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Abstract

In this paper, we present a Thermal Urban Runoff Model (TURM) developed by the Dane
County Land Conservation Department and the University of Wisconsin-Madison to predict the
effect of urban development on runoff therma regime. The model can predict the temperature
increase of runoff from impervious surface by caculating the heet transfer between runoff and
the heated impervious surfaces that commonly exist in urban areas. The mode mainly assumes a
complete mixing of runoff water to predict the heat transfer and the therma gradient within the
impervious mediain contact with the runoff flow. Runoff temperature measurements indicate
that the hot paved surfaces recaiving rainfdl initialy produce energy released by evaporation,
but high temperature runoff is quickly generated by the gradua increase in rainfdl intengty.
TURM can a0 predict the temperature reduction after the runoff passes through rock-filled
channels; open vegetated swales, infiltrating surfaces, conduits and rock-filled chambers that can
be used to coal thefira flush of heated storm water runoff. Data collected during summertime
gormsindicate that determination of the air and rainfdl temperaturesiis criticd in predicting the
runoff temperature.

TURM was used to evauate the heating of runoff water during summertime and its impact
characterigtics at two urban subdivisons in Dane County, Wisconsan with different proportions
of imperviousness. The percentage of imperviousness and rainfal depth defined the changesin
runoff rate, volume and the timing of runoff. The modd predictions for the temperature increase
in runoff agree very wdl with site-specific measurements.

This study is an atempt to fill the knowledge gep that currently exigts in determining the thermd
impact of urban runoff on coldwater systems. The judtification of this research effort isto
provide a useful tool to urban planners, fishery managers, biologists, and the engineering
community in Wisconsin to better manage impact of large urban development. TURM isdill at
the early stages of development and additional work is required to make the modd applicable to
wide array of practica Stuations.
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1. Introduction

Theincrease in temperature of stresm waters has historically received little attention.
However, recent studies have suggested that the expanding urbanization has a strong thermal
impact on small streams, and as aresult, water temperature is now being considered as a part of
the permitting process for urban development throughout Wisconsin. Stream water temperature
isalimiting factor for cold-water fisheries and isthe “ narrowest door” in the water system, as all
biologica activity depends on temperature. Over time, the cumulative impact of hundreds of
individua development siteswill dowly increase water temperature, affecting the habitat for
every stream biota.

Temperature is a characteristic of water quality and is very important in chemicd and
biochemica processes, particularly those involving biochemica activity. Higher stream
temperatures result in lower dissolved oxygen (DO) concentrations and may cause biologica
oxygen demand (BOD) to increase. Temperature increases in streams can aso result in changes
in the behavior of fish and macro invertebrates (aguatic insects). Stenothermal fish are very
sengtive to temperature changes, with a physiologica optimum temperature of <20 ° C, while
temperatures above 26 ° C are consdered letha. Brown Trout (Salmo trutta), for example, have
an optimum temperature range of 7 to 17 © C and become stressed at temperatures above 19° C.
Macro invertebrates, such as Stoneflies (Plecoptera sp) and Caddis flies (Trichptera sp), have a
maximum temperature of 17 © C and are important not only because they are the primary food
source for trout, but because they are indicators of the overadl hedlth of the ecosystem. Asa
result, cold-water streams are apparently the most ecologically sound at temperatures between 7
and 17 ° C (Lyons and Wang, 1996, Simonson, 1996)

Urban runoff hegting is recognized as the biggest threet to cold-water streams. The
permanent warming of streamsis often due to the increase in imperviousness and the heating of
runoff water in contact with warm surfaces. The runoff is heated as it passes over the impervious
surfaces with large heat storage due to solar radiaion. In Dane County, Wisconsin, measured
runoff temperatures from urban impervious areas have been as high as 29 °C. Excessive hested
runoff can subgtantialy and permanently harm runoff receiving cold-water streams. Widdly
elevated water temperatures can impair the health of aguatic organisms and are responsible for
habitat degradation in the headwaters of cold-water streamsin urban aress. 1t isaso warmed by
the displacement of stored runoff heated by summer conditionsthet are in line with the sorm
water conveyance systems, such as wet detention basins.

Increased area under impervious surface in urban areas is a mgor source of thermal
heeting in cold climates and can threaten the hedlth of cold-water ecosystems. Impervious areas
absorb energy from the sun, which causes them to become warmer. Aswater runs over these
areas, it absorbs some of that heat energy and is warmed, causing thermd pollution in lakes,
rivers, and streams. Impervious areas aso compound the problem by reducing infiltration, which
in turn increases the volume of runoff that is created, leading to higher permanent stream
temperaturesin the summer months. By mitigating runoff and water temperature impacts, the
stream community will benefit not only from temperature reduction, but aso from adeclinein
the amount of sediment, nutrients, and pollution that reaches recelving waters.
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The issues of urban runoff thermal impacts require the use of detailed modes of the
urban surface-water-atmosphere system. Modding the hegt transfer from warm surfaces to
runoff water provides a means of assessang the contributions of various factors to the overal rise
in water temperature. Some of these factors that may significantly affect the water temperature
are 0lar radiation, air temperature, relative humidity, wind speed, the temperature and amount of
ranfal or runoff, and the temperature and amount of ground water entering the river or stream.

