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Abstract

Mathematical modelling techniques have been
applied to study the dissolved oxygen coneentration ifi the
lower reach of the St. Croix River. A hydraulié feuting
model, HEC-2, was used to describe the flow Fegime, and
the WATQUAL model was used to simulate dissolved
oxygen levels under different conditions of temperature,
flow and biological oxygen demand. The results indiecdte
that waste loading to the river should be restricted during
periods of high temperature and minimum Friver dis¢harge
in order to permit fish migration.

Résumeé

Des techniques de modélisation mathématique
ont été appliquées a 1'étude de la teneur en oxygéne dissous
du cours inférieur de la riviere Ste-Croix. Un modele
d'écoulement hydraulique; le HEC-2, a servi a décrire le
régime d'écoulement de la riviere tandis que le modele
WATQUAL a permis de simuler la teneur en oxygéne
dissous pour diverses conditions de température, de Gébit
et de demande biologique dloxygeéne. Les résultats de
I'étude indiquent quiil faudrait réduire la charge des eaux
usées versées dans la riviére lorsqu'il fait trés chaud et
lorsque le débit est minimal, afin de perimettre la
migration du poisson.




Dissolved Oxygen Modelling of the St. Croix River,
Maine—New Brunswick

Willard Boutot and Thomas A. Clair

1. INTRODUCTION

The St. Croix River for the last few decades has
- been receiving a pollutant load composed of organic fibres
and dissolved organie coinpounds from the Georgia-Pacifie
paper mill in Woodland, Maine. This. pollutant input,

togetner with the building of dams and other control -

struetures;, has had an adverse impact on fish migration. In
the last few years, however, secondary effluent treatment
at the paper mill has improved the water quality of the
river, and the building and reparation of fishways have
réopened access so that it may now be feasible to
reintroduce sea-run salmon. The purpose of this study is to
detefmine  whether the dissolved oxygen (DO)
concentration in the river below the paper mill will be

Too nigh a biological oxygen demand (BOD) load
or too low a river discharge would cause DO levels to
become unsuitable for fish passage. Unfortunately,
determination of safe loads cannot be measured
experimentally in the river owing to the strains that would
be placed on the ecosystem. An alternate approach,
described here, is to mathematically model the factors
which affeet DO levels in the St. Croix River, especially
variations in effluent discharge and river level. For this
study a mathematical model deseribing the DO profile in
the river was developed by the Systems Division of the
Water Planning and Management Braneh (Ottawa), using
Water Quality Branch (Atlantie Region) data.

The use of mathematical models to simulate
ambient conditions represents an important step in
understanding and appreciating the factors governing
‘impact assessment. More importantly, however, a model
may be an expedient way to test the viability of a theory
or to establish a responsible operating schedule for
pollutant discharge. The aim of this study was to use
mathematical modelling techniques to determine the BOD
loads whieh could be discharged into the St. Croix River
under various conditions whnile still providing a safe
environment for fish passage. This paper discusses the use
of the water quality model WATQUAL and how its results
can be applied to managing the water quality of the St.
Croix River.

2. STUDY AREA

The St. Croix River forms the international
boundary betiween Canada and the United States for
approximately 113 kilometres. The river drains muech of
York and Charlotte counties in New Brunswick, and
Washington county in Maine. In most of the watershed, and
for the upper 100 km of the river, the water quality is
pristine.

The Georgia-Pacific paper mill in Woodland,
Me., at the point where it discharges effluent into the

. river, marks the upstream end of the reach causing concern

in the river. The 14 km long section, between Woodland,
Me., and Militown, N.B., is sparsely inhabited, with
settlements at Upper Mills, N.B. and Baring, Me., 9 km
from the effluent discharge. The river banks throughout
this stretch are generally heavily wooded, allowing limited
access to the water. There are no major tfibutaries along
the study reach, although three small streams - Strachan
Brook; Monannas Creek and Magurfewock River enter the
river below Upper Mills-Baring (Figure 2.1).

Flows as high as 529 m3/s (18 465 efs) and as
low as 17 m3/s (610 efs) have been recorded in the study
reach. Since 1975, the annual mean discharge at Baring has
been 76 m3/s (2680 ecfs). Georgia-Pacific, which
controls discharges in the study area, operates under a
permit allowing a minimum discharge of 23m3/s

- (807 efs). Under non-spring flow conditions, the river width

in the study area varies between 30 and 90 m (100-300 ft)
and reaches depths of up to 4 m (13ft).

The river bottom is mainly gravel in the
fast-flowing sections, with organic detritus accumulations
in pools and protected areas. The major feature of tne
study area is a narrow, shallow channel beginning at
Woodland and extending 5.5 km downstream. There are
rapids (Bailey Rips) slightly more than halfway down this
streten. The river bends sharply after this channel and
widens to include Haywood Island, where it becomes deeper
and slower moving. The river narrows at Baring Rips for
approximately L6 km, and drops 7 m in the area between
Upper Mills and Baring. The river then widens into a
slow-moving lake for approximately 3 km and finally
narrows again until it reaches the downstream end of the
study area at the Milltown International Bridge. Over the
study reaei, more than 30 islands divide the natural flow
and form as many as three divided channels.

