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Background
Bull Run Water Quality Issues

e Meet water supply demands

* Meet fish habitat objectives downstream of the reservoirs in
the Bull Run River (principally temperature)

March 1998: Steelhead listed as threatened under the ESA
March 1999: Spring Chinook listed as threatened under the ESA

e Temperatures in Lower Bull Run River violate the State of
Oregon’s standard that the 7-day moving average of the daily
maximum temperature should not exceed 17.8 °C
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Background  \Water Quality Model
CE-QUAL-W2 Version 3.1

*River Basin Reservoir Model Data necessary for the model:
2-D longitudinal-vertical e geometry of the system

*Physically based, theoretically » meteorological conditions
sound

e inflow flow and
«Capable of modeling temperature/quality
reservoir-stratified flow and

: Model segment i
open-channel river flow |

\

_ N
« Fixed streambed temperature \ 7 vertical
V. layers

» Fixed rate of heat lost to streambed ‘-!“ -
hat IS re-radiated back to water columr ‘botton

bottom




Background  Research Objectives

Examine the influence of streambed heating on water
temperatures and incorporate a dynamic streambed
heating algorithm in the CE-QUAL-W?2 Version 3.12.

» Monitor streambed temperatures in the Lower Bull Run River and
environmental factors influencing the heat budget.

« Conduct laboratory experiments to demonstrate heating processes.
 Develop a streambed heating model for incorporation in W2.

o Calibrate the model and run sensitivity analyses to determine the
Impact of streambed heating.

» Review clear-sky solar radiation models and with data.
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Field Study Streambed Temperature Monitoring

Probe 4
and 5




Streambed Temperature

Field Study

Probe 1
Cobble Substrate

Probe 5
Bedrock Substrate
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Field Study Streambed Geology

Boulder ;
and Large £
Cobble

Large and
Small Cobble

Small Cobble
Large Pebble

ﬂ Small Pebble,

Gravel and
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Field Study Streambed Geology
Ground Penetrating Radar

Eull Run Section 1 Bull Bun Section 2
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Field Study Substrate Dye Study

U

Dye Release_ -

-

Point

Dist. Downstream, m
7.6
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Field Study Additional Field Data

L

Meteorological Data

Water Level Data
Flow Measurements

Vegetation Characteristics Light Attenuation

» Offset from channel « Light data at several depths
 Height » Light data reflecting off bottom




Laboratory Experiments Experimental Lab Work

Thermistors Data Loggers

e

Solar Lamp

To Data Loggers

Plastic Tub

) Substrate

Bucket2 Probe2 Bucket1 Probe 1

Three Experiments:

1. Sand vs. Gravel

2. Sand vs. Sand and Gravel Mixture

3.  White Surface Concrete vs. Black Surface Concrete




Streambed Model, Development
3-D heat transfer governing equation
Cartesian Coordinate System
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Streambed Model, Development
Surface Boundary Condition
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Streambed Temperature, C
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Streambed Model, Calibration Bedrock Substrate

9/5/02 9/7/02 9/9/02 9/11/02 9/13/02
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Streambed Model, Calibration Cobble Substrate

Density,| Specific Heat, Thermal Fraction | Fraction [Increase in Thermal P robe 1
kg/m® | KkJkg°C | Diffusivity, m%/s| of Rock | of Water Diffusivity
0.00t0 0.23 | 1960 2150.8 9.17E-07 75% 25% 0%
0.23t00.37 | 2088 1878.9 1.02E-06 85% 15% 0%
0.37t00.72 | 2280 1471.0 1.23E-06 100% 0% 5%
0.72t020.0 | 2280 1471.0 1.41E-06 100% 0% 20%
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Streambed I\/Iodel Calibration

Streambed Temperature, C

O]
&
=
(]
S
()
Q.
£
()
'_
e}
(8]
Qo
£
@
8
=

Streambed Temperature, C

8/7/02
20

19

18

17
16
15
14
13
20
19
18
17

16

15

14
13
20
19

18

17

16

15

14

13

8/9/02 8/11/02 8/13/02 8/15/02
‘ 1 1 ‘ 1 1 ‘

Data, 0.11 m
Model, 0.11 m

Data, 0.31 m
Model, 0.31 m

Data, 0.51 m
Model, 0.51 m

219

\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
220 221 222 223 224 225
Julian Day

