be good indicators of the past and present environmental conditions. 26)
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SECTION VII

WATER QUALITY PREDICI'ION APPROACH

Dredging of Vancouver Lake to make it deeper and introducing Columbia
River water into the lake through a channel or culverts are being
considered as possible methods of both increasing lake use potential
and as a water quality improvement measure. To predict the effect of
the above measures on the final water quality in the lake, the following
information and steps were considered essential in approaching this
problem:

Water Quality in the Columbia River - Vancouver Lake System

It was essential to establish the available water quality in the
Columbia River and the existing water quality in the lake in order to
predict the obtainable water quality in the lake if the Columbia River
water were diverted into the lake. The available water quality in the
Columbia River has been established in Section V. The existing water
quality in Vancouver Lake was established in a previous study. 1,3) A
summary of the water qualities in the two systems is given in Table 7.

Hydrodynamic Characteristics of Columbia River - Vancouver Lake System

In addition to the information on water quality, the information on
the hydrodynamic characteristics of the system under the present condi-
tions as well as under the proposed modification of the Columbia River-
Vancouver Lake system was equally important.

The information on the hydrodynamic characteristics of the sgitem.was
obtained through concurrent but three separate studies. (4555 These
studies were involved in acquiring hydrologic and hydrographic field
data which were then used in the construction, operation, and verifi-
cation of the hydraulic model.

A summary of the results is presented here, and the readers should
refer to the above mentioned three studies for detailed information.
During August, the water quality conditions were critical because of
low flows and high temperatures. Therefore, the conditions for the
month of August were emphasized:

. The tidal relationships in the Columbia River-Vancouver Lake-
Lake River system are very important factors in the evaluation
of the flow rates into and out of Vancouver Lake. Seasonal
changes in depth of Vancouver Lake associated with net tidal
flows in Lake River are shown in Figure 17.
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Table 7.

COMPARISON OF AVERAGE WATER QUALITY OF

VANCOUVER LAKE AND COLUMBIA RIVER

(Units are mg/l unless otherwise specified)

Vancouver Lake

Columbia River

COD

Kjeldahl - N
NOz - N
Total P as PO4

TS
TVS

Conductivity (u-mhos)

pH

hardness as CaCO3
S04
C1

Temperature (°C)
DO

Coliform Bacteria

(median value - No/100 ml)

% Fecal Coliforms

Blue-Green Algae

(% of total algae)

State of Nutrition

8.0
12.0

2.25
0.17

0.70
200
90

170
6.7-9.3

104
14.5
4.0

4-26
5.7-14.8

3000

10-40
95

eutrophic

1.0
5.8

0.16
0.19

0.23
116
34

167
7.6-8.2

63
6.6
4.1

4-21
8-12

>200

>30
0.5

mesotrophic

46



12 T I I I 1 T T T T 300
LEGEND
O = Water depth of o
the lake e
(o) ® = Net inflow to ‘250£
- the lake W
—
- @ = Net inflow =
from the lake @«
¥
=4
8 200<

H

WATER DEPTH IN C\JI)ANCOUVER LAKE

n

Figure 17.

F M A M
MONTH OF A YEAR

J J A S O N D

o
O

50

Mean Seasonal Variations in Lake Depths and Net Inflow-
Outflow Rates of Lake River to Vancouver Lake for
Existing Conditions.

47

NET INFLOW-OUTFLOW RATE OF



+ Statistical analysis of field water stage data indicated that
in August the average high elevations of the Columbia River,
Vancouver Lake, and Lake River (at Felida) were 5.78, 4.41, and
4.91 feet above mean sea level.

+ The average value of the differences in peak water surface
elevations between the Columbia River and Vancouver Lake during
August was about 1.8 feet, while the average values of the tidal
fluctuations .in the Columbia River and Vancouver Lake were 2.25
and 0.15 feet, respectively. This information was the basis

of the sinusoidal tide variations in the Columbia River and Lake
River as used in the water quality simulation study.

* The difference in elevation between the Columbia River and
Vancouver Lake is influenced by the general rising and falling
trend in the Columbia River stage. This relationship shows

that Vancouver Lake rarely goes below a stage of about four feet
due to the tidal flat at the entrance to Lake River, and the
Columbia River maximum elevation is sometimes less than the
Vancouver Lake minimum elevation.

* The main rivers and creeks which play an important role in influ-
encing the quantity and quality of Vancouver Lake are: (a) the
Columbia River, (b) the Willamette River, (c) the Lake River,

(d) Salmon Creek and Burnt Bridge Creek. The estimated flows

of these streams and the approximate contribution of groundwater
and precipitation are shown in Figure 18.

- The hydraulic model study indicated that introduction of the
Columbia River water into the lake produced near complete
mixing conditions., The results of a typical test are shown in
Figure 19. In this test, a precalculated dose of a fluorescent
dve was completely mixed with the lake water and then the
Columbia River water was introduced into the lake. The dye
concentration in the model was measured as function of time at
seven stations in the lake and at the inlet to Lake River. A
total of 22 tests were conducted under various conditions of
stream flows, tidal variations and dredged depth.

* It was established that in order to prevent the tidal fiow
from Lake River into Vancouver Lake, the width of the proposed
- channel connecting the Columbia River and Vancouver Lake should
be 150 feet or greater.

* The relationship of average detention time in the lake of the

average inflow introduced into the lake under various lake
bottom dredged conditions is shown in Figure 20.
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Water Quality Indicator

After acquiring the water quality and quantity information, the next
step was to select a water quality parameter which would be indicative
of the overall water quality in the lake and at the same time the
parameter selected could be described mathematically in terms of its
relationship with other factors affecting it. Dissolved oxygen was
the water quality parameter selected as an indicator of the overall
water quality in the lake because of the following reasons:

ad.

b.

f.

dissolved oxygen is essential for aquatic life,

aquatic plant photosynthesis and atmospheric reaeration are the
sources of dissolved oxygen in an aquatic system, and the addition
of dissolved oxygen by these processes can be described mathematically,

the sinks of dissolved oxygen in an aquatic system are respiration
by microorganisms and other aquatic life and decomposition of
organic matter. These sinks can also be written into approximate
mathematical equations,

the fact that interaction of phosphorus, nitrogen, carbon dioxide,
other trace nutrients, sunlight, temperature, etc. with phyto-
plankton results in the production of photosynthetic oxygen; that
the atmospheric reaeration of aquatic systems depends upon the
wind action, temperature, water depth, and the dissolved oxygen
deficit; that the depletion of dissolved oxygen is related to
biochemical oxygen demand of aqueous and benthic zones including
respiration of bacteria, algae, zooplankton, fish, and other
organisms suggest that the dissolved oxygen is indeed a water
quality parameter which indicates a composite effect of many of
the dominant processes that take place in a dynamic aquatic
ecosystenm,

the measurement of dissolved oxygen can be made easily and accurately,
and

dissolved oxygen is one of the most important water quality standards.

Therefore, the main emphasis in this study was placed on the dissolved
oxygen model although phytoplankton and bacteria models were also
attempted.

Water Quality Model

Computer programming and digital corputers have made it possible to
build simulation models of dynamic ecosystems. The accuracy of these
models depends largely on the accuracy of the various coefficients used,
the assumptions made, and the functional relationships incorporated.

52



The water quality model considered in this study consists of two main
parts: DO Model and Aquatic-Life Model. The emphasis in this study
has been placed on the DO Model because of the better understanding
as well as the wide acceptance of the mathematical relationships
involved. Although the two models are interrelated, the response in
terms of change in population of organisms as related to changes in
environmental and nutritional factors is difficult to predict under
the present state of knowledge, and it becomes even more difficult to
predict the number of biological species and the population of each
of the species. On the other hand, dissolved oxygen as related to
environmental and nutritional changes can be estimated.

Model: Several modifications and improvements t gh% e%aller
DO model by Streeter- Phelps(2 ) have been suggested.2 9 1
The DO model considered in this study w?s primarily based on e
work of Chen(34) and Chen and Orlob. However, we found that
we could not verify the model with the actual field data unless
the temperature dependence of phytoplankton growth rate (u) was
included. The temperature effect was especially important for
predicting diurnal variations in dissolved oxygen.

The mechanisms considered which affect the DO concentration are
advection {oxygen in inlet streams minus outlet streams to
Vancouver Lake); photosynthesis as affected by nutrients, light
availability, and temperature; biological respiration and
deoxygenation; and atmospheric reaeration. A mass-balance type
formulation which incorporates major processes that affect dis-
solved oxygen is presented:

Rate of
Change of
DO Mass Rate Change in DO Mass Due To
o) . T+ (- OpVI/R - KVe - KDA + K0, - OV
Advective Net Biochemical Benthic Reaeration
Transfer Photosvnthesis  Oxygen Oxygen
Demand in Demand
Water
[1]
where V= the volume of the lake;
t = time;
T, = the total advective transfer of oxygen defined as the
sunmation of QpOB, Q.O¢, and Q;0p, in which Og, O,
and O; are the oxvgen levels of Burnt Bridge Ereeﬁ,
the channel or culverts, and Lake River, respectively;
T = the lake water temperature;
0 = the dissolved oxygen concentration in the lake;
R = the conversion factor between oxygen and algal biomass;



% = the biochemical oxygen demand;

Ky = the decay coefficient for BOD;

K, = the reaeration coefficient;

K4 = the oxygen uptake by detritus;

u = the specific growth coefficient of phytoplankton
(algae);

r = the respiration coefficient of phytoplankton;

D = detritus concentration accumulated at the lake bottom;

p = the biomass concentration of phytoplankton; and

Og = the dissolved oxygen saturation concentration.

The correlated components which directly or indirectly affect the
dissolved oxygen are biomass of phytoplankton, organic and inorganic
nutrients, and zooplanktons. These components are described by a
series of mass balance equations as follows:

Biomass of phytoplankton. The biomass of phytoplankton is trans-
ported by the movement of water--advection. In addition, phyto-
plankton growth rate is determined by light, temperature, and
nutrient conditions. It decreases as a result of continuous
respiration, settling, and grazing by zooplankton. Those terms
must be included in the mass balance equation to form a differ-
ential equation for phytoplankton which directly affect the DO
level in equation [1].

Rate of

Change of

Phyto- Rate Change in Phytoplankton Mass

plankton Due To

Mass

L - 1+ (e-nTva - - gy, [2)
Advective Net Growth After Grazing of
Transfer Settling Phytoplankton

by Zooplankton

where T, is the total advective transfer of biomass of phyto-
planktog, s the fraction of settling of phytoplankton, g the
specifi  growth coefficient of zooplankton, Y, the yield
coefficient of zooplankton, z the total count of zooplankton,
and u is the specific growth coefficient of phytoplankton which
is assumed to follow the Michaelis-Menton kinetics for the
uptake of limiting nutrients or light. In this study, nitrogen,
phosphate, and light intensity are considered as possible
limiting factors

+ ) () () 2
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in which {i is the maximum possible growth rate; N’ and K, are
the Michaelis-Menton constants and are respeptlve&y the concentration
of light, nitrogen, and phosphate at which v equals 0.5 .

According to Beer's law, the solar energy reaching the water surface
is attenuated exponentially with water depth influenced by the
suspended silt and phytoplankton population. A sinusoidal model

as the function of photoperiod was used in this study.