2.1 3t. Croix Model System Configuration

The river system was divided into 30 reaches
between 150 and 1200 metres long, based on work by the
U.S. Corps of Engineers (2). Node points were assigned to
surveyed cross sections at the limits of eaeh reach. For
example, Reach "I" lies between the cross section at
chainage station 1000 and chainage station 2000. Reach 1 is
also identified as the reach between Node 1 and Node 2
(Table 2-1). Figure 2-1 shows the St. Croix River divided
into 30 reaches with 31 nodal points. Node 32 represents
the river inflow, and Node 33 is the waste loading into the
river system.
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Table 2-1. Division of Study Reach

Reach Node Distance Chainage stations
mi. Km
1 1- 2 .189 .30 1000 -~ 2000
2 2 - 3 .568 .91 2000 - 5000
3 3 - 4 .095 .15 5000 - 5500
4 4 -5 .095 .15 5500 - 6000
5 5~- 6 .189 .30 6000 - 7000
6 6 - 7 .379 .61 7000 - 9000
7 7- 8 .379 .61 9000 - 11000
8 8- 9 .758 1.21 11000 - 15000
9 9 -10 .189 .30 15000 - 16000
10 10 - 11 .379 .61 16000 - 18000
11 11 - 12 .189 .30 18000 - 19000
12 12 - 13 .189 .30 19000 - 20000
13 13 - 14 .189 .30 . 20000 - 21000
14 14 - 15 .189 .30 - 21000 - 22000
15 15 - 16 .189 .30 22000 - 23000
16 16 - 17 .189 .30 23000 - 24000
17 17 - 18 .189 .30 24000 - 25000
18 18 - 19 .189 .30 25000 - 26000
19 19 - 20 .085 .15 26000 - 26500
20 20 - 21 .095 .15 26500 - 27000
21 21 - 22 .568 .91 27000 - 30000
22 22 - 23 .189 .30 30000 - 31000
23 23 - 24 .189 .30 31000 - 32000
24 24 - 25 .189 .30 32000 = 33000
25 25 - 26 .379 .61 33000 - 35000
26 26 - 27 .379 .61 ' 35000 - 37000
27 27 - 28 .379 .61 37000 - 39000
28 28 - 29 .189 .30 39000 - 40000
29 29 - 30 .379 .61 40000 - 42000
30 30 - 31 .756 1.21 ' 42000 - 46000
31 31- 0 .0 .00 46000 (or end)
32 32 - 1 .0 .00 inflow
33 33 - 1 .0 00 waste loading

3. MET‘,’H_QDOLOGY

In order to simulate DO levels along the study
reach; two models were used. The first was a hydraulic
routing model which used river discharge values and
channel geometry to simulate flow. The. second was a
DO-BOD model which used the hydraulic model results,
cross-sectional flow areas, and surface width as inputs,
together with BOD loadings, water temperatiure, benthic

oxygen uptake valués and organic matter decay rates, to
prediet DO levels.

3. ‘gy_jdfauuc Model

The hydraulic model used was the Hydrologie
Engineering Center Model 2 (HEC-2) (1) developed by the
U.S. Army Corps of Engineers. Input data for the model
ineluded the 31 -cross sections surveyed in the Woodland to
Milltown reach (2) in 1967, During this survey, soundings
Were made with a metal probe along the line of each cross
section ‘to establish the location and depth of the
unconsolidated bottomn deposits;, and then the bottom

topography was recorded.

Initial river discharges for the model calibration
were obtained from Georgia-Pacific. A reaeration
coefficient was calculated for the water quality model
from the cross-sectional area, surface width, mean
velocity and average depth of flow.

3.2 Water Quality Modg;

The water quality model chosen was WATQUAL
(3,4). With this model DO profiles in the river channel
were computed using HEC=2 results, effluerit loadings,
water temperatures and initial DO profiles. Thé basis of
the model is a pollutant routing algorithm that uses the
Streeter=Phelps formulstion for the relationship between
instream DO and BOD. Other factors ineludéd in the
model are the rate of photosynthesis, sediment oxygen
demand and various organic matter decay rates
(Appendix A available from the authors). The other
variables used were chosen from actual field measurerents
listed in Table 3-I. ‘




Table 3-1.

Water Surface Elevations at Cross-Sectional Transects

Cross Section Surveyed date

Water surface elevations
(ft above sea level, USGS datum)

1000 August 11, 1967
2000 August 08, 1967
5000 August 08, 1967
5500 August 08, 1967
6000 August 08, 1967
7000 August 04, 1967
-+ 9000 August 04, 1967
- 11000 August 04, 1967
15000 July 31, 1967
16000 July 31, 1967
18000 dJuly 31, 1967
19000 July 31, 1967
20000 July 31, 1967
21000 August 02, 1967
22000 August 02, 1967
23000 August 02, 1967
24000 August 02, 1967
25000 August 03, 1967
26000- August 03, 1967
26500 August 09, 1967
27000 August 09, 1967
30000 July 26, 1967
31000 July 27, 1967
32000 July 28, 1967
33000 dJuly 25, 1967
35000 July 24, 1967
37000 July 17, 1967
39000 July 17, 1967
40000 July 17, 1967
42000 - July 18, 1967
- 46000

July 18, 1967

95.8
92.5
88.6
88.4
88.3
85.8
85.5
85.3
81.1
80.85
1 79.55
79.3
79.2
78.4
\ 77.6
77.25
76.8
76.65
75.3
74.6
74.3
65.6
65.9
'65.6
65.6
65.5
65.4
65.4
65.5
65.3
65.2

4. MODEL CALIBRATION

4. Hydraulic Model - HEC-2
4.1.1 Program Descriptioh

The purpose of using this model was to provide
input data for the water quality .model by calculating the
cross-sectional areas and surface widths of each reach,
which are needed to define river flows. The initial version
of HEC=2 was modified to allow the use of additional
options, to provide for future expansion and to simplify
input preparation. Other changes were also made to
increase the program's flexibility to handle a variety of
water surface profile problems.

A computer package, Program XSECT (5), was
pfogFrammed to generate HEC-2 control parameters. - It
used the sirveyed cross sections () to calculate the number
of profile points, and the distance between cross sections
to generate these values in a format compatible with
HEC#2. Plots of these cross sections can also be obtained
from the Calcomp Plotter with this program.