Cobble Substrate
Probe 1

Number of
Comparisons

3128

3128

3128




Streambed Model, Calibration Cobble Substrate
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Streambed Temperature, °C

Streambed Model, Verification

A semi-infinite solid

e Initial and BCs temperature: 0.0 °C
* No solar radiation

» Water temperature constant: 10.0 °C

(Incropera and De Witt, 1990)
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Analytical Solution
Simple Case

Streambed Model, Verification

Depth 0.05 m

=
o

Depth 0.15 m

50% rock, 50% water

Streambed Temperature, °C
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Streambed Model, Verification Analytical Solution
Bedrock

oT  oT o7
_+a— = 2
ot oz 0" (Sjlliman et al., 1995)

AT = A-ZI-W [erfc {(zl —at)l 2/t }+ expiaz, | §lerfc {(zl +at)l 2/t }]

Analytical

Number of
Depth, m|Comparisons| ME, °C |AME, °C|RMS, °C
0.0 2151 -0.11 0.19 0.29
0.2 2151 -0.08 0.69 0.84
04 2151 -0.21 0.74 0.90
0.8 2151 -0.02 0.66 0.84

1.0 2151 -0.13 0.67 0.84 3_ D mOdel
Model does not include Number of

.- . Depth, m| Comparisons
solar radiation 00 | 2151
0.2 2151
0.4 2151
0.8 2151
1.0 2151




Streambed Model, Verification Analytical Solution
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Streambed Model, Verification 1-D Model

_ _ T 8T Bedrock
Governing Equation: —= 48— _
ot oz°  (Sinokrot and Stefan, 1993 and
oT Incropera and De Witt, 1990)
BottomBC: 4=-/-| =0

z=bottom

Surface BC: _ﬂ% L

z=0 82 z=0

1-D model 3-D model

Number of Number of
Depth, m|Comparisons| ME, °C |AME, °C|RMS, °C Depth, m| Comparisons
0.0 2151 -0.18 0.21 0.33 0.0 2151
0.2 2151 -0.14 0.18 0.22 0.2 2151
0.4 2151 -0.18 0.19 0.22 0.4 2151
0.8 2151 0.09 0.10 0.13 0.8 2151
1.0 2151 -0.03 0.06 0.08 1.0 2151

Model does not include
solar radiation




Streambed Model, Verification 1-D Model
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Streambed Model Implementation in
CE-QUAL-W2

Model segment i

— | A

vertical
lavers

N
channel

bottom

Water — streambed v 1-D heat transfer
heat exchange in streambed

Vertical Temperature Gradient >> Horizontal Temperature Gradient
Implemented in CE-QUAL-W?2 as a 1-D model.




Streambed Model, Sensitivity Analysis Implementation in
Sensitivity to Flow Rates CE-QUAL-W?2

Volume-Weighted | Volume-Weighted | Volume-Weighted
Water Temperature | Water Temperature | Water Temperature
.| with No Streambed |  with Streambed Difference, °C
Heating Model, °C | Heating Model, °C
16.10 16.07 -0.03
€10 T o5 «— Not much difference
16.09 16.12 0.03
15.95 16.02 0.07

RM 4.88 | RM 0.33
Temporal Average Difference in Water
Temperature (WT) with Streambed Heating

Substrate Model - No Streambed Heating Model

Daily Daily Daily Daily
Minimum [ Maximum | Minimum | Maximum
WT,°C | WL,.°C | WT,°Q/| WL,.°C

009 | 024\ [ /010 | /-0.19\ Decreasing Temp.