L =1L, exp [-(a + bp)y] , [4]
and
m(t - t_ )
L, = L (- 0.65c) sin(t—_—ts—r-> T [5a]
SS ST
e tsr>t>tss [5b]

where L is the light intensity in Langleys/day* at the depth y
measured downward from the water surface, L, the solar energy at
water surface at time of day t, L the solar energy at noon time,
C, the degree of cloud cover, tsr the time at sunrise, and tgg
the time at sunset. )

For the completely mixed model in the 1ake of H feet in depth,
the average value of light intensity, L, was calculated by

H
L - lj tay = 1, Loep Ll PO (6]
6]

Biomass of zooplankton. The growth and death rates due to natural
causes were presumed to be directly proportional to the water
temperature. Mass conservation for biomass of zooplankton may be
expressed as follows:

Rate of

Change of Rate Change in Zooplankton Number

Zooplankton Due To

Number

d

_§¥El = TZ + gzZVI - mzVl - YFV/yf (7]
Advective Growth Mortality Predation
Transfer by Fish

*One foot-candle = 3.2675 x 107° Langleys/day. Calibration of the

instrument used in the Vancouver Lake study 1s 4 mlcro amp for 1

foot-candle. Therefore, 1 micro-amp = 8.1686 x 10-3 Langleys/day.
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in which T. is the total advective transfer of zooplankton, m the
mortality of zooplankton, y the specific growth rate of fish, F
the biomass of concentration of fish, and Y¢ the yield coefficient
of fish. Predation of zooplankton by fish was excluded in the
simulation study.

Biochemical oxygen demand. The mass balance equation for BOD
which directly affects the DO level may be written as

Rate of
Change of Rate Change in BOD Mass
BOD Mass Due To
d(ve) _ )
R = T, - K Ve K{Ve (8]
Advective Removal of Removal of
Transfer BOD by Aerobic BOD by
Bacteria Settling

where T, is the total advective transfer of BOD, K; the rate of
BOD rembval by sedimentation and/or adsorption, and £ the BOD
concentration.

Nutrient level. Nutrients can be consumed by phytoplankton (sinks),
but released by zooplankton and recycled by bacteria from lake
bottom deposits (sources). The conservation of mass for any given
nutrient becomes:

Rate of
Change of Rate Change in Nutrient
Nutrients Due To
d(Vn
('}c’) = T, o+ a2V o+ BA - wpVT/y [9]

Advective Recycling Recycling Conversion
Transfer by Zoo- by Bottom of Nutrient to
plankton Sediments Phytoplankton

in which n is the concentration of nutrient at time t, T the
advective transfer of nutrient, a the return coefficient of
nutrient from zooplankton, g the recycle coefficient from bottom
deposits depending upon the rate of bacteria metabolism, and Y
the yield coefficient of phytoplankton for a specific nutrient?"

Dissolved oxygen saturation concentration. The dissolved oxygen

saturation concentration is a function of temperature, barometric
pressure, and salinity of water. The changes in DO concentrations
in Vancouver Lake due to fluctuations in barometric pressure were
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assumed to be negligible. However, if one wishes to include
this effect, the following equation can be used:

1
1 P - Py
% = % 7807, [10]

where p. is the water saturated pyessure in mm o Hg at a partic-
ular water temperature T in °C, Og is the saturated value of
dissolved oxygen at barometric pressure of pl in mm of Hg, and
Og 1is the dissolved oxygen saturation concentration at a baro-
metric pressure of 760 mm of Hg.

An empirical formula for O_ as a function of temperature as given
below for fresh water was used in this study.

0, = 14.652 - X.1002 x 107°T + 7.9971 x 10T [11]
- 7.7774 x 107°13
Aquatic Life Model: Parker's (36) work on modeling of Kootenay Lake
Th British Columbia was the basis of the aquatic life model attempted

in this study. Some modifications of Parker's model to correspond
to conditions in Vancouver Lake were made.

The available quality data indicate that Vancouver Lake is currently
undergoing rapid eutrophication. Therefore, the seasonal vari-
ations in quantity of algae as well as bacteriological level are

of importance and are described as follows:

Algae. The seasonal variations of algae and its affected
factors such as zooplankton and phosphate density are repre-

sented as:
Rate of
Change Rate Change in Algal Mass
of Algal Due To
Mass
dp o016 1o - pT - paT> [12]
& = p<pyexp 70503 p P2 P3
Growth Natural Grazing of
Death Algae by
Zooplankton
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Rate of Change

of Zoo- Rate Change in Zooplankton
plankton Number Due To
Number
. 5 ™\
dz  _ <{ i T-13“] i <
Ir = I<EzeX [_0.5(—§——) _]PPPG(PP) zZTG(Pp) [13]
Growth Natural
Death
Rate of
Change of Rate Change in Phosphate
Phosphate Concentration Due To
Concentration
o . WY e g "
W V 2 dw 3 dw
Advective Conversion Conversion
Transfer to Zoo- to Phyto-
plankton plankton

where w is the week of the year; Q, the net flux to the lake;

P1s Pys Pz Z9s Z25 PZ’ and P3 are constants; P, the phosphate
o% theé incomifig flow; Pg the photoperiod (or daylight hour);

G(P,) the function of photoperiod; and T the water temperature
of ghe lake. Some of these are represented as:
= . 38 - w
Pp = 12.2 + 4.1 sin [?ﬂ (——§§——>J [15]
P -7.2
G(Pp) = 0.82 + 0.343 sin | 27 (-Biﬁ—z—-> [16]

From the available field data, the incoming flow rate of Burnt
Bridge Creek, Qp; phosphate content of Burnt Bridge Creek, Prs
and the lake water temperature were found to be represented

as the following functional relationships.

2
Qg = 28.32 <{16.2 - 15.7 exp [}0.5 (W 5 24) ] [17]
‘w - 24 2
p = 150 + 750 exp [—0.5 . ] (18]

2
4.0 + 22 exp [}0.5 (“ " 24) ] [19]
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Equations [18] and [19] are for w (time in weeks) greater than
or equal to 8; otherwise w is replaced by (w + 52) in the
equations.

Total bacteria. It is assumed that the bacteria depend on BOD
as the food source. The mass balance for bacteria and sub-
strate is glven as:

Rate of
Change of Rate Change in Bacteria
Bacteria Mass Due To
Mass
B, + QB
dB - Q L
e VR ) + _B__B_V_____ [20]
Net Growth Advective
Transfer
Rate of
Change of
Substrate
S, + QS p - k,T
s BBy 2 g
Advective Conversion Release of Sub-
Transfer to Bacteria strate Due to
Bacteria Death
and Lysis

where B and S are the total bacteria count and substrate concen-
tration, respectively, k, the rate of die-off of bacteria, Sy
the substrate concentration of the incoming flow, p the fraction
of cells which die in the lake, g the fraction of exogenous sub-
strate released per unit cell lysed, and Yg the effective yield
coefficient of substrate. The specific growth rate of bacteria
1 is expressed as:

) 2
5w oexp [—0.5 (TS:S%) } [22]

in which u is the maximum specific growth rate of bacteria. An
approximate maximum value of pq has been reported by Postgate(37)
to be 0.004. Sayer(38) and Gellman and Heakelekian(39) have
shown that 0.5 gram volatile suspended solids is synthesized per
gram of BODcg removed. Therefore, the value of 0.5 for Yg is used.
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Method of Solution

Following the formulation of water quality model for the simulation
study, the numerical solution to a set of differential equations was
obtained in a step-by-step manner with the aid of a digital computer.
The finite difference method was applied to the solution of DO model
and a third order Runge-Kutta method was uSed for the aquatic life
model. Initial conditions were required for solving the mathematical
models and to simulate the various subseauent behaviors in the system.
Initial lake water quality, climatological data, flow quality and
quantity, rate constants of biological activities, physical dimensions
of the lake, etc., were necessary.

When the initial input data were ready, the explicit technique of
numerical integration was used by substituting all the conditions
corresponding to the initial time in the right-hand side of
equations [1], [2], [7], [8], and [9], and for the time derivatives
on the left-hand side. Once the time derivative of a given variable
was known, it was evaluated for some short time interval by assuming
a constant rate of change in this interval. The new values became
the initial conditions for calculating the next set of conditions
over the next time interval. The solution was thus obtained in time
increments At until the desired total simulated time had been reached.
The detailed steps of the method are given in Appendix D.

Table 8 summarizes the values of various reaction rate constants and
other coefficients used in the solution of the water quality model.

A number of assy@gtions were made in the solution of mathematical
models:

- Complete mixing conditions were assumed in Vancouver Lake.
Previous studies(3) indicate that the lake is unstratified
most of the year because of its shallowness and mixing
induced by wind action. It is believed that even if the lake
is dredged to a water depth of 15 feet, complete mixing
assumption will still prevail.

- The euphotic zone exists to a depth of three feet. Field
data indicated that the penetration of sunlight was limited
to water depths less than three feet.

- The biochemical and biological reactions follow first order
equations.

- The transport mechanism of diffusion is small compared to
advection and other transport mechanisms for non-conservative
soluble substances.

- Daily sinusoidal cyclic variation of tides in the Columbia
River and Lake River was assumed. Magnitudes of the mean
tidal amplitude were obtained by statistical analysis of the
field hydrographic data.
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Table 8. FUNCTIONAL OR ESTIMATED COEFFICIENTS FOR WATER QUALITY MODEL

Parameter

Functional Relationship
or Estimated Coefficients

Reference
and Remark

DO MODEL

Light Extinction

a: Background, per foot
b: Algal suspension, per foot per mg/l
Cy: Degree of cloud cover
L: Average light intensity, Langleys/day
L,: Solar energy at noon time, Langleys/
day
Pp: Photoperiod, day
to Time of sunrise, day
Evaporation
C,: Empirical constant
CS: Fmpirical constant
Nutrient

o

Return coefficient of nutrient from
zooplankton

0.09
0.006

0.40

L (1 - e@[(—a—bp)m)
o) H(a+bp)

400

0.5

0.2917

0.394

-0.098

0.01

Chen(34)

Chen(34)
Assumed in this study

Calculated from Beer's
Law

Computed from d%t§ by
Bhagat and Funk 5

Assumed in this study
Assumed in this study

Jaske(40)

.Iaske(40)

Assumed in this study
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Table 8. Continued

Parameter or Estinated Coefficionts and Remark
B: Recycle coefficient from bottom depos- 0.01 Assumed in this study
its depending on the rate of bacteria
metabolism
YpN: zield.coefficient of phytoplankton 12.0 McGauhey et al.(41)
or nitrogen
YpP: iield coefficient of phytoplankton 24 Deduced from Parker(36)
or phosphate
K,, BOD decay coefficient, per day (Kl)T = (K;)zgelT‘zo Temperature dependent
6, = 1.047 Streeter and Phelps(27)
(K1)29 = 0.231 Pence et al.(42)
K, = 0.25 Chen (3%
K, = 0.20 orlob et al.(*%)
K,, reaeration coefficient, per -day (KZ)T = (KZ)ZOBZT-ZO Temperature dependent
6, = 1.046 0'Comnor and Dobbins (4%
K, = 0.25 orlob et a1. 43
K, = 0.40 Chen (3%
K3, rate of BOD removal by sedimentation and/or 0.1 Assumed in this study

absorption, per day
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Table 8. Continued

Functional Relationship
or Estimated Coefficients

Reference
and Remark

Parameter
Phytoplankton
r: Respiration coefficient, /day/degree
s: Settling fraction
R: Oxygen and algae conversion factor,
mg algae per mg O,
p: Maximum possible growth coefficient,
per day per degree
KL: Coefficient in Langleys/day
KN: Coefficient in mg/1
Kp: Coefficient in mg/1
Zooplankton
m: Mortality, per day per degree
Y, : Yield coefficient of zooplankton,
no. of zooplankton per mg algae
g: Specific growth coefficient of

zooplankton, per day per degree

Decay of bottom deposits, per day

43.

12.