4

A set of appendices, which provide (A) details of
the WATQUAL program and its application to 'the
Woodland-Milltown reach of the St.Croix River, (B)
cross=sectional areas at St.' Croix River nodes, and (C)
HEC-2 model results, is available from the authors.

4.1.2 Calibration

The cross. sections of -the study reach were

.surveyed between July 17 and August 11, 1967, when water

surface elevations were also recorded. Thé rmean river
discharge for that period was 51 m3/s (1818 cfs) with a
standard deviation of 7 m3/s (250 efs). This mean value
was used to calibrate the HEC-2 inodel, with ‘a’ known
starting water level of 65.2 ft above sea level (USGS
datum) at chainage station 46000 iri Milltown. A tentative
value for ‘Manning’s roughnéss coefficient of 0.035 was
initially selected for the section of the St. Croix River
under study. Figure 4-1 demonstrates the initial calibration
showing the difference between the measured water
suwrface profile and the HEC-2 calculated profile.
Additional runs were made varying thé Manning's "N"
coefficient for ..every reach between Milltown and




Table 4-1. Refined Roughness Coefficients

for Each Reach

Reach between Distance Manning's N
cross section (ft) values
46000 = 40000 6000 .035
40000 - 39000 1000 .045
39000 - 31000 8000 .035
31000 - 30000 1000 042
30000 - 27000 3000 .040
27000 - 26500 500 .025
26500 ~ *26400 100 .075
*26400 - 25000 1400 .070
25000 - 24000 1000 ‘ .090
24000 - 23000 1000 .040
23000 - 22000 _ 1000 .083
22000 - 19000 3000 .063
19000 - 18000 1000 .040
18000 - 16000 2000 .050
16000 - 15000 1000 .080
15000 - *14000 1000 .045
*14000 - 9000 5000 .070
9000 - 6500 2500 .020
6500 - 5500 1000 .080
- 5500 - 5000 500 .025
5000 - 2000 3000 .044

2000 - 1000 1000 .060

* interpolated cross section

Woodland. Since the river bed became steeper and the
water veloeity increased rapidly between chainage stations
30000 and 27000 and between 26000 and 26500, additional
cross sections were constructed by interpolation between
known sections. The number of additional créss sections
varied with the length of the reach and the steepness of
the river bed. Tablé 4-2 lists the roughness coefficients
obtained for eac¢h reach after calibration, and Figure 4-2 is
a graphical represeritation of the final calibrated model
showing the measured and caleulated water surface
profiles. The actual HEC-2 runs used in the WATQUAL
model calibration are shown in Figure 4-3.

4.1.3 Validation

Figure 4-2 compares the measured surface water
profile with the profile calculated by means of the HEC-2
model. The results demonstrate a good calibration in that
the differences in magnitude between measured and
calculated water elevation do not exceed 0.0 ft. This
calibration is representative of actual field conditions
when river aischarge is approximately 51 m3 /s (1818 cfs).

An approximate starting elevation was used at
station 46000 in order ‘to.carry out the HEC-2 runs. This
assumption affects only the computed elevation between
stations 46000 and 30000. Upstream from chainage station
27000 there is no hydraulic effect transferred because this
was designated the control point in the river channel.

4.2 Water Quality Model - WATQUAL

4,21 Program Description

Programmn WATQUAL is a one-dimensional water
quality simulation model designed to ecompute DO profiles
in a river channel when the river water has been loaded
with waste material exerting a biochemical oxygen
demand. The program is a restructured, simplified version
of the routing segment of a more complex water quality
model developed by Acres Consulting Services and
described in their report (3) of August 1971 The original
model was condensed to the present form to permit easier
application to isolated systems with real data and to
facilitate calibration. This model wuses hydraulie
parameters from HEC-2, such as cross-sectional area and
surface width, generates atmospheric reaeration, and
combines these with effluent levels and decay rates of
organic matter to estimate DO levels.

4.2.2 Calibration

The WATQUAL model was calibrated using
water quantity and quality data assembled by the. Water
Quality Branch (6), summarized in Table 4-3. On seven
sampling runs DO was measired néar thie Américan and
Canadian shores and in the middle of the river with the
results then averaged at each of five transeets. Kellyland,
a site above the mill which was used as a control, was only
sampled on the Canadian side.

The first WATQUAL model simulatiohs were
done usihg measured BOD levels and an estimated value for
the organic matter decay rate. Additional runs weére riade
to adjust decay rates until the model's results satisfactorily
simulated the measured field values. Figure 4-4 compares
simulated DO levels with measured field values: Decay
rate values, (Kp), after calibration are shown in Table
4-4 and Figure 4-5.

An important factor added to the original
WATQUAL model was the oxygen demand generated by
decomposing river sediments. Benthic oxygen "demand,
caused by respiration of sediment bacteria, was linked to
water temperature by a mathematical equation based on
oxygen uptake values calculated for the St. Croix River by
Nolan and Johnson (7) (See Fig. 4-6). :

The laboratory measurements of sediment
oxygen demand showed a high average demand of 3.6 g
O9/m2/day upstream near the effluent discharge and a
decrease to1-2 g O9/m?2 /day further downstream.

4.2.3 Validation

Figure 4-4 compares measured values of DO with
DO caleulated using the WATQUAL model. The results
desmonstrate a good calibration, since the differences in
magnitude between the measiured and computed DO levels
do not exceed L0 ppni.