Decreasin 0.08 20.13 0.09 2012 o :
: 100% 0.13 017 0.27 206 & Diff. in Daily

Flow Bedrock
0.16 -0.14 0.28 0.06 Max.
024/ | \-014 /] 003N \0.24/
N S NS




Water Temperature, °C

Streambed Model, Sensitivity Analysis

Sensitivity to Flow Rates
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Implementation in
CE-QUAL-W?2
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Implementation in
CE-QUAL-W?2

Streambed Model, Sensitivity Analysis
Sensitivity to Substrate Types

RM 4.88: Temporal Average RM 0.33: Temporal Average
Difference in Water Temperature| Difference in Water Temperature

River
Substrate

Flow, ft*/s

(WT) with Streambed Heating
Model - No Streambed Heating

Model

(WT) with Streambed Heating
Model - No Streambed Heating

Model

Daily
Minimum
WT, °C

Daily
Maximum
WT, °C

Substrate
at RM
4.88

Daily
Minimum
WT, °C

Daily
Maximum
WT, °C

Substrate
at RM
0.33

100%
bedrock

0.13

-0.17

0.16

-0.14

0.24

-0.14

Bedrock

0.27

-0.06

0.28

0.06

0.03

0.24

Bedrock

75% bedrock,
25% cobble

0.03

0.02

0.02

0.05

0.02

0.08

0.16

0.09

0.24

0.13

0.17

0.19

50% bedrock,
50% cobble

0.03

0.02

0.02

0.05

0.02

0.08

Bedrock

0.16

0.09

0.24

0.13

0.17

0.19

25% bedrock,
75% cobble

0.03

0.02

0.02

0.05

0.02

0.08

Cobble

0.16

0.09

0.24

0.13

0.17

0.19

Bedrock

100% cobble

0.03

0.02

0.02

0.05

0.02

0.08

Cobble

0.16

0.09

0.24

0.13

0.17

0.19

Cobble




Streambed Model, Sensitivity Analysis
Sensitivity to Dynamic Shading

Implementation in
CE-QUAL-W?2

Substrate

Vegetative
and

RM 4.88 | RM 0.33

Temporal Average Difference in Water
Temperature (WT) with Streambed Heating
Model - No Streambed Heating Model

Topographic
Shade

Daily
Minimum
WT, °C

Daily
Maximum
WT, °C

Daily
Minimum
WT, °C

Daily
Maximum
WT, °C

0.13

-0.17

0.27

-0.06

0.16

-0.14

0.28

0.06

0.24

-0.14

0.03

0.24

100%
Bedrock

0.10

-0.19

0.10

-0.17

0.12

A

0.01

0.05

0.18

-0.20

-0.03

0.05

Daily minimum and
maximum water
temperature
with dynamic shading
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Streambed Model Criteria for use

Stream characteristics when Streambed
Heating may be important

The river is exposed to a lot of direct sunlight with limited
vegetative and topographic shade.

The channel morphology and flow rates allow for wide-open
channels with shallow depths in summer.

The light extinction allows solar radiation to penetrate the water
column and reach the streambed.

The substrate types are dominated by bedrock and consolidated
cobble.

The low river flow season corresponds to dry summer periods
with a lot of solar radiation and higher air temperatures.




Summary and Conclusions

e Field and laboratory studies demonstrated vertical and
horizontal temperature gradients.

e Light extinction data revealed a large fraction (66%) of the solar
radiation reaches the streambed.

A 3-D streambed heating model was successfully developed and
calibrated to field and lab data.

* A higher resolution grid is necessary near the surface to capture
higher temperature gradients. A coarser grid near the bottom BC
would be acceptable.

* The 3-D model compared well for a simple case analytical solution
and a 1-D model and performed better than the analytical when
calibrated to field data.




Summary and Conclusions

 Implementation of the streambed model in CE-QUAL-W?2 showed:
daily minimum temperatures increased and
daily maximum temperatures decreased.

* Increased flow rates decreased the impacts from streambed heating
but resulted in larger heat fluxes.

 The largest impacts occurred with bedrock substrate.

* Increased shade decreased solar radiation and the impact of
streambed heating.

 MBH solar radiation model compared well with data, 4 calibration
parameters

« EPA solar model compared well with data, no calibration
parameters
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