.025
.07

.633

.090

.0088
.005

.025

.02

.007

Assumed in this study

Bella(45]

Chen(ss)

Estimated from data by
Bhagat and Funk ()

Chen(34)
McGauhey(4l)

McGauhey(41)

Chen(34)

Assumed
Assumed

Camp(46)
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Table 8. Continued
Functional Relationshi Reference
Parc P
arameter or Estimated Coefficients and Remark
0! Saturated dissolved oxygen, mg/1 14.652 - 0.41002 T + Fair(47)
0.0079971 T? -
0.000077774 T3
B. AQUATIC LIFE MODEL
Pp: Photoperiod, hr 12.2+4.1sin [%n(sgéw) parker (3¢)
. . . Py7.2 (36)
G(Pp): Function of photoperiod 0.82+0.343sin |27 -%&T;I— Parker

% Flow rate in Burnt Bridge Creek, 28.32<{16.2«15.7 X Calculated for this

liter/sec exp [:0. S(w§24) ]} study

-24\2

PB: Phosphate content in Burnt Bridge  150+750 exp [}0.5 ng&) J Calculated from data by

Creek, micro-gm/1 Bhagat and Funk (3)

-24\2
T: Water temperature in the lake, °C  4.0+22 exp [}O.S(ﬂgéi) ] Calculated from data by
Bhagat and Funk (3)
o: Maximum specific growth rate of 0.055 Assumed in this study

bacteria, per day
pq: Substrate release by bacteria 0.004 Postgate(37)
k,: The coefficient of die-off 0.0088 Assumed in this study

bacteria, per day per degree
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Table 8.

Continued

Parameter

Functional Relationship
or Estimated Coefficients

Reference
and Remark

The effective yield coefficient of the
substrate, mg bacteria per mg substrate
released

Growth rate coefficient of algae

Natural death coefficient of algae

Predation death coefficient of algae
by zooplankton

Growth rate coefficient of zooplankton
Natural death coefficient of zooplankton
Phosphate utility rate by zooplankton

Phosphate utility rate by algae

0.5

0.00012
0.002

0.006

0.0015
0.03
0.6

20.00

Gellman et al.

Parker(36)

Parker(36)

Parker(36)

Parker(36)
(36)
(36)

(36)

Parker
Parker

Parker

(39)




- A constant lake surface area was assumed. This was verified
by comparing tidal inflow with volume change in the lake.

- The change in the dissolved oxygen saturation concentration
due to the local barometric pressure fluctuations is negli-
gible.

- Average evaporation rates for each incremental period were
used in the analyses.

- The effect of fish biomass on the zooplankton population was
neglected.

- Atmospheric aeration and photosynthesis mechanisms were
limited to the upper three feet of the lake water even after
dredging of bottom sediments.

- Deoxygenation coefficient (Kl) and reaeration coefficient (Kjp)
vary with temperature according to the accepted relationship

T-20

Kp = K0

- Numerical values of various constants and reaction rates as
given in Table 8 were used in this study.

Verification of Water Quality Model

After formulation of mathematical equations and the establishment of
the method of solution of these equations, the next step was to
generate the theoretical data with the aid of a digital computer and
to check the validity of the mathematical model. The validity of
the model was evaluated by comparing the theoretical values with the
observed field data. It is obvious that the mathematical model is
not of much value unless it is verified with the actual field obser-
vations. If the difference between the computed and the observed
values is significant, then the modification of the mathematical
model should be continued until this difference is reduced to a
minimun value. This procedure was followed in this study and, hence,
involved trials of several numerical values of a coefficient until
the difference between the computed and observed data reached a
minimum, It should be pointed out that the values of some of the
coefficients were available for the Vancouver Lake System, whereas
the values of other coefficients suited to this system were derived
from the literature. Trial procedure was essential in order to
arrive at a value characteristic of the Vancouver Lake System in the
case of a coefficient the magnitude of which was reported in the
literature to vary over a wide range. These trials were also helpful
in revealing the relative sensitivity of the coefficients tried.
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For the purpose of verification of the DO model, dissolved oxygen
concentration and temperature readings were recorded on a continuous
basis for the month of August, 1970. This month was selected

because the water quality in Vancouver Lake generally reaches a

low point during this time because of low water level and high
temperatures. A typical comparison between computed and observed

DO levels is shown in Figure 21. On the whole, the computed values
were very close to the observed values. The peak DO values observed
in the afternoons of summer months which are typical of eutrophic
lakes and other bodies of water were at times significantly different
from the corresponding simulated values. Generally, we are concerned
with the lowest dissolved oxygen concentration reached in a system
and the difference between the lowest simulated and observed values
was less than 1.0 mg/l.

The aquatic life model was verified against the limited observed

data collected in 1967.(3) The results are shown in Figures 22 and
23. The hallow circles represent data at different locations in
Vancouver Lake observed on the same date, whereas the solid black
circles represent average values for the entire lake. Because of the
limited field data available, there is a further need of verification
of the aquatic life model.

Upon verification of the water quality model under the existing
prototype conditions, the model is ready for application to the
predictions of water quality that can be expected under variety of
modifications to the Vancouver Lake-Lake River-Columbia River System.
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SECTION VIII

PREDICTION RESULTS AND DISCUSSION

Under the present conditions, the dissolved oxygen level in Vancouver
Lake frequently goes down to about 6 mg/l during the night and sometimes
the level is as low as 4 mg/1l. If the lake is dredged to 10 feet below
mean sea level to provide 15 feet of water depth and there is no curtail-
ment in the existing levels of inflow pollution loads to the lake, then
the water quality in the lake will become worse and the DO model pre-
dicts that the dissolved oxygen level in the lake will frequently go
down to 4 mg/l. On the other hand, if Columbia River water 1is also
introduced, then the water quality in the lake is predicted to improve
according to Figure 24. Here the dissolved oxygen concentration in the
lake is plotted as a function of the detention time in the lake of the
introduced Columbia River water. The detention time is inversely pro-
portional to the flow rate of the introduced water (Figure 20). In
order to raise the present level of dissolved oxygen in the lake to

8 mg/1 (as required for class A lakes), an average flow of 750 cubic
feet per second will be required to be diverted from the Columbia River
to Vancouver Lake near its southwest corner. This prediction is based
on the assumption that the water quality of the Columbia River will
remain of as high quality as is today. The Columbia River is an inter-
state stream and is regulated by state agencies from Washington and
Oregon through federally approved water quality standards and plans of
implementation. It is therefore believed that the water quality of the
Columbia River will be maintained and possibly improved.

A summary of the water quality input data used in the water quality
model for model verification and for prediction analysis is given in
Table 9. These data were used as the initial values in the generation
of theoretical values of time-varying water quality parameters for the
subsequent time periods. The average concentrations of nitrogen and
phosphorus, in the Columbia River, that are considered easily available
to plankton were used. The easily available forms of nitrogen consid-
ered were NHz, NO;, and NO3, and the similar form of phosphorus
considered was the orthophosphate. In the case of present nutrient
levels in Vancouver Lake, high total phosphorus values and average
total nitrogen values were used in order to compensate for the recycling
of nutrients from bottom sediments. High phosphorus values rather than
average values were chosen to simulate the critical conditions in the
lake, and phosphorus is considered to be the most important of the
limiting nutrients for the blue green algae (Aphanizomenon Flos-Aquae)
which are prevalent in Vancouver Lake.

Attempts were also made to predict the concentrations of algae and
bacteria in Vancouver Lake for the post-modification of the system.
The results are shown in Figures 25 and 26. These results are based
on the organism concentrations in the Columbia River water as shown in
these figures and, for other concentrations than these, proper modifi-
cation of the predicted results will be required.
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Table 9. WATER QUALITY INPUT DATA USED IN WATER ,
QUALITY MODEL FOR VERIFICATION AND PREDICTION

. Burnt Bridge Vancouver Columbia
Water Quality Creek Lake River?
Total phytoplankton (mg/1) 8.0 8.0 4.0
Nitrogen (mg/1) 4,22 2.3 0.24
Phosphate (mg/1) 6.34 1.6 0.12
Dissolved oxygen (mg/1) 8.6 5.7 9.0
Total zooplankton (no/1) 20.0 20.0 2.0
BODg (mg/1) 10.0 8.0 2.0

a
Used for prediction after the Columbia River water is diverted into
the lake.

There are three interrelated steps which can be taken to improve the
quality and quantity of water in Vancouver Lake:

(1) curtail the sources and amounts of pollution entering the lake,

(2) dredge the lake to remove the nutrient rich bottom sediments
and to increase the depth, and

(3) introduce an additional flow of better quality water into the
' lake to improve and then to maintain its quality.

The study of the last two steps and their effect on the water quality in
Vancouver Lake was the main emphasis of this study and, although step
number one was not in the scope of this study, a few comments may be in
order. The sources of pollution to Vancouver Lake include Burnt Bridge
Creek, Lake River, and drainage from livestock and agricultural areas.
Burnt Bridge Creek has been receiving drainage from septic tanks which
serve approximately 20,000 people. Today about 45% of the area popu-
lation is served with municipal sewers and within the next five years
the remaining population of the area is expected to be sewered. There-
fore, the completed and the planned sewer installation programs and
completed and planned facilities for treatment of wastewaters should
reduce the level of pollution in Burnt Bridge Creek and hence should
reduce the amount of human waste entering Vancouver Lake. To control
the drainage from livestock areas, better management of livestock

wastes is needed. By introducing the Columbia River water into the lake,
the tidal inflow to the lake from the Lake River will be reduced. At
present, Lake River transports into the lake, during high tidal cycles,
sediment and nutrient loads which it receives primarily from Salmon
Creek.

One of the potential uses of a simulation model 1s to perform sensitivity
analyses of variables operating on a system. Once the accuracy of the
model has been verified, the relative significance of the different
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parameters may be assessed. In the DO model, it was found that the
diurnal variation of dissolved oxygen was very sensitive to the phyto-
plankton specific growth rate (u) parameter. An example of this is
shown in Figure 27. The numerical values of u were varied from 0.05
to 0.15 per day per degree centigrade and the y value of 0.09/day-°C
best simulated the conditions in Vancouver Lake and hence this value
was used in the prediction analysis of Vancouver Lake.

This study though directed to the specific case of Vancouver Lake, the
systems analysis techniques developed, the models used, and the
approaches taken should be useful in the investigations dealing with
the improvement of water quality of polluted lakes. It is believed
that the results of this study will be valuable in the initial as well
as in the final development stages of Vancouver Lake System.
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APPENDIX A

ALGAE FOUND IN COLUMBIA RIVER AT STATION #1

Phytoplankton Average (Cell Concentration, No./ml
December  February April June  August
Diatoms

Achanathes sp. -- -- -- 1 --
Asterionella formosa -~ -- -- 421 61
Asterionella sp. 89 15 483 30 -~
Caloneis sp. -- -- -- <1 -
Cocconeis sp. - - - 2 <1
Cocconeis placentula -- -- -- - -
Cyclotella sp. -- -- - 45 54
Cymbella sp. <1 1 3 6 <1
Diatoma sp. -- 3 - 5 1
Diatoma hiemale - - - 1 -
Fragilaria crotonensis 38 -- 175 860 104
Fragilaria sp. -- 28 -- 80 86
Frustulia sp. -- -- -- <1 --
Gomphoneis sp. -- -- -- <1 -
Gomphonema sp- 1 -- 1 5 5
Gomphonema lanceolata -- -- -- .- -
Gyrosigma Sp. 1 1 -- <1 --
Hannea arcus 2 - <1 3 -
Melosira varians -- - - 18 -
Melosira sp. 32 9 100 1426 4
Meridon sp. -- -- -- <1 --
Navicula sp. -~ -- 7 31 -
Navicula minus -- - - - .
Neidium sp. -- -- -- - -
Nitzchia sp. 4 1 -- -- -
Opephoea martyi -~ -- - 1 -
Pinnularia acuminata -- -- -- <1 -
Rhizosolenia sp. -- -- -- -- -
Rhoicosphenia curvata -~ -- -- 1 --
Stauroneis Ssp. -- -- -~ 3 -
Stephanodiscus sp. 25 4 7 249 190
Surirella sp. -- -- -- 1 --
Synedra amphicephala -- -- -- <1 --
Synedra incisa -- -- -- 4 --
Synedra filiformis -- -- -- 1 -~
Synedra sp. 14 4 19 68 40
Synedra ulna -~ -- -- 30 --
Tabellaria flocculosa -- -- -- 186 477
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APPENDIX A

ALGAE FOUND IN COLUMBIA RIVER AT STATION #1
{cont.)