This calibration is representative of the actual
laboratory measurement of DO depletion curves. Figure
4-5 shows that a plot of decay rate (K,) against river
discharge (Q) has an asymptotic trend. The high values of
calibrated decay rate (K;) are due to deoxygenation from



Table 4=2. Water Quantity and Quality Values Used in Calibi'atji,ng'i' WATQUAL Model |

Milltown

‘ Mean |
River 5-day Temperature gectional ' l
Date discharge* BOD loading* Station °oC DO (ppm)
' 28/08/80 15.5 m3/sec 5900 kg/day Kellyland 22.5 8.6
Woodland 22.5 -
Bailey Rips 22.5 =
Haywood Is. '22.5 =
Baring 22.5 -
Milltown 22.5 0.0
24/06/80 32.6 md/see 2287 kg/day Kellyland 22.5° 8.7
Woodland -
Bailey Rips -
Haywood Is. - -
Baring 23.0 7.6
Milltown 23.0 5.9
27/02/80 53.6 md /sec 1555 kg/day Kellyland 0.5 13.0
- Woodland - -
Bailey Rips - -
Haywood Is. - -
Baring - i2.9
Milltown - 12.8
02/10/79 36.6 mB /sec 2486 kg/day Keliyland - 10.5
Woodland - -
Bailey Rips - -
Haywood Is. = =
Baring 8.6 8.8
Milltown 8.2 8.4
21/08/79 80.0 nB/sec 1552 kg/day Kellyland 170 9.5 .
: o Woodland 17.0 8.5 .
) Bailey Rips 17.0 8.5
Haywood Is. 17.0 8.6
Baring 17.0 8.0
Milltown 17.5 7.7
12/07/79 68.9 m/sec 3081 kg/day Kellyland - 22.0 8.6
Woodland 23.0 8.0
Bailey Rips .24.0 7.2
Haywood Is. 25.0 6.9
Baring 23.0 6.4
v _ Mi 11town 21.5 6.8
05/06/79 .338.2 md /sec 1980 kg/day Kellyland 16.5 12.8
- ' Woodland 17.0 8.8
Bailey Rips - -
Haywood Is. - -
Baring 15.1 9.2 E
902 T

* From measurements by Georgia-Pacific
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Table 4-3. Decay Rates of Organic Matter
at Specific Effluent and
River Discharges
Inte River Effluent Value
discharge discharge of K,
(m3 /see) (kg)
28/08/80 15.48 5900 3.5
24/06/80 32.64 2287 4.5
27/02/80 53.57 1555 5.5
02/10/79 36.64 2486 5.0
21/08/79 80.00 1552 6.0
12/07/79 68.87 3081 6.0
338.17 1980 8.0

05/06/79

the effluent discharge. Deoxygenation, which describes
changes in oxygen demand, is affected by such things as
sedimentation, turbulence, biological growth on the river
bed, nutrient deficiency and unacelimatized bacteria.

5. RESULTS AND DIS,CUSSIQN

Once both models had been calibrated and
validated, a series of runs were made to simulate a range
of temperature, loading and flow conditions. Table 5-1
shows the input conditions for the simulations which were
performed. ‘ :

One should note that the data used to calibrate
the WATQUAL model were collected during different
years. The water quality and quantity data provided by
Water Quality Branch of Moncton span 1979 and 1980, while
the sediment oxygen demand data from the TU.S.
Environmental Protection Agency were collected in 1977.
The cross sections surveyed by the U.S. Corps of Engineers
were made in 1967. :

Table 5-1. Parameters Modelled in

the WATQUAL Simulations

(°C) 0 10 18 25

Water Temperature:
(°F) 32 50 64 77

Ef fluent Loadings:

Kg»_mr)s/day 455 2272 4545 6818

1bs BODs /day 1000 5000 10000 15000
River Discharge:

(8 /s) 21 71 142

(efs) 750 2500 5000

. decomposition is oceurring. { » S,
however, increased effluent loads coupled with low river

5.1 HEC-2

The St. Croix River varies in shape along the
l4«m study reach, which causes a wide range of
velocities. At Woodland, the river is narrow and shellow
with a mean velocity of 1.0 m/s at a discharge rate of
21m3/s and 1.65 m/s at a flow of 142 m3/s. Above and
below Upper Mills-Baring, however, the river forms deep
lakes with velocities as low as 0.036 m/s at 21 m3/s
discharge. and 0.2 m/s at 142 m3/s.. Downstream,
towards Milltown; the river narrows -again with increasing
water velocity.

5.2 WATQUAL

Simulation results of the WATQUAL modelling
are shown in Figures 5- to 5-3 and Tables 5-2 to 5-4. The
figures and tables indicate the predicted mean dissolved
oxygen value at any point in the study reach for the
indicated teinpératire, loading and discéhargé valiues. The
results prediet little change in DO levels from Woodland to
Milltown when the témpérature is at 0°C, everni at various
river levels and effluent discharges, since minimal
With higher temperatures,

disenarges indicate a decrease in oxygen levels, If a level
of 6.0 ppm DO is used as an acceptable objective for fish
passage, undér minimum discharge conditions of 21 m3/s

effluent dischaiges gréater than 4545kg BOD/day should

not be permitted whéen the water températiure is greater
than 18°C. When the river discharge i$ between 71 m3/s
and 142 m3/s, DO levels approach unacceptable limits
only when temperature rises to 25°C and the effluent
inputs are greater than 4545 kg/day. The model indicates
that river discharge is probably the most important
varigble in the control of DO in the St. Croix River, with
DO becoming critical under extremely low flow conditions.

It should be emphasized that the values
predicted at each node are mean cross-sectional values.
As the effluent plume is known to keep to the U.S. side of
the river until Upper Mills-Baring and only bécomes well
mixed below this point, model simulation above this area
does not provide a realistic description of watef quality.
The model is not applicable to the upper 9 Km of the river,
where fish can be assumed to swim on the Canadian side
where the dissolved oxygen is usually near the saturation
level. Below Upper Mills-Baring, however, the effluent is
mixed across the river and the mean DO levels do depiet
actual conditions: Simulated DO levels are consequéntly
most accurate between stations (nodes) 21 and 31, with
values from stations 1 to 20 setting up Pesults for the
following sites. This limitation of a orie-dimensional
modelling approach is unavoidable, since informeation was
not available for a more complete two-dimensional study.

6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Modelling

Based on the operation of the HEC-2 and
WATQUAL models; a number of improvements in basic
data should be made:

a) measured cross sections should be _closer together,

especiglly where critical flow is reached in the Upper
Mills-Baring area. The 1000-m reach between cross

13
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Table 5-2. St. Croix River Discharges (21 m3/s) with Simulated Dissolved Oxygen Concentrations

Effluent Discharge

Etfluent :Discharge

Effluent Discharge

Effluent Discharge

v ) 455 kg /day 2272 kg /day 4545 kg /day 6818 kg /day
Station . ' - : . -
: Calculated DO at Temp. Calculated DO at Temp. Calculated DO at Temp. Calculated DO at Temp.
0°C 10°C  18°C 25°C | o0°C 10°C 18°C  25°C 0°C  10°C 18°C  25°C 0°c 10°C.  18°C 25°C
1 14.20] 10.90] 9.20] 8.10]14.20 [10.90 | 9.20 | 8.10 [14.20 [10.90 | 9.20| 8.10 [14.20] 20.90| 9.20 | 8.10
2 .21 .91 .21 .08| .20 <90 7| 7099 | 19| .88 ] .12 7.88 .19} .88] .05 | 7.77
3 .23 .94 .22 .03 .22 .91 .12 .80 .20 .86 | 8.99| .50 .19 .81|.8.87 .21
4 .23 .94 .21 .00l .22 .90 .08 .70 .20 .84 | .92 .31 .19 .78| .76 | 6.93
5 .23 .94 .20 7.97} .21 .88 .04 .58 ~19]1 .81 .84 .09 .18 .74 .64 .60
6 .24 .96 .21 .94 .22 .88 .00 .47 .19 .79 .75| 6.89 .17 .69] .50 .30
7 .26 «99 .23 .96} .23 .90 .01 .51 .20 .79 .74 .95 .16 .68 .47 .39
8 .27 .99 .20 .85 .23 .86 | 8.88 .18 .19 .71 .49 .34 .17 .55| .09 | 5.50
9 .30} 11.02 .21 .87 .25 .87 .86 .23 .19 .67 .43 .44 .14 .48 7.99 .65
10 .30 .02 .20 .82 .25 .85 .81 . .10 .18 .63 .32 .20 .13 .41| .82 .30
1 .31 .03 .19 .80l .25 .83 .77 .06 .17 .59 .23 A3 | - .11 .34} .70 | .20
12 .31 .03 .18 .75 .24 .81 .71 ] 6.94 .16 .54 .12 | .5.92 .09 .26 .53 | 4.90
13 .32 .03 .17 .74 .24 .80 .68 .90 .15 .51 .07 .85 .07 .22} .45 .80,
14 .32 .03 .15 .68 .24 .77 .61 .74 .14 .45 | 7.93 .58 .06 .14} .26 .41
15 .32 .03 L5 .67 .24 .77 | .60 .74 .13 .44 .91 .57 .04 L[ .23 .40
16 .32 .03 .14 .63 .23 .75 ] .55 .63 .12 .40 .82 .38 .03 .05| .08 .13
17 .32 .03 .14 .64} .23 .74 .55 .68 .12 .38 .81 .48 .01 .02| .07 .28
18 .32 .02 .12 .58 .22 .71 .48 .54 .10 .32 .68 .23 .00} 9.93] 6.88 | 3.92
19 .32 .02l 9.09 .50 .21 .67 .39 .34 .07 .24 .51 | 4.89 (13,97 .80| .63 .44
20 .33] 10.99 .10 .54 .22 .68 .41 .44 .08 .25 .56 | 5.08 .94, .821 .70 .71
21 .32 11.03 .01 .26/ .18 .55 13| 5.77 .01 .01 .02| 3,91 .83 .46 | 5.91 | 2.04
22 .34 .01 .10 .60l .20 .63 .42 71| o3| .13| .56 5.58 .86 .6416.71 | 4.46 |
23 .34} 10.98 .06 .47 .19 .57 .29 .42 |13.99} .02 .33 .10 .80 .46 | .37 | 3.78
24 .33 .92| 8.95 .13 .14 .42 | 7.98 71| .90 | 9.72 ] 6.75| 3.94 | .66 .01} 5.53 | 2.17
25 .32 .94 .80 6.62f .07 191 .85 .76 .75 .28 | 5.99| 2.42 | .44]| 8.37| 4.43 | 0.09 |
26 .33 .94 .e8| 7.01| .07 .24 .82} 5.70 .74 .36 | 6.50| 4.06 .42 .48 5.18 | 2.41
27 .33 .94 .88 .02 .0o5| .21 .85 .83 .70 .30 .56 .33 .35 .39 .27 .84
28 .32 .90 .79 6.69] .00] .07 .64 .35 .60 .03 .20 | 3.67 .19} 7.99| 4.77 | 1.98
29 .32 .89 .75 .67|13.98 | .02 571 .20 .56 | 8.94 .09 .47 .13 85| .62 .75
30 .31 .87F .71 .42 .94} 9.94 .49 .05 .48 .79 | 5.98 .33 .02 .63 .46 .62 1
31 .29 .81] " .ss5| s.81] .84 .72 .21 | 4.33 .28 .36 .53 | 2.48 112,73 .00] 3.86 .64
Diff. of |+ 0.09|- 0.00| - .65 -2.29]-0.16 | -1.18 | -1.99 | -3.77 |-0.92 | -2.54 | -3.67 | -5.62 | -1.47| -3.90 |-5.34 [-7.46 |