Phytoplankton Average Cell Concentration, No./ml

December February April June  August

— p— o et ———— A ——————————————
o — e ——— e e e —_— —ta—

Tabellaria asteroides -- -- -- 80 --
Tabellaria sp. -- 71 -- 55
Tetracyclus elliptica -- <1 -- -- --
Unident. diatoms -- -- 134 64 36

Yellow Greens

Tribonema 36 10 -- 692 146
Greens

Actinastrum sp. -- -- -- 1 -
Ankistrodesmus falcatus 11 1 -- 7 8
Chlorella sp. -- -- —_— 6 16
Chlorococcum Sp. -- -- - - 1
Closteridium sp. -- -- -- 1 <1
Closteriopsis longissima -- -- -- - 4
Closterium sp. -- - - 10 29
Coelastrum sp. <1 <] - 2 5
Docidium sp. -- -- -- -- -
Echinosphaerella -- -- -- - <1
Eudorina sp. -- -- -- - 1
Genicularia sp. -- -- -- -- -
Gloeocystis sp. -- -- -- - -
Gonatozygon sp. -- -- - < -
Micractinium sp. -- -- -- -- <1
Netrium sp. -- -- -- 4 -
Pandorina morum -- -- - 1

Pedistrum duplex -- -- - - 2
Pediastrum sp. -- -- -- - 3
Phacus sp. -- -- -- -- -
Pleurotaenium Sp. -- -- -- 1 -
Protococcus sp. -- -- -- -- -
Rhizochonium -- -- -- - <1
Scenedesmus quadricauda -- -- -- 64 51
Scenedesmus Sp. -- <1 - 31 -
Sphaerocystis schroeteri -- -- -- -- 3
Staurastrum Sp. -- -- -- - 1
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APPENDIX A

ALGAE FOUND IN COLUMBIA RIVER AT STATION #1

(cont.)
Phytoplankton Average Cell Concentration, No./ml
December  February April June  August
Ulothrix sp. -- -- 11 1
Volvox sp. - - - - <1
Blue-Greens
Anacystis - -- - - -
Microspora - - - 20 18
Nostoc - - -- 10 -
Oscillatoria sp. - -- - -- 3

Oscillatoria angustissima
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APPENDIX B

ALGAE FOUND IN COLUMBIA RIVER AT STATION #2

Phytoplankton

Average Cell Concentration, No./ml

December  February April June August

Diatoms

Achanathes sp.
Asterionella formosa
Asterionella sp.
Caloneis sp.
Cocconeils sp.
Cocconels placentula
Cyclotella sp.
Cymbella sp.

Diatoma sp.

Diatoma hiemale
Fragilaria crotonensis
Fragilaria sp.
Frustulia sp.
Gomphoneis sp.
Gomphonema sp.
Gomphonema lanceolata
Gyrosigma sp.

Hannea arcus
Melosira varians
Melosira sp.

Meridon sp.

Navicula sp.

Navicula minus
Neidium sp.

Nitzchia sp.

Opephoea marty1
Pinnularia acuminata
Rhizosolenia sp.
Rhoicosphenia curvata
Stauroneis sp.
Stephanodiscus sp.
Surirella sp.

Synedra amphicephala
Synedra incisa
Synedra filiformis
Synedra sp.

Synedra ulna
Tabellaria flocculosa
Tabellaria asteroides

1 2 -- 4 --
-- -- -- 490 57
99 5 534 24 -
-- -- -- -- 1
- -- - 2 -
- - - _— <1
-- -- -- 24 58

4 -- 1 9 2
10 -- -- 3 1

<21 -- 215 787 249
-- 25 -- 108 76
- - - <1 -
<1 -- -- 4 -~
- - - <1 -
<1 -- -- -- 1

3 <1 1 4 --
- - - 29 -
37 13 147 1932 67
-- . 6 37 1
- 1 - - -
- - - - <1

9 2 -- - -
- - - 1 -
- - - <1 -
. - - <1 -
- <1 - <1 -
12 2 5 212 168
- - - 3 <1
- - - 8 -
- — - 1 ——
27 3 44 84 32
-- -- -- 27 7
-- -- -- 87 755
- -- -- 84 -
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APPENDIX B

ALGAE FOUND IN COLUMBIA RIVER AT STATION #2
(cont.)

Phytoplankton Average (Cell Concentration, No./ml

December  February April June August

Tabellaria sp. -- 6 81 -- 48
Tetracyclus elliptica -- -~ -- -- --
Unident. diatoms -- -- 95 61 44

Yellow Greens

Tribonema 16 20 -- 563 134
Greens

Actinastrum sp. -- -- - 1 -
Ankistrodesmus falcatus 2 -- -- 8 4
“hiorella sp. -- -- -- 6 5
Chicrococcum sp. -- -~ -- -- 3
Ciosteridium sp. -- - -- - <1
Closteriopsis longissima -- -- -- <1 --
Closterium sp. -- -- -- 10 29
Coelastrum sp. -- 1 - 1 6
Docidium sp. -- -- -- 1 -
Echinosphaerella -- -- - - -—
Eudorina sp. -- - -- -- 1
Genicularia sp. -- -- -- 12 -
Gloeocystis sp. -- -- -- - 1
(onatozygon sp. -- -- -- 3 --
Micractinium sp. -- -- -- -- <1
Netrium sp. -- -- -- -- --
Pandorina morum -- - -- 1 1
Pedistrum duplex -- -- -- <1 2
Pediastrum sp. -- -- -- <1 1
Phacus sp. -- -- -- -- 1
Pleurotaenium sp. -- -- -- 1 -
Prctococcus sp. -- -- -- -- <1
Rhizochonium -- -- -- -- -
Scenedesmus quadricauda -- -- -- 36 33
Scenedesmus sp. 1 -- -- 40 5
Sphaerocystis schroeteri -- -~ -- - -
taurastrum sp. -~ -- -- -- <1
Ulothrix sp. -- -- -- 6 2

Volvox sp. -~ -- -- -- _



APPENDIX B

ALGAE FOUND IN COLUMBIA RIVER AT STATION #2

(cont.)
Phytoplankton Average Cell Concentration, No./ml
December  February April June August
Blue-Greens
Anacystis -~ -- -- -- 1
Microspora -- -- -- 8 4
Nostoc -- -- -- 9 --
Oscillatoria sp. -- -- -- 9 3
Oscillatoria angustissima -- -- -- -- 18
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APPENDIX C

WATER QUALITY OF THE COLUMBIA RIVER

Sampling Total-P Soluble-P  Kjeldahl-N NO<
Station Date BOD  COD TS TVS SS VSS as PO,  as PO,  Ore-N NN as N
o Dec. 1969 0.0 3.5 115 33 27 6.4 0.28 0.16 0.16 0.06 0.10
52 reb. 4, 1970 0.45 6.3 156 36 22 7.0 0.33 0.15 0.20 0.02 0.34
-0 Mar. 13, 1970 - -= = = - 0.2 0.24 0.55  0.03 0.20
§ %g Apr. 7, 1970 0.0 4.7 132 43 17 3.0 0.32 0.05 0.14  0.06 0.34
&5 June 12, 1970 1.60 9.5 105 20 17 7.0 0.13 0.01 = 0.05 0.03
~1<" Aug. 4, 1970 1.0 4.1 8 33 6 0.0 0.05 0.03 0.04 0.02 0.01

5
¢35 . Dec. 1969 0.4 4.7 120 28 23 2.0 0.20 0.17 0.13  0.03  0.35
£~ B Teb. 4, 1970 1.5 6.2 160 32 27 7.0 0.32 0.12 0.24  0.02  0.30
CES  apr. 7, 1970 1.2 4.5 126 39 14 3.0 0.29 0.13 0.12  0.03 0.37
$&E  June 12, 1970 1.5 9.0 109 25 20 15.0 0.13 0.03 0.00  0.09 0.04
e Aug. 4, 1970 0.5 3.4 94 29 21 15.0 0.08 0.02 0.04 0.02 0.0l

S
“BE  Dec. 1969 0.7 6.0 112 25 18 2.0 0.25 0.18 0.13 0.00 0.10
£Z5  Feb. 4, 1970 1.0 5.9 160 40 35 10.0 0.37 0.13 0.21 0.08 0.31
§ é; Apr. 7, 1970 1.4 4.7 129 37 16 1.0 0.28 0.11 0.14  0.05 0.37
5E8  June 12, 1970 1.4 9.8 125 31 10 0.0 0.12 0.01 0.07 0.02 0.03
It Aug. 4, 1970 0.8 4.3 94 35 14 4.0 0.04 0.03 0.00 0.10 0.0l
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WATER QUALITY OF TtHE COLUMBIA RIVER

(cont.)

Sampling Total-P Soluble-P  Kjeldahl-N  NOjz
Station Date BOD COD TS TVS SS VSS as POy as POy Org-N NHz-N as N

o Dec. 12, 1969 0.3 5.3 126 38 30 13  0.22 0.22 0.12  0.01 0.20
= 5 Feb. 4, 1970  <1.1 5.2 152 36 30 10  0.30 0.15 0.11 0.09 0.32
& Mar. 13, 1970 = —= - = - - 0.34 0.36 0.53 0.05 0.33
g %g Apr. 7, 1970 ~~ 3.4 135 29 13 2  0.52 0.14 - 0.06 0.36
sk June 12, 1970 1.2 8.3 116 25 15 10  0.08 0.02 0.03 0.05 0.03
NS Aug. 4, 1970 0.7 3.2 103 31 12 4  0.10 0.03 ~0.40  0.21 0.00
;%g Dec. 12, 1969 0.7 4.1 125 43 22 1.6 0.24 0.26 -~ 0.00  --
£ = & Feb. 4, 1970 1.0 5.7 168 56 30 10  0.40 0.13 0.15 0.02 0.33
BE Apr. 7, 1970 0.8 3.2 131 40 13 3  0.26 0.10 0.02 0.15 0.38
5E June 12, 1970 1.4 8.5 105 25 16 10  0.10 0.05 0.02 0.04 0.05
— fe Aug. 4, 1970 0.8 2.8 108 34 10 1 0.12 0.03 0.08 0.01 0.00
;i;g Dec. 12, 1969 0.9 3.4 132 41 22 5  0.10 0.27 0.07 0.04 0.19
=5 Feb. 4, 1970 1.4 5.4 180 64 28 8§  0.38 0.12 0.20 0.03 0.34
-0 Apr. 7, 1970 1.0 4.0 136 29 20 0  0.36 0.11 0.12  0.05 0.38
889 June 12, 1970 1.5 8.9 120 28 20 7  0.16 0.04 0.04 0.02 0.03
— fes Aug. 4, 1970 0.6 4.3 110 46 15 4  0.13 0.03 0.05 0.01 0.00
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APPENDIX C

WATER QUALITY OF THE COLUMBIA RIVER
(cont.)