15

68°C-| 88 1~ €0°T- | 0€°0-| 6272~ | 0€°T-]99°0~ [LT1°0- | OL°T-| €L°0~-|62°0- |v0*0- | 2zz"1-|9z°0- |o0°0 [90°0+ 10 1na
vee 8z° |68°6 |98° S8°s | 48" |92°, [e67€T | 9v° | sp* [eo* 4 & 5679 |z6* z6* ze” e
vh ey | 10° 16° vo* || Le°L |wve® 2o 59° g5t Lo £ €T° [L6° ' |g€6° ze: o¢
1 A 9%° | so0°  |¢€6° LO* 00" |LE* €0° 69° vs*  |s9° [ O 81" [86° |e6* e 62
8v" 6v" | LO" v6° ot zo-  |se" vo- L 95 169" A% zz° [66°8 |ve" 44 8e
09* 8s" | v1” 96° | 12° 607 |EP° . z8"* 09 |1L° 14N 1€* [10°  {ver zee L2
A 96" | 91" |[ie® |er9 |so ¥y | 8L* 09 |zL° v1° € |10°  |ver Te* 9z
oz* ¢s | st fleeeT] v6 s | so |sv° |90~ | 89" 85" |eLe p1° Lz* oo €6° 12° Sz
Ly oL~ fez: [Jtow [or° 81" |es° 80" . og* 99" |9L° ST” v |vo° ve: Jie* ve
G9°* yg° | Le* v0° 1€ 82 |est o) '86°9 | zL |sL” 9T * 1s° Lo S6° AN €2
69° 88° |e6£° [wO° se*” T€*  |6S° ot~ | to"L | €L - |eLt o1 vs*  [LO” G6° 1A ze
09° o6°L | ep” s0° og* ze*  |T19° N 66°9 | ¥L° fos8*  ot" ss* Lo 56° 0z* _ 12
€8° vo* | eb* Lo" Ly W [s9° zT” e 6L° |z8* LT €9° |oT° S6° oz* oz
18° vo- | et" Lo* 9 Zpe (99 zT T1° | 6L Jzs LT £€9° |01~ |se6* oz* 61
68"* 01" |es” 80° 4N 9b" |89 4 & ST* zg*  [es” LT 99° |tT° S6° oz* 81
L6°S | ST | SS° 60° 8s* 6v"  |69° €T 61" v8* |vs* LT 69° 11T° 96" oz* L1
v0° oz |Ls” 60° v9* “€£5°  |TL® €T | ve 98° |s8° LT T |ere 96" oz* 91
ot ve* | 65" ot 89~ 96> (oL €T Lz: |8 |s8° LT €L et 26" oz* St
zt 9z° | 09° or’ oL® LSt gL A% 82" 88" [g8° LT vLe  f€T” 96" oz* b1
: ze” € |29’ 14 8 LLe 19" |pL 40 €€" o6° |98° LT” LLe et 96" oz €1
- 1€ Le” | s9° T 4N S9°  |9L° LAN Le* z6*  [t8° Lt 08 [v1* 9" 0T A
9% spe | 89° 40 G6°9 | oL° |8L® ST* A0 S6° [88° 81" 2 3 96" 0Z* 41
z9° 2T I €T” Lo 9L |os* ST* 4N 86°8 [68° 81" gg* |[o1° 96° 0z )
vL” 09" | vL* €1 91" 08" Jzs* 91° LS® 00° |e8° 81" 16° LI® 96" .0z* 6
96°9 | €L° |s8L° A0 ze” 88° |¥8°  |o9t1° 89" vo° |06° LT 96°L |LT" S6° 81" 8
i TA 58" {z8° ST- £€s" | L6'8 |18 fot- 08" 80" |o6° |LT° zo° |81 '56° 81" L
ov* 16" | ¥8° G1° €9° 10 | 1ot - 98° oT* |16 LT G0* |81° v6° 81 9
8s* Le's | 98° ST* aL* S0° 9r"° . v6° 4 G kA LT 80" |[8T* v6" LT S
v9° co* | L8° ST° 08° 90° 91 [ 96" €T |ze* LT 60° |8T° v6* LT v
.t | zo~ | s8” st | s8°L | s0° 9t L 66°L | ¥T° [z6” LI o1 |s1* b6° LT £
90°* 1" | 16" 91" | o1~ | 9t ot J €T1° | 81" |ze" 91" 91" |eT" £6" LT z
£1°8 | 916 z60or| 9t vt v1's | LT'6 9U'¥T | 918 | 81°6 |¢6°0T |9T°¥T { L1°8 [8T*6 [Z6°0T | 9T b1 1
3,62 0.81 3.01 2,0 | 2,62 2.8 2.01 3.0 2,62  2.8T 2,01 2.0 2.2 2,81 2,01 2.0
‘dwa] 1e OQ paie|naen - 'dway 1e OQ paie|naje) ‘dway e OQ pare|nden ‘dway 1e OQ: paiejnajen
, uonels . ,
Aep, 3y g189 Aep/ 3y Gyotp Kep,/ 8y z/l2Z2 . - Kep/ 3y GG . , ,
984eyosig Juanjyyy ‘33aeyss1q yuan|yi3 adaeyosiqg uangyy3l a34eyosiq Juaniyyl