Sampling Total-P Soluble-P  Kjeldahl-N NOz
Station Date BOD COD TS TVS SS VSS as POy as PO, Org-N NHz-N  as N
£ 3
T E Dec. 1969 0.1 5.1 128 18 18 3.4 0.21 0.29 0.10 0.05 0.15
gf;g Feb. 4, 1970 <1.8 5.8 168 28 28 8 0.46 0.18 0.18 0.09 0.32
{;gé}; Mar. 13, 1970 . e e 0.30 0.44 0.47 0.03  0.45
cﬁg‘g Apr. 7, 1970 0.8 2.5 136 44 23 1 0.22 0.18 0.10  0.10 0.41
INENG June 12, 1970 1.4 8.2 110 26 20 10 0.18 0.03 0.07 0.04 0.03
Aug. 4, 1970 0.8 3.4 112 48 12 0 0.14 0.09 0.03 0.08 0.00
S o
T e
B g E..
g3 Dec. 1969 0 4.2 132 34 18 3.4 0.21 0.36 0.14 0.02 0.15
ggé Feb. 4, 1970 <1.9 6.3 160 42 30 5 0.4 0.18 0.21 0.09 0.31
%‘5"2 Apr. 7, 1970 0.8 2.6 130 44 17 2 0.28 0.15 0.11 0.06 0.40
s June 12, 1970 1.4 8.6 100 27 20 9 0.22 0.02 0.02 0.07 0.04
- Aug. 4, 1970 1.0 3.4 107 21 12 2 0.25 0.1 0.04 0.09 0.00
,—4% =
IR Dec. 1969 0.9 3.7 115 44 188 6 n.29 0.32 n,17  G.91 0.J5
g gi Feb. 4, 1970 0.9 6.9 156 28 25 10 0.45 0.18 0.24 0.08 0.32
%é"??.‘i Apr. 7, 1970 0.9 3.6 91 34 13 6 0.23 0.20 0.10  0.07 0.40
v et June 12, 1970 1.4 10.9 102 22 30 10 0.17 0.03 0.05 0.04 0.05
Aug. 4, 1970 0.8 4.7 112 30 24 0 0.25 0.09 0.05 0.08 0.01
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WATER QUALITY OF THE COLUMBIA RIVER

(cont.)

Samp%ing Total-P Soluble-P  Kjeldahl-N NO3z
Station Date BOD COD TS TVS SS VSS as POy as POy Org-N NHz-N  as N
I '
o5 B Dec. 1969 0.6 4.3 108 32 15.4 12.4 0.22 0.12 0.15 0.02 0.58
gf% Feb. 4, 1970 1.0 6.0 152 24 20 10  0.39 0.15 0.21  0.05 0.34
s §§ Apr. 7, 1970 1.0 4.3 100 42 18 8  0.28 0.13 0.08 0.09 0.36
ﬁé‘:‘;‘g June 12, 1970 1.6 10.6 104 26 23 9  0.14 0.02 0.05 0.05 0.03
e Aug. 4, 1970 0.8 5.4 96 34 0 0  0.08 0.03 0.02 0.04 0.01

S o
ggé Dec. 1969 0.6 4.5 105 49 15.2 14  0.15 0.20 0.16 0.02 0.02
:Z ]
8o Feb. 4, 1970 T T o T Total Kjeldahl ~~
. E‘i Apr. 7, 1970 -1.0 4.2 87 37 - - 0.13 0.15 0.18 0.42
SE” June 12, 1970 1.5 10.2 108 41 23 3  0.13 0.02 0.04 0.04 0.03
I Aug. 4, 1970 0.5 4.7 108 42 7 7 0.09 0.06 0.08 0.02 0.01
NS g Dec. 1969 0.9 6.1 112 49 20 13.4 0.23 0.22 0.11 0.04 0.04
gfg Feb. 4, 1970 1.5 6.2 120 36 20 5  0.32 0.12 0.18 0.06 0.32
o g" Apr. 7, 1970 e -- -- -- --
S8 K
HE D June 12, 1970 1.5 10.8 104 34 27 12  0.20 0.03 0.10 0.04 0.03
s Aug. 4, 1970 1.0 5.1 104 33 5 5  0.09 0.04 0.08 0.03 0.00
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WATER QUALITY OF THE COLUMBIA RIVER

(cont.)
Sampling Total-P Soluble-P  Kjeldahl-N NO4
Station Date BOD COD TS TVS SS VSS as POy as POy Org-N NH3z-N as N
L O
~ S B, Dec. 1969 1.3 3.4 108 43 14 14 0.40 0.17 0.08 0.04 --
# o E
e =& Feb. 4, 1970 <2.1 5.7 162 36 20 5 0.37 0.16 0.18 0.07 0.34
O
oes Apr. 7, 1970 0.6 4.2 90 37 11 5 0.21 0.08 0.16 0.01 0.45
=
Her June 12, 1970 1.4 9.0 110 28 21 0 0.17 0.03 0.05 0.06 0.03
G 3
,__,INU’ Aug. 4, 1970 0.4 5.1 96 28 5 5 0.10 0.03 0.09 0.02 0.01
<
~ o Dec. 1969 0.4 2.5 109 42 13 12 0.21 0.28 0.11 0.04 0.15
T a4
. Feb. 4, 1970 -- -- -- == == - -- -~ -- -~ --
O Q
‘,3 %{, Apr. 7, 1970 0.5 4 95 47 14 14  0.15 0.14 0.09 0.02 0.47
o
Se8= June 12, 1970 1.0 8.4 106 33 21 1 0.17 0.02 0.13 0.02 0.04
w
e Aug. 4, 1970 0.9 4.5 93 32 4 4 0.12 0.04 0.06 0.02 6.00
<
~S E Dec. 1969 0.6 2.5 128 20 16 0 0.23 0.27 0.14 0.02 0.28
= o+t O
=8 Feb. 4, 1970 1.1 6.0 152 38 25 10 0.31 0.10 0.14 0.06 0.32
O~ O
el Apr. 7, 1970 0.4 4.9 98 34 16 6 0.10 0.03 0.08 0.02 0.46
© S R
hSa June 12, 1970 1.2 8.2 97 22 25 7 0.19 0.02 0.06 0.08 0.04
G =
— | Aug. 4, 1970 0.6 4.5 95 33 6 6 0.09 0.06 0.05 0.02 0.01
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APPENDIX C

(cont.)
Sampling Total-P Soluble-P Kjeldahl-N NO<
Station Date BOD COD TS TVS SS VSS as POy as POy Org-N NHz-N as N
R
Ng% Dec. 1969 10.6 76 25 10 10 0.23 0.20 0.23 0.04 --
I e
o= Feb. 4, 1970 8.6 68 20 15 0 0.42 0.08 0.09 0.11 0.26
Crm~ Q
e gé Apr. 7, 1970 3.4 124 30 15 9 0.50 -- 0.05 0.02 0.31
o
:,,’g_t; June 12, 1970 7.7 103 28 20 0 0.15 0.02 0.00 0.14 0.04
w
. Aug. 4, 1970 0.4 3.6 93 30 4 4 0.11 0.07 -0.02 0.10 0.00
Nel
~ S Dec. 1969 1.4 12.7 102 38 30 15 0.44 0.42 0.23 0.03 0.36
"5
g_ g  Feb. 4, 1970 T T . - Total Kj&ldahl
heR Apr. 7, 1970 0.9 5.2 121 32 -- -- 0.22 0.12 0.1 0.50
o o
e‘,,’gg‘ June 12, 1970 1.3 8.5 100 40 24 2 0.18 0.02 0.10 0.04 0.03
. Aug. 4, 1970 0.6 4.1 89 23 5 5 0.11 0.06 0.07 0.03 0.00
o<
N§«§ Dec. 1969 1.6 14.0 101 36 29 9 0.85 0.72 0.44 0.03 0.70
k-]
gﬁ.‘j Feb. 4, 1970 1.6 6.8 120 52 30 10 0.32 0.10 0.32  0.12 0.55
~ Q
ggf Apr. 7, 1970 1.0 4.1 -- -- 9 4 0.05 0.07 0.07 0.02 --
:,;g i June 12, 1970 1.4 8.1 104 27 24 14 0.18 0.0§ 0.10 0.05 0.04
4
v |t Aug. 4, 1970 0.8 5.1 81 21 4 4 0.11 0.06 0.04 0.04 0.00



APPENDIX D

METHOD OF SOLUTION OF MODELS

Hydrodynamic Model

1. Identify initial values of i, Y;,

by Equation [15],% and (Qc)i by Equation [16]* for open channel

and Z;; then calculate (QL)i

calculation and Equation [21}* for pipe flow calculation.

2. Calculate the subsequent values by using initial values. At
time tiyg = t, + ot, use Equations {17]* and [18]* to obtain
Yi+1 and Zi+1' Calculate (QL)i+1 and (Qc)i+l by using Equations
[15],* [16],* or [21], and then obtain the change in lake depth
by Equation {8]%* as

AH = [(QL)l + (Qc)i * QB + Qin + Pr - EV - Qou] At/A
Therefore, we can evaluate

Hi+l = Hi + A

*These equations are given elsewhere.(48)

3. Using the results of the previous steps as initial values, the
procedure is repeated.

Actual tidal records were used instead of assuming the sinusoidal tidal
cycle. Tabulated field data were used in input information and the same
procedure of calculation was followed. Simulated results are shown in
the verification of the hydrographic data of Vancouver Lake in Chapter 5
for existing prototype conditions. (48

DO Model

Dissolved oxygen and its correlated components were solved by the finite
difference approximation. Results of the hydrodynamic analysis were
incorporated into this model. Procedures were similar to those used

in the hydrodynamic model.

1. Identify the initial values of V., 0;, Py, 23, o5 0y Ly
and My Then evaluate the values of (Vo)i, (Vp)i, (Vz)i,

(va), and (Vn); by Equations [1], [2], [7], [8], and [9].
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2. Calculate the subsequent values of (Vo)i+1, (Vp)i+l, CVz)i+1,
(Vi)i+1, and (Vn)i+1 by using Equations [1] through [9] as

follows:

(Vo)i+l

1}

(Vo); + [T, + (w - D(¥p); Ty/R - Ky (V2);
1

t

K4(AD)i + KZViOsi - Kz(Vo)i] At

(Vp)i_,_l = (Vp)i + [Tpl + (\ii - 1) Ti (Vp)i(l - s)

g(vz); T,/Y,] ot

(Vz)i+1 = (Vz)i + [Tz. + (Vz)i g Ti - m,(Vz)i Ti] At

1

+

R A L R U

Wygq = ON)g + [Ty vy (N Ti/ Yoy * elVz);
+ B(AD)i] At
+ B(AD)i] At

Vi+1’ (QL)i, and (QC)i were obtained from the hydrodynamic model.

Therefore Toi, Tpi, Tzi, T, » TNi, and T, can be determined, and

1
Oi4+1° Pi+1? L Li410 are evaluated by dividing
by Vi+1'

Nis1s and Piv1

3. The procedure was repeated by using values calculated from the
previous step as initial values. A flow chart is shown on the
next page and computer programs are jncluded in Appendix E. The
time was incremented by 0.0417 day (one hour) until equilibrium
conditions were reached.
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APPENDIX D
METHOD OF SOLUTION OF MODELS (cont.)

//kead Input Rate of Change of
Data Elevation in
{ Vancouver Lake, AH
Write Input l
Data Calculation of Rate
L“*—*———-~‘\\\ Variables K1 and K2
giigziiEZnts Calculation of
Light Intensity

w 1

20 Calculation of
< 1, 49 Growth Rate

2 Calculation of
N
{ RINDEX Water Quality
£ }1 Parameters such as
oo DO, nutrients, BOD
(e L H] 3 ]
hals! Wi < 0. and total planktons
§° {F 1
=z .4 O 1 :
R Open Channel Print Results
Wt B Calculation T, HW, QL, VL, QC,
8.2,5 for DELYH, DELZH, OL,
Egkg(% Upstream Cut PL, ZL, NL, FL, LL,
Channel “Egg&ijﬁir—————~_h\~
H <« H + AH
HW <« H + HB
Open Channel |
Calculation
for

Lake River @

Flow Chart for Hydrodynamic and/or DO Computer Models



Runge-Kutta Third Order Method

The differential equation has its solution extended forward from known
conditions by an increment of the independent variable without using
information outside of this increment. By evaluating the slope at
initial, one-third, and two-thirds points of the time increment, the
unknown point can be calculated by weighting the values at those points.
The numerical solutions of Equations [12] through [22] for the aquatic
life model wer? obtained by using the Runge-Kutta third-order method

by Hildebrand.{49) The method is applied to the aquatic life model

for numerical solution as follows:

1. Identify the initial values of Pi» Z3s Pi’ Bi’ and Si at time
Wo with time increment Aw. Then, from Equations [12], [13],
[14], [20], and [21], evaluate the Runge-Kutta first, second,
and third values as follows.