‘SUOT]BJIUD0UOD USBAX() POATOSST( pPOIBTNUTS UyTm Am\ms T.) S98UBYOST(Q JBATY XIOJUD *9S =g °rTqel,




o0z~ |80"1- [ 0Z°0- | €T"0-| €971~ LL 0~ lzo"0- [L0°0- | sz'1-{9p-0- |[9T°0+ |20-0- | 96°0-|TT°0- |OE°O+ |E€0%0+ 0 3ig i
1Lo” gt |oLe Lo 1 A [ 88" €1 v8°  [vL® 20° 8t” vt |e6*s |oz* A 1€
'8T" 61° L 60" 95*  [s8p° 16° A ve" |8L" LO° 61" sz*  jzo° 12 €2 ot
61" L £ aL* 60" gs*  |os* 1z6° vl | te” |eL” 80° 61" gz* [|eo* T2 Tz 6¢
1zt |ees LL” otr" 09 |ts° ze® fv1° | 66°9 |os* (80" [eT" oe* feor |1t ze: 82
Le: 9z* 6L" ot | 99 |ps*  |¥6° ST* s0* |z 60" 61" 9c* |pO° 12 ze" Lz
8z* 6z° 18° 1T L9® |os*  |se- {s1° to* les* ot” Jer" 6€°  |S0° [4A ze” 9z
6z ze* £8° zt 69° {86° ‘L6° lst® or* |s8° 1T~ 61" ev*  |90° ze ze ¥4
r4 A ov* 9g* €1 18" |v9°  |e6°0OT [9T° oz* {gs8° 4 N oz’ 1s* |so0" €z yee ve
£€6° 9p* 68" AN 06° [69° 10°* LT 8z |¢6° €T oz* gs* lot° XA 2T €2
9g° (2 06° AN £€6°  |TL® zo° LT og*  J€6° 120 0z* 09° |oT" £2° ze: ze
LS” 16° z6* ST* 56°9 |€L° €0° LT ze*  |ve” ) oz’ z9° |1t ve" ze® 12
99° LS v6" ST* zo°  la¢- 50° 81" ge*  |96° stT* oz Lo et ve* ze” 02
L9° LSt v6° ST* zo°  |eL® S0° 81" ge*  |oe- ST° oz* t9* |zt* ve* ze: 61
zey foor G6° 91" to* |os* 90° 81" v |Le” 91" oz’ 69* |et° ve© ze* 81
9" 29" 96* 91" oT* |e8° 90* 81" vy*  |86°8 [OT° oz* L et ve* ze* JAl
18° g9°* 16" 91° 12 S [ 2-N Lo’ 81" Ly 00" Lt oz* vLe €T ve” e 91
v8* L9 | 86" 91"* L1 |s8 Lo* 81" 6v- |o0"  JLT® oz* st et vz (A ST
98" 89" 86° LT 81" |98° 80" 81" os* |t10° LT oz* 9L* |¥1° ve® ze” 121
16° T 66°0T | LT° zz* |68 80° 61° €g~  jzo* LT" oz’ gL |vT* sT* (A €1
169 |vL® 10° LT tet  |ze° 60° 61" 9¢* |eo- 81" oz’ 08* 16T sz* ze” 4
(o 8L* zo* 81" €€ |s6” o1° 61" 19° |s0° 8t" oz* £€g* |oT" sz* ze” 1t
L1 v8° v0° 8T" Zve |Ise°s |tt” 61" L9° |LO® 61" oz* 8* LT sz 12" o1
vz L8° S0° 8T* Ly |vo° A 61" L |s0° 61" 12° 68° |L1° sz 12* 6"
4 96*8 | 80° | 6T" z9° |so0" 2% oz’ 18° et 12 0z" s6° |81* 9z* 12 8
09°* z0° L2 1T 61" pL 1T Lz 1T |0z gs* [v1° Lee 1T |oz” 66°L | 61" Lz it | 1e” I
oL’ 90° 98 | 61" 8" |€T1° 88*° oz* £6° 61" 68" oz* zo* |6t 16" 12 9
6L° 60° L8° 61" gg* |pT° 88" oz* L6’ |ot 06° oz* v0° {6T" 16" 1z S
4: 0 o1 88° | 61° o6~ w1 168" 0z’ TS VA 06" oz* vo* |et" T6° oz* v
g8t 1T 68 | oz’ z6"L et |e8* |oz” 66°L et 06° oz* so* |oz° 16° oz £
vo- 8T* 68* | oz 90° ~~let* joe"  |oz" 80° |6T" 06° oc* | e0° Joz* 06" oz* r
108 |oz:6 | o6 otl oz vil s80°8 {0z*6 Jo6°01 |0z ¥t | 60°8 Joz'6 |06°0T JOZ°VI | o1°8 |0Z°6 06°0T J 02° VT 1
. 0,82  D.81 .01 2.0 | 2,82 2.81 2,01 2.0 2:6¢ Q.81 2,01 2.0 3.6¢  2.81 3,01 3.0
‘dwaj 1e 0@ paveinsjed. | -dway ye-0g paieindie) ‘dwa] 1e OQ: Paie|ndje) ‘dway 1e 0g pareinsjey | -
- T uonels’

Aep/ 3% 8189
.adaeyasiq Juanyji

Aep/ 3% G¥GY
agaeyosiq 1uangyy3

Kkeps/ 3y 2122
adieyasig uan| 3

Aep, 3% GGb
adieyosiq tuangyy3

*SUOTBIJUSOUOCD USBAXQ POATOSSTA payeTnuIs UITM (S/¢m 2HT) s98JBYOS TJ JOATH XTO0J) °*3S

*K=G a1qEl

16




9 14

L2

NODE 1

g0 24 FB

31

DO..PPM

~t

0 2
TEMPERATURE
EFFLUENT

]
[
455 KG.

8 10

12

"
+

——— 4 COMPUTED

14 Kn.

00.PPM

-+
y

c 2 4 s

TEMPERATURE = 0 C
EFFLUENT = 2272 KG.

8 10

12

14 KM,

ey COMPUTED

1
1
&N,
12
b =4
&
o
o8
6
4 t ; —l—
0 2 4 6 8 10 12 14 KN
TEMPERATURE = 0 C ¢ COMPUTED
EFFLUENT = 454S KG. g
1
p i -
12
=
; 3!
o
I=18: J -
A 6
3
4 + + + iy
[ 2 4 8 8 10 12 14 KM,
TEMPERATURE = 0 C s COMPUTED
EFFLUENT = 6818 KG. —%="
Figure 5-1.

NOBE

DO.PPM

00.PPM

DO.PPM

DO.PPM

12

St. Croix River, Woodland to Milltown (21 m® /s)

1 b 9 14 20 24 28 31

1

8

0 2 ‘
TENPERATURE
EFFLUENT

na
-
L]

4S5 KG.

10 12 14 K.
10 ¢ e s COMPUTED

12

EFFLUE

) 2
TENPERATURE
NT

ne 4
@
@

10 ¢ —— s CONPUTED
2272 K6.

16 12 14 KM,

<+

+
t

TEMPERATURE — 4 COMPUTED
EFFLUENT

[} 2 4 6 8 10 12 14 KN,

V]

1} 2 4
TENPERATURE =. 'Ig

. e CONP
EFFLUENT § ————= CONPUTED

€
18 KG.

Dissolved oxygen simulation, 21 m3/s flow.

[ 8 ic 12 14 KN:

17




St. Croix River, Woodland to Milltown (21 m®/s)
NODE B 9 14 20 24 - 28 31 NOOE 1 p <} 14 20 24 28 31
12 . i S 12 i ‘ )
1 — 1
= = lall ] N }
&8 &g 1 Pt
84 =
2 2
0 : + T P 0 ' ' ' +
0 2 4 6 8 10 12 14 Kn. o 2 4 (3 8. 10 1z 14 Kn.
TEMPERATURE = 18 C S d { URE = : :
JERPERATURE = 135 ko. - COMPUTED IENPERATURE = 25.C — )
14 - _ 12) : _ o |
. : s
1 e ‘ i 1 S U
8 - = 8 — ==
= i e § aa UGS W
o o - ¥ =
. . ES
a4 84 SELA
2 2 ]l
0 + i — + + } 0 A § ' S B
0 2 4 3 8 18 12 14 Kn. 0 2 4 6 8 10 12 14 KM
TEBPERATURE = 18 € -+ eroeme s CONPUTED TEMPERATURE = 25 C +ee nesie CONPUTED
EFFLUENT = 2272 KG. k EFFLUENT = 2272 KG.
12 b 12 B L
(. S —— 1 S
Py
8 S . - 8
= ' Y ! = I
T L/ﬁ\b)a\ £ g S
- "\1 Y k" ,‘ =
o =} L P
o4 a4 N 3t
- L/ "‘\\
2 2 ¥
0 4 ' —L + ——L Y Ay N I S : + o
o 2 4 6 8 1c 1z 1K s 2 4 § 8 W0 12 14 KA.
TEMPERATURE .= 18 C — ——aj¢ CORPUTED TENPERAIURE = 25 C o —miyq COMPUTED
EFFLUENT = 4545 KG. EFFLUENT = 4545 KOG. :
_1 . 1 - 12 _— I PO
1€ - 1 : - I p
R i = 8 -
= _— =
84 '{ o 8_4 - W‘."‘&ﬂ /,,’\‘: o
I ‘\‘ .
2 -2 L '»ly/f’ ..*.
: \‘./: .\\1‘ i
o f—— ' ' — 01 " M F PRI EPEEYER: P
0 2 4 8 8- 10 2 14 kn. - 0 2 4 6 8 10 12 14 K.
. = e —.—ye COMPUTED TEMPERATURE = 25 C e womm e COMPUTED
JERPERRTURE £ 8815 xo e CON EFFLUENT ' = 6BIB KO. *

Figure 5-1. (cont'd)
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St. Croix River, Woodland to Milltown (71 m® /s)
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Figure 5-2. Dissolved oxygen simulation, 71 m3/s flow.
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St. Croix River, Woodland to Milltown (71 m® /s)
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St. Croix River, Woodland to Milltown (142 m?®/s)
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St. Croix River, Woodland to Milltown (142 m® /s)
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sections 27000 and 30000 was too long and the bottom
slope was too steep to be properly handled by the
model. .

Short-term continuous sampling of effluent and river
discharge values would add precision to the model that
was not possible using daily mean discharge and BOD
inputs,

Based on the calibration and validation results, the
model predictions are good indicators of expected
river conditions.

Water Quality Management

Miodel predictions show that at temperatures higher or
equal to 18°C, with the present minimuii allowable
discharge of 21 m3/; DO levels will be lower than
6.0 ppm if the BOD load is greater than 4545 kg/day.

Although the DO concentration is the best indicator of
river conditions for the fish survival, it does not fully
explain the river as a fish habitat. Synergistic effects
between oxygen levels and the other physical and
chemical parameters ifi the river inay have profound
effects on the aquatic enviroriment and fish viability.

Though dissolved oxygen levels are the main water
quality concern in the St. Croix River; other
parameters such as ammornia, total nitrogen and total
suspended solids can also be & danger to migrating
fish. These should be potential candidates for future
uses of WATQUAL or any other water quality model.
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