2. Runge-Kutta first value:

- T. - 26 2
Up = AP Py exp |-0.5 <“?:T?‘f)<] Pp.Fi T P2l T PatyTy
- T, - 13 2 ]
vy = awz.Jz)oexp _TO.S (———g———> J PpiPiG(Ppi) - ZZTiG(Ppi)J>
Qg Pp. * QP
w1 = AW Vi szl P3u1

_ - i71
X{ = 4w [(“i k,T.) B; + g

1

Qp.Bp. * QLiBi]

Qg S, * Q.S
_ 1 1 1 _ = _
7. = aw v (i - k,T3) Bi/Yg + 0.004 k,T,B.

where the following expressions were obtained from Equations
[1sj, fiel, (171, [18}, [19], and [22], respectively.
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Runge-Kutta second value:

w
2

© 38 - w.\7
12.2 + 4.1 sin L;n (-—37__l>i
\ B

P - 7.2
0.82 + 0.343 sin | 20 [ 3
. . Sin ki -——m—

I Wi - 24 2
28.32<16.2 - 15.7 exp l:—O.S (—-—g——>]

w., - 24 21
150 + 750 exp {}0.5 (-2_?¢___>‘J

r W-l - 24 2
L0+ 22.0 exp {:O.S <-——~6——-——):l
T, - 26\
exp -0.5(—%—5——>

£

=N

|

o B 2

T. 26
. ) i+1/3
fw(p; + uy/3) <'pl exp |-0.5 (—————————»‘5.5 > Ppm/3

N ~

x(Py +wy/3) - Ty 5 - Palzg * Vy/3)T 45

2
T. - 13
- i+1/3
aw(z. + vy /3) <z, exp |-0.5 <—————————-> P
i 1 <"1 8 pi+1/3

x(P. + w;/3) G({P ) - z,T. . G(P
1 1 pi+1/3 2°1+1/3 pi+1/3
(QpPr) + Q (P. + w,/3)
BBys  Lyays L )
AW 7 - PZVZ P3u2
i+1/3
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XZ = AW lfpi+l/3 - kZTi+1/3) (Bi + XI/B) +

QgPp). Q&

i+1/3

i+1/3
\Y

(B, + X;/3)
i+1/3 ]

i+1/3
V

i+1/3
1+1/3

QSy) .+ Q. (S5 + /%)

- (hyarsz - KoTie13) By + X/3)/Yg

-+

where

P =
Pi+1/3

G(P )
pi+1/3

Q
Bi+1/3

P =
Bit1/3

Tiviys =

0.004 kT, 45 (B + xl/si}

38 - W, - aw/ 3
12.2 + 4.1 sin | Z2n ( 57 >
Pp - 7.2
. . i+1/3
= 0.82 + 0.34: sin [?n ( 104 }]
2
Wy + Aw/3 - 24
28.32 Z16.2 - 15.7 exp |-0.5 ( ® )
2
w. + Aw/3 - 24
150 + 750 exp ~0.5( g )

2

w, ¥ aw/3 - 24
4,0 + 22 exp -O.S( g )
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Hi+1/3

Runge-Kutta third value:

uz

[N
(93}

2
T, - 26
2 2/3
mi(p, *+ 2u,/3Jp, e [0.5 Arers ]P
P3 2/ QP &P ( 5.5 Pie2/3

x(Pi + 2w2/3) - pZTi+2/3 - pS(Zi + 2V2/3) Ti+2/3

T. - 13\2
+2/3
mw(z, + 2v,/3) <z, exp {lO.S (—3;———-—-———> P
i y/ 1 8 Pis2/3

X(P; + 2wy/3) G(P, ) - 2,T5.5/5 6,

)
i+2/3 i+2/3

(QgP +Q (P, + 2w,/3)
W s izt 2

Vie2/3

AW - PZV3 - Pug

AW‘}ﬂi+2/3 - kT3 (By*2Xp/3)

Qglp) _ * Q. (B.;ZXZ/S)J

i+2/3 i+2/3
Vis2/3

i+2/3 i+2/3
Vis2/s

[(QBSB) . + QL (Si + 222/3)
Aw

(ii+2/3 - szi+2/3)(Bi + 2X2/3)/YS +

107



0.004 k,Ty, o =(By + 2X,/3)
where
38 - w. - 2aw/3
p = 12.2 + 4.1 sin | 2n éz
Pi42/3 /)
pp - 7.2
G(P = 0.82 + 0.343 sin | 2« 1*%634
Pi+2/3 :
N 2
w. + 20w/3 - 24
Q. = 28.32<16.2 - 15.7 exp |-0.5 [ —= 5
i+2/3 L K
. 2
ws + 2Aw/3 - 24
PB = 150 + 750 exp |-0.5 ( 3
i+2/3
) . 2
Wi + 2AW/3 - 24
2 -
Ti+2/3 4.0 + 22 exp O.S( 5
.
- = ne r-0 5 Eﬁ:ﬁ&:i;;jﬁi
Hi+2/3 H €Xp L_ . 5.5

Weigh those values and obtain the

Pi+1 =2 4
2iv T4 + 0.25 Vi

i+1 - P v 025wy
B,y = B, +0.25%
Sisp = Sy *+0.252

subsequent values as

+ 0.75 u;

+

0.75 Ve

+

0.75 WS

+

0.75 Xz

+

0.75 23 .



By iteration the procedure is repeated until a desired time limit is
reached. A flow chart is shown on the next page and computer programs
are included in Appendix E. In this program the time was incremented
by 1 week from w equals 1 to 52.
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APPENDIX D

METHOD OF SOLUTION OF MODELS (cont.)

{ Start)

" Read Input
Data
)
Write Input
_—_\

C

r

CALL Functions
and Evaluate
Coefficients
at time w

i

Runge-Kutta First
Value: Ul, V1, W1,

X1, Z1

i

CALL Functions
and Evaluate
Coefficients
at time w+iw/3

!

Runge-Kutta Second
Value: U2, V2, W2,

X2, 72

t

CALL Functions
and Evaluate
Coefficients

at time w+2Aw/3

20
I « 2, 52

Pre-Hydrodynamic
Calculation for

| Annual Average Q¢

and H as Input Data

Runge-Kutta Third
Value: U3, V3, W3,
X3, Z3

i

A(1)=AI+(U1+3U3)/4
C(I)=CI+{V1+3V3)/4
F(I)=FI+(W1+3%3)/4
X(I)=XI+(X1+3X3)/4
Z(1)=21+(21+323)/4
W({I)=WI+Aw

t

Print Results
w(I), A(L), Cc(1),
F(I), X(I), (1)

H

End

Flow Chart for Agquatic Life Computer Model

110




a¥aNaNaEaNelasNeNoNaNaXeNe N el

100

300

301

302

303

3c4

APPENDIX E

Rk dof Bk okl do § o gtk Ok R ok g % Ak b
*  DISSOLVED NXYGEN MODEL  x
ook Aok o e ok ok Ao ton & sk ok et o okl &

® 68 208 08 08500008 ea Tt S 00E Lot 0 ek s 800000 E0 90004 st odidtcddBEEosIILsIETSIYe

e UNDEK THE COMPLETE MIXING ASSUMPTION, THE WATER QUALITY PRECICTION
e« MODELS WERE APPLIED TO VANCCZUVER LAKLDy WASHINGTCOH, THIS PROGRAM WAS

« PREPARED BY MARCUS Co No LIN IN FEBey 1571 AT WSU,

L4

LRI I IR I I AR A R I A A N R N N N A NN NN SRR RN AR A

REAL MU MUMG KNG KF G KL KT g K2 K3 K4y NLyNCy KB, LLLN,MTMF

DIMENSICN TEMP(400),7ZW(400),YW(400),V(400),QCCL400),QLLI40C)

READ (551) (TEMP(I),1=1,42)

READ (5+1) (ZWH(1)4121449)

READ(941,ENND=1000) ZGy4 YR HW HALF1,F2yWleWw2,C1402,4

READ (5417} RC,R.YZgG'KL.KN.KF,SgMT.KB,YFh.YPF,ALPHA.BETA,MUM,Aly
IB1,C1,LN,PP,TSR,K4

READ (S5,1) PB,PL,PC,NB,NL,NC,FB,F_,FC,08,CL,0C,28,2L,2C,BOCB,80DL,
1800C, DL

FORMAT (8F10.2)

HRIVE (64,2001 ZGsYB HW4H3,F14F2,W1,W2,C1+D2¢A

FORMAT (1K1, 'HYDCRAULIC CHARACTERISTICS OF LAKE-RIVER SYSTEM '4//,

1 26 ="y F742410Xs'YB =, F8.2,410X e 'Hi =" yF7,2,10X3'HB ="y FT.24/7,
2% F1 =% F743,10X,"F2 =%,F8,3,10X¢ "Wl =34F7,2,10X,*'W2 ="2wFT.24//»
3' D] ='4Fl0.247Xe'D2 =4,F10.2,8Xs' A =V4F14,2)

WRITE (&64301) (T1EMP(1),41=1,49)

FORMAT (////," AVERAGE NDATLY VAMCCUVER LAKE WATER TEMPERATURE IN A
WG, (FOR 60 MIN. TIME INTERPVALY',10(//,10F10.2})

WRITE (6,302} (ZW{l},1=1,49)

FORMAT (////,"' STAGE HYDROGRAPH OF FELICA IN LAKE RIVER (MSL)Y GN A
1UG. 13, 15970 (FQOR &0 MIMN. TIME INTERVAL) ', 10(//410F10.2))

WRITE (6,303) RCsRyYZ 4G oKL s KNy KFy Sy MT 4 K34 YPN,YPFLALPHA,BETA,MUM, AY
lyBl.CliLNyFP|TSP'K4 .
EORMAT (//7/4' RATE CONSTANTS AND COEFFICIENTS FOR WQ PREDICTINON',
1/7/7.,° RC =',F7.3, 8Xy* R =1,FB,.3, 8X,'YZ =',F7,2, 8Xy' G =V FTo4y
28X PKL =1 ,FT7,1, BX KN =1, F7.4, BXy'KF =447 Te4s//y" =',F7.3y 8
3X 4 VMT =V FBaly BX,"'K3 =V, F7,.3,7X,'"YPH ="4FTe3y7Xs'YPF ='4FT43y 5X,
GUALPHA ="' F7.3,6X, 'BETA =", F7,3,//," MUM =',FT.5, BXy'Al =1',F8.3,
SBXs "Bl =',FT7.3, 8X,8CL =",F743, BXs LN =1',F7.2¢ BXy'PP =",FT,3¢7X,
6E'TSR =Y3FTab4 ¢/ /" K& =1,F7,.,73)

WRITE (6,304) PB,PL,PC,ND,NLNCsFBFL,FC,CB,0L,0Cs28,2L,7C,BODR,
1B0ODL (BODC,DL

FORMAY (//77," INITIAL WQ CONDITIONS FOR PHYTOPLANKTOM, NITROGEN,
1PHNDSPHAYE, DO, ZOOPLANKTIN, RND AND DETRITUS'e/4s' IN BURNT BRIDGE
2CRELCK, VANCOUVER LAKE AND COLUMBIA QIVER RESPECTIVELY',
37(/7,3F20.3))

PR=Q,

Q0uU=0,

QB"—SO-A

Q3=(8%86400,

EV=-16.65

TSS=TSR+pPP
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APPENDIX E

DISSOLVED OXYGEN MODEL
(cont.)

DT=0.01041667%4.
QIN=20.
CV1I=(1,49%H1)}/(FL*¥D1%¥%0s5%2.%%1,66567)
CV2=(1,49%W2 )1/ {F2%D2%%040%24%%1,6667)
Cvi=l.1%Cve
CvC=0,9%CVv2
DB1=YB-HD
DB2=1G-+2
H=HW~HR
WRITE (6410}
10 FORMAT (1H14'OUTPUT OF BOTH HYDRODYNAMIC ANU WATER QUALITY CONDITI
AONS', /7' IN VANCOUVER LAKE SYSTEM')
DO 20 1=1,49
RI=1
T={Rl-1.1%07
I11=1-1
e HYDRODYNAMIC PROGRAMIMING --- WATER BUCCET FOR VANCOUVER LAKE- .
e RIVER SYSTEM 8Y MAKING USE CF THE MAKKING FORMULA (1IN FT-SEC UNIT) -
e AND THE CONTINUITY COUCEPT CF THE LAKE, WATER SURFACE SLOPE WAS USED .
e AS THE FIRST APPROXIMATICN FIR FVALUATING THE ENERGY SLCPE. .
‘..I.‘....‘..‘.......l...ll......‘ﬁ..'.....'l......Ql..ll......."."..'.'
2=IM(11-26G
DELZH=ZIW{]}-HW
1F (Wl JLE, 0.) GO TO 55

alaBaNulaNal

FLOW RATE AND VELOCITY IN THE UPSTREAM CUT CHANNEL

e Balal

Y=YR(I}-YB

DELYH=YW(I)-HW
AC=W1#[Y+H)/2.
TD1=Y-H+DB1
COQ=(ML1/{w14Y+H) ) *%x0.,6667
IF (1Dl +LT. O0.) GO TO 4

FIRST APPROXIMATION IN UPSTREAM CUT CHARNNEL

[a N alal

QC=CV]1#(Y+H)*%],566T7%TD1%%0.5
IfF (W1 .GV. 200.) GC TO 405
QC=CC=C0Q

FINAL CALCULATION IN YH: UPSTREAM CUT CHANNEL

>OOO

05 VC1=QC/{W12Y)
VE2=0C/(W1lxH)
ODV={VC1+vC2)%{VC1~VC21/64. 4
TEST=TD1+0DV
IF (TEST tT. 04) GC 10 11
QC=CVIx(Y+H}x%1,6667T*(TEST)I*20,.5
1F Wl «GT. 200.) GC TO 12

Qc=CC*C0Q
GO Y0 12

11 QC=-CVI®{Y+H)}$%x 1, 666TH(-TESTI®*4D,.5
IF (W1l «GTe 200.) GO YO 12
QC=CC*C0Q

12 vC=QC/AC
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DISSOLVED OXYGEN MODLL

(cont.)

GO0 1C 5

QC=—CVIX{Y+H ]2 ¢l ,666T#[-TD1)**D,5
1F (Wl 6T, 200.) GO TO 410
QC=0C=C0Q

VE1=0C/ k] %H)

VE2=QC/ {wWlx*Y)
Dv={vCY+VC2)Ix(VC1-VC2) /5444
TEST=-TD1+4DV

IF (TEST L13,., 0.3 GO TOQ 22
QC=-CVIF{Y+H) 2 ¥ ], 66672 {TISTIx*%],5
IT twl JGOT. 2000} &L 12 2
QC=CCxCaoe

GO 10 23
QC=CVLIH(Y4HIT L1 6506T%(-TESTI2%0,5
IF (Wl «G1e 200.) GO TO 23
QC=0C=C0Q

VCi=QC/AC

GO 10 5

QC=0.

vC=C.

DELYH=0,.

FLOW RATE AND VELOCITY IH LAKE RIVER

AL=W2%(74H}/2,

Al=1.12AL

AC=0,9%AL

T02=2-H+CR2

IF (Tp2 4t7. 0O.) GO 10 6

FIRST APPROXIMATION IN THE LAKE RIVER
QU=CVIB{Z4H) *%1,6667%TD2%*0,5
FINAL CALCULATION IN THE LAKE RIVER

V0L1=0L/{W2%1)

VL2=QL/{\W2=H)

DV=(VLI+VL2) =({VL1-VL2) /64, 4
TJEST=T02+DV

1# (YEST .t7. 0.) GO TO &4
QL=CVI®(24H)** ], 666T=(TEST ) %%0.5
VL=QL /A1

GO 10 45

QL=-CVOX (Z+H)#¥%1 .6 6ET*(-TEST}%#%J.5
Vi=CL/AD

GO 10 7
OL=~CVOX{Z+4H)%%]1.66€TH(-TD2)1%%C,5
VLE1=QL/(W2%H)

VLZ2=QL/(n2*1)
DV=(VLI+VL2)*(VLI-VL2) /6444
TEST=-TD2+DV

IF (TEST L7, Oe¢} GO TO 33
QL=-CVO* (2+H)x* ] 6 66TH(TESTI#%0,5
Vi=QL/AC

GO 70 34

jt
boni
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APPENDIX E

DISSOLVED OXYGEN MODEL
(cont.)

33 QL=CVI*{2+4H)%x%1,666T7#(-TEST)**0.5
34 VL=0QL/AI

CHANGE OF ELEVATION IN VANCCUVER LAKE

~O O

DH=DT*({0QIN+QC+QL+QR+PR+EV+L0OU) #86400,/A

VIII=A%H

QCC(1i=QC

QrLry=ot

@ ® 500000 080008 ©0 T 00080 E0 00 ERPET NS TEOEOBRL B EENSOERENOCLseOEEOBIRCEIEIRY SR OSS
e WATER QUALINY PRECICYTION PRCGRAMMING --- MATERIAL BALANCE FOR .
o CELLS AND SUBSTRATE IN VANCCUVER LAKE WATER BY THE CONTINUITY .
« CCNCEPT. -

[aRaNaRalal

@ 0 8600000000000 000802000000 ¢008 20800000 50000008 T 000008000 EP 00s0rsatsssecsesssa

TP=TENP(I]])
IF (TP LT, 20.) GC TO 200
K1=0,2%140472(TP~-20,)
K2=0.25%1.Ca7%%(TP~20.)
GO 10 201
200 K1=0,2/1.047¢%(20.-TP})
K2=0425/1.047%2(20.~TF)
201 GSL=14.652-0.41002%1P+0.0079GT71%TP%%2,~C.000077774%TP%%3,

C LIGHT INTENSITY CALCULATION

ARG=({-A1-Bl¥PL)*H
TL=T
11=T7
RI1I=11
IF (1L «GT. RII} GO 7O 88
GO T0 89
88 TL=T-R]1I
89 THETAL=3.14159x(TL=-TSK}/PP
IF €{TL .GE. TSR} AND. {TL .LE. TSS}) GO TC 66
LL=0.
GO 10 17
66 LU=LN*(1,-0.65%C1¢#2, ) %SIN(THETAL)*{1.~EXP {ARG) )/ {-ARG)

GROWTH RATE OF PHYTCPLANKTON

N EaNalal

7 MU=MUMANL/ (KN#NL) #FL/ (KF#FL)$LL/{KL+LL)
ME=PU+TP
RMUTP=(MU-R}&TP
GMTP= (G-MT)%TP
IF (T .LE. 0.) GO 10 600
Q1=QCC(1111%86400.
Q2=CLLI{IT11%86409,
IF (V€ .L7. 0.) GO TC 500

C

c DISSOLVED OXYGEN (CD) CALCULATICN

C .
VOL=V({ITI)1%*0L+((Q12CC+Q2%«0L+23%0B)+ RMUTP*V{ITII)#PL/RC-K1%*V(IIT}%R
10DL+K2¢VIT1 )% (OSL-CL)-K&* A#DL ) *DT
oL=vol/sv(I)

C

c CALCULATION FOR NUTRIENT CONCENTRATION OF NITROGEN AND PHOSPHATE
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DISSOLVED OXYGEN MODEL
(cont.)

VNL=VOTITEANLe0(QL «NC+Q2¥NL+Q34MR Y -MF*PLAV(IT1) /YPN+ALPHA*V{]II]) %2
IL4BETA=ASCL)*DT

NL=VNL/V (D)

VEL=VETI T % FLe((Q1xFC+Q2%FL4Q3%FRI-UFXPLAVITIT) /YPF+ALPHARV(ITI[)%2Z
1L+ BETARAXCL Y xOT

FL=VFL/V(I])}

TOTAL PHYTOPLARNKTON IN VANCZUVER LAKE

VL=Vl TLI=PLAC(QL*PC+Q2¥PL QAP I +RMUTCFV LTI #PL¥{14-3)-0G*TP+V{}
111 )220 /Y2)%DTY

PL=VPL/VII)

ICCPLANKTCN CALCULATION

VZL=VITIT1*ZL+0(Q122C+Q2%2L +03%IB)+VI1I1}*ZL&«GMTP)*DT
ZL=vIL/v(l)

BIGCHEMICAL OXYGEN DEMAND (BOD) CALCULATICN

VBODL=V{111)1%B800L+((Q1*BODC+C2*30DL+Q3%20CR)-(K1+K3}*V(IIT)*BODL)*

107
BOCt=vBOOL/V{I)
GO YO 550

DI1SSOLVED OXYGEN (DC) CALCULATION

VOL=V{IT1)#DL+({Q1*0L+Q2*0L +C3*0B )+ RMUTP*V(ITII*PL/RC-K1*V(III}*B
10DL+K2%V({T11)*{(0OSL-0OL)-K&%A%0L =0T
CL=VvOL/V (T}

CALCULATICN FOR NUTRIENT CONCENTRATION OF NITROGEN AND PHOSPHATE

VNL=V{ITIIENLe{ (QLENL+Q2ENL+Q3*NB ) -MF4*PLAV(ITI}/YPN+ALPHAXV(ITII®Z
1L+BETAXAXCL) %07

NL=VNL/7VI(T}
VFL=V(ITI)*FL+{(Q1*FL+Q2%FL+Q3*FB)-MF&PLAV(III}/YPF+ALPHAXV(ITITI)%2
1L+BETAXARDL)4DT

FL=VFL/V(T)

TOTAL PHYTOPLANKTON IN YANCCUVER LAKE

VPL=V(I T} &PL+((QL*PL+C2%PL+Q3*PB)+RMUTPHV(ITII%PLE{1,-SI-GATP%V(]
1T1)%2L/Y2)1 %07

PL=VPL/VI(I])

Z00PLANKTCN CALCULATION

VZL=VIITI =2+ ((QL*2L+Q2%ZL+Q3*2B)+V{TIII)*ZL*GHMTP)*DT
IL=vZL/viln

BIOCHEMICAL OXYGEN DEMAND (B0D) CALCULATICN

VBODL=V(III}ROCL+({Q1%R0ODL+C2+BODL+Q3%BOCBI-(K1+K3)*V({ITT}#B0ODLY*
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DISSOLVED OXYGEN MODEL
(cont.)

BOOL=VEOOL/VI(I)
PRINT BAND LISYT RESULTS

1F ({1/2%2-1) LEQ. 0} GD TO 5560

WRITE(6430) To+HW,QL4VL,C, VC,DELYH,CELZH,CL,,PL, 2L 4NL,FL,BODLyLL MU
FORMAT(/ 4% TIME ="' 3FBeGy//¢10X s i =" 3FBa4 49X, 'QL ='4F94249X,y'VL =
1'!F8.4'9X1.QC :'|F9.2'9X"VC :"Fa.4y/'9X1'Y—” ='|F8.4'8X,'Z—H ="
ZFaal't /'lCX.'OL ='|F7-3|10X'.pt ='|F8.4’ ‘OXQ'ZL ='|F8.IQ'QX"NL

3='IF604110x|'FL ='|F804|/'8X|‘BODL ="r7.3,10X,'LI -"-"yFB.Z.lOXy‘MU
L PR O A

H=H4+DH

HW=H+KB

CGNTINUE

G0 10 100

WRITE (6440}

FCRIMAT (/77774 END OF CALCULATICN')

RETURN

END
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LTI L FEE LSRR S RS2k g 2

% ACDATIC LIFE MADEL %
REEF RS ASL RIS AS AT ¥

e WATER QuUALLTY PRGERAMIING: ~n2 pAUTEXIAy ALGAE ALS THEIR
o AFFECTED PARAMETERS (OMSITCERCZD IN THE DIFFERENTIAL
. FOUATIONNS, THEN SOLVED RY RUNSGT=KUTTA THIRD OJRDER METHOD.
THE FOLLOWING MATRICES ARE:
A: ALGAF
C: 700PLANKTON
F: PHOSPHATE
X: BACTERIA
7: ROD
e T!ME
. THIS PROGRAM WAS PREPARED 3Y MARCUS C. LIN IN APRIL, 1971 AT HSU
DINVENSICN A(lOO).C(lOO)yF(130)gZ(lOO)oN(lOO),X(lOO,yHL(SZ)
DIMENSION SCAVG(55)
REAC (5431 (RCAVA{T ], HL{TI),1=1,52%
3 FORMAT (&4(2F10.2))
100 REAL (5,1,END=1020) A1,C1,FI,X1,21,A1,A2,43,C1,C2,F2,F3,
1RK? RMUM, Y ARFA
1 FORMAT (RF10.2)
WRITE (€,2) AI,CI.CI.XI.ZI.Al,52,53‘C1'CZ'F2,F3,RK2'RWUM,Y.AREA
2 FORMAT (1HI,*INPUT DATA ARE 1V Iy 6% AT =Y, F10.44, EXtCT =1,
1F10.446Xy'F1 =" F10e2+6Xy "' X1 =V, F10e416X,'21 =4 ,F10.4,6X,'A) =%,
2F1C 60/ /46Xy 002 =:,F10.416X,'A3 =0 F1)e446Xy'Cl =V, F10.4,
B6XetC2 ="¢F10e4 16X 'F2 =1 F10,4,6X,'F3 =14 F10.44//
46X K2 =%4F104446X MU =1,F10.4,7X,'Y =1, F1Je44E20.4,/171)
WRITE {6,4) (QCAVG(I),HLIT),1=1,52}
4 FORMAY (2F20.3)
FC=120.
2C=2.0
CC=1.
AC=0.01
Ow=1.0
Wi=1,.
XB=0,035%
A{1)=AJ%1000,
c(1¥=CI1
F(li=F1
X(1)=X1%10C0200.
21)=211
Will=wI
WRITE (&6448)
48 _FQR“AY (141, *THE TABULAR RESULTS ARE :3',//7/74' TIME {WEEK ) Y, 10X+
1Y ALGAE (NU/ZMLY ' 49X 3 YZ0CPLANKTCA (MO/ZLY Y g 4X, "PHOSPHATE (MIG/L),
25X, TCT BACT (NO/ML)Y Y, 6K, 30D (16701
WRITE (&6,49) Wi1)sACI s CL1Y,F 1), X{1Y,70L])
DN 20 1=2,52

COOMNOOOOACACOANNODOO00

e 6 & 8 8 o 8 o v 9 0 &
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AQUATIC LIFE MODEL
(cont.)

RUNGE-KUTTA FIRST VALUE

V=APFA%2R32=HL(TI-1)

CONST=0CAVG(11%28,32%604300.7V

AUGI L =w{

AUG21=P{AUGL L)

AUR3L=T(AUGTIY)

RAMCAL=0(AUGLI LY #6D4E0Q %7 (AUGLILY/Y

RAMCAA=RLIAY511)%F [#60463004/V

FAMCAAS(OLGT e e

FI11I=RAVMDAL+REMDAASRAVEAX

VALUL=—0,5¢( [AUG21-26.1/5.5)¢%2
VALU2=-0.5%({AUG31-13.1/ 3. )%%2

CLR=QL{AUGL])

XC=XCC(AUGLL)

ALOHAL= (Q(AUGLL)I*XR+CLP=X] }*604900,/V+CANSTHIXC-XT)
BETAI=(Q(2LUGLL)€SR (AUGLII+2LR*Z1)%634800,/V+CONST*(ZC~21}
DELTAL=RMUNMLEXP(VALUL ) 7T -2X2%AHG]]

Ul=DHe{ AT %{AL¥EXPIVALULYEAUG21 #F1~{AZ+436CTI#AUGIL-CONST) +CONSTHAC
1)

V1=DW#(CT#(CL*EXP(VALU2) *AT*FT1#5(AUG211-C2%AUG314GLAUG21} ) «CONST*
1¢C-CI 1)

Wi=DW*F111~-F2%Vvi-F3%U}

X1=DAs (XI¥DOLTAL+ALPHAY)

21=DW*(BETAL-DELTAL/Y%XI +0,004%RK2%xAUG31%X 1)

RUNGE-KUTTA SECOND VALUF

AUGE2=4l+DW/3,

AUGZ22=P (ALGL2)

AUG32=T(AUG12)

RAMCA2=N([AUGL2)%5D4000, %R {AUG12)/V
RAMCAB=CL{AUGIZ2)I®{F1+W1/ 3. ) *604302./V

RAMCAY=CONST®(FC-F1-W1/3,)

F12I=RAYDAP+RAMNAR+PAMEAY

VALUL=-0.5%((Al5G32-2641/5.51%%2

VALU2=-0.5%((AUS532-13.}1/3. 1%%2

QLR=QL(AUG12)

XC=XCC{AUGLZ2)

ALPHA2=(O(AUG1 2 ) *XB+GLRE{X T+X1 /3. }1%634800. /V+CONSTH{XC-XI-X1/3.)
RETAZ=(0(AUSI2) ¥SR{AUGI2V+JLR*(21+21/3.))2£04800./V4CONST*(ZC~21-12
1173.)

DELTA2=RMUMSEXP(VALULYI®(ZT 421/ 7, 1-K2%AUG32

U2=DW s ({AT+UL/3. 148 (A1FEXP IVALULI*AUG22E{FI4M1/3.1-(A2+A3%(CI+V1/3.
1) ¥*AUG32-CONST ) +CONST*AC)

V2=DWH{{CT4V1/3, 1= (CL*EXPIVALU2I#(AT+UL/3, 1=(FT +W1/3.)#GLAUG22)-C2
1¥AUG32%GLAUNB22) ) +CONSTR{CC-CI-V1/3. )

W2 =C43F121-F2¢V2-F3£U2

X2=DWe ({XT1+XY1 /3,1 xNELTAZ+ALPHAZ)
12=Ct(BEYA2-DELTAZ/YX(XI+X1/3.)40.704¥RK2%AUG3Z2*(XTI+X1/34))

RUNGE-KUTTA THIFPD VALUE

AUG1I3I=H14+2.%DW/3.,
AUG23=P(AUG]1 3]}
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AQUATIC LIFE MODEL
(cont.)

AUG23=T(ALG]3)

RAMDA3=N(AUGLI3)#¥404600.*FR { AUG 1Y /Y

RAVDAC=QL CAUGLI3I®(FL42%W2/3,)1%6048320./V
RANCAZ=CAONSTH(FC-F1=2.%W2/3,)

F13[=RAMDAI+RAMDAC+RAMDAT

VALUL=-0.5%({ (AUG33-2641/54 51 %%

VALUZ==0.5%( {AUGI3-13,1/%9, V%%

QLR=QL (AUG13}

XC=XCC{AUG13)

ALPHA3= (Q{AUGI3 I #XB4+OLRE{XT42.%X2/3.)1%6C4800./V+CONSTH{XC~XI~2.%X
1272

BETAZ=(C(AUGL3I#SR (AUGIAI+ALRF(Z1+2.522/3.11%6C4800,/V+CONST*{7C-2
11-2.%22/3.)

DELTA3=RUUNMXEXP(VALUTI#{721+2,%22/3,)-RK2%AUG33

U= (AT €2, 5U2/3, 12 (A1 ¥EXPIVALULI2AUG23% (FI¢2.%W2/3, )-(A2+A3%(C]
142.4V2/73, 11 *AUG23-CONSTI+CONSTHAL)
VI=DWA((CT+2.%V2/3.1%{C1%=E XO(VALU2 2{AT+42,3U2/3 1R (FI+2,%W42/3,1%G(
1AUG231-C2%AUG3345{ AUG23) )+ CNNSTE{LC~CI-2,4V2/3,.))
W3=DWEF13]-F2%V3-F3%y3

X3=((XI¢2.%X2/3. ) DELTAI+ALPHAZ) :
I2=DVE(BETAZ=DELTA3/YS(XT+2.3X2/34)+0.004%RK2%AUG33*(X1+24%X2/341)
Al=AI+0,25%¥U140.75%U3

CI=C140.25%V1+0.,75%V3

F1=Fl40,25%W1+40,75%W3

X1=X140.25%X1+0,75%X3

I1=2140.25%71+0.,75%23

WI=vI+DW

A(I)=AT%1000.

C(i)=Cl

FOI)=F1I

X{[)=X1%1C00000.,

2(11=21

W{l)=WI

WRITE (6,49 WL}, ATI),CUTI),F(1),X(1),Z(1)

FORMAY ( //+F9¢2410XsE10.4417XyE10+%99X1E104¢4411XsE100458X+E1044)
CONTINUF

G0 10 100

WRITE (6,70}

FCRVMAT (777, END CF JOB")

RE TURN

END

FUNCTION T(X)

IF (X LF. 8.1 67 70 10
T=4,422.%CXP (=045 ( (X244 ) /64) %%2})
RETURN

T=6,42)1 ¥EXP(=0,5%{ (X428.)/6.)%%2)
RETURN

END

FUNCTION P(X})

1F (X LEe. 8.) GO TC 20
P=12.2+4.1%SIN(6,28318%(3R.-X1/52.)
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AQUATIC LIFE MODEL

(cont.)
RETURN
P=12,4+4.1%SIN(6,28318%(-144-X)/52.)
RETURN
END

FUNCTION 6:(X)
G=CeB82404343*SIN(6428313%({X-T74.2)/10.4)
PETURN

ENOD

- - o - - - - - - — i o -

FUNCTION O(X)
Q=28.32¢(16.2-15.T%EXP (=0, S4({X=24,1/9,0)%%2))
RE TURN

END

FUNCTION QLX)

IF (X GT. 33.) GO TC 1D
OL=28,32%200.%EXP{~0.52[(X=-33.1/4,.5)%%2)
RETURN

QL=~28432%200.*EXP (-0, S%({ X=33,1/74,5)%%2)
RETURN

END

- - - -

FUNCTION FR(X)
FR=150. ¢TS50 ¥FEXP(~0.5%({X~244)/3.13%2)
RE TURN

END

————— - - o " - > - " o o - - ———

FUNCTION SR{X)

SR=5,04S . 6XEXP{-0.5%((X~24)/4)%5%2)
RE TURN

END

- o ——

FUNCTION XCCUX)
XCC=0,089-0,07T*EXP(~0.5%( (X-32.)1/13,)%¢%2)
RF TURN

END
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eutrophic lakes. Dredging and removing of lake bottom sediments and introducing
better quality water are the restoration measures explored in this study.
Vancouver Lake, Washington, was used as a test case.

Hydrologic, hydrographic, hydrodynamic, and water quality information, provided
by separate but correlated studies, was combined with the aid of mathematical
simulation models. Dissolved oxygen was used as an indicator of the overall
water quality in the system. Photosynthesis, atmospheric reaeration, biological
respiration, and advection were the mechanisms considered in the computation of
diurnal changes in dissolved oxygen level. In addition to the DO model, the
aquatic life model for computing time-varying levels of phytoplankton and bacteria
was also tried. The validity of these models was verified with the actial field
data. After verifications of the models under the existing conditions, they
were used to project and predict the water quality of Vancouver Lake as will be
affected by dredged lake depths and introduced flows from the Columbia River.

This report was submitted in fulfillment of Project Number 16080ERQ under the
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