The objective of thisandyssisto deveop ardiable urban rainfdl-runoff modd that
includes atherma component for impervious arees. Thejudtification of the Therma Urban
Runoff Mode (TURM) is to enable communities with cold-water streams to better manage
development and minimize therma impactsto streams. The focus of this paper is therefore on
three specific objectives: (1) to provide evidence of the therma impact of urban imperviousness,
(2) to vdidate the performance of TURM, and (3) to evauate the effectiveness of usng arock
crib as atemperature moderating device.

2. Methods
2.1. Field measurements

Datawere collected at severa sites from May 28" to September 30", 2000 (Figure 1).
Stream discharge data was collected in the Token Creek subwatershed at 6 locations, temperature
dataa 11 locations, and rainfal data a 6 locations. The University of Wisconsn Geology
Department collected stream flow and temperature data at two locations. A westher station
located at Shonas Heights recorded the following measurements: wind speed with cup
anemometer, solar radiation with aslicon cdl pyranometer, rain and air temperature with
thermocouple wires, rdaive humidity with a humidity probe, and rainfal with atipping bucket
ran gauge. Theflow and rainfal datawas collected every 5 minutes and the temperature every
15 minutes. The datawas summarized for saven ranfdl eventsin four-hour intervals. Interflow
and groundwater discharge, as a base flow, is an important source of cool water for streams. The
average base flow temperatures measured in the study area ranged from approximately 9to 10°
C and remained nearly congtant during the entire summer season. The exact study arealis
described in Table 1 below.

Token Creek Subwatershed illustrated in Figure 1 and 2 was sdlected to study the impact
that imperviousness has on stream temperatures. This subwatershed extends west from Sun
Prairie to Cherokee Marsh, and north to the Dane County line, and contains naturally occurring
springs aswell as urban, agricultura, and naturaly vegetated areas, encompassing an area of
22.2 sguare miles (14,212 acres). The storm water in this subwatershed is discharged to streams
or stream segments that are classfied as elther existing or proposed cold water communities by
the Wisconsin Department of Natural Resources and thus are more susceptible to thermal
impacts than other streams. Token Creek isamgjor contributor of fresh water to Lake Mendota,
with a base flow of about 22.21 cubic feet per second (cfs) during July 2000 (data collected by
the USGS); contributing 93% of dl stream flow the lake receives (A Water Resources Study,
U.W, 1997).
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Table 1. Site descriptions and measurements.

Ste Description Measurement

Culver Springs Naturdly spring-fed area Baseflow

St Albert Pond Urban area with 20% imperviousness Runoff temperature

Shonas Upstream Pond | Urban area with 20% imperviousness Runoff temperature

Shonas East Urban devel opment Runoff temperature

Subdivison (Figure 3)

Shonas West Urban areawith 35% imperviousness Runoff temperature

Subdivison (Figure 3)

Rock Crib (Figure 3) Rock chamber of 255 nr° Base flow/Runoff
temperature

Token Branch Urban drainage area Base flow/Runoff
temperature

Stonehaven Naturd grass area Runoff temperature

Highway C Confluence of streams Base flow/runoff
temperature

Highway 51 Confluence of streams Base flow/runoff
temperature

The thermal impact on Token Creek was measured over 7 rainfal events that occurred
between June 1% and August 5 2000. Table 2 and Figure 4 present the summary of runoff
temperatures for the study areain 4-hour increments (0, 4, 8, 12, 16, 20). Table 2 and Figure 4
show that the runoff temperature fromthis arealis conastently above the threshold for many
cold-water species. Other impervious areas, such as Shonas Upstream Pond, Shonas East, and
Shonas West, also had temperatures that were congstently above the threshold, but showed a
period between the hours of 4 and 8 when the temperatures were lower and suitable for cold-
water species. The totd therma impact on the Token Creek sub watershed is clear when the
temperatures observed at Culver Springs (~10° C) are compared with those observed at Highway
C. Highway C has temperatures that are approximately 7 to 8° C higher than those a Culver
Springs (Table 2). The cooling effect that Culver Springs has on Token Creek can be seen at
Highway 51, where the temperatures measured remained within the optimum temperature for
trout
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Figure 1. Data Collection Locations in the Token Creek Subwatershed
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Figure 2. Land Use in the Token Creek Subwatershed
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Figure 3. Detail of the TURM Model Testing Site

5

]
-
ol
-
!
P
e
-
-
T =

. T

Dwin Soumen:

1] ann 00 and Fest “oluchion sia kcation fram Dena So. LOO (2000 Subdvizion drsinegs
aies boundanes fon Vierbkber Adsicmies caia.  Strean oo hincem sion

e S
o 1254 DO0-g cabs WOHR dads, Cigital orfaphobo takerm bae chdégeed 2000,

375



2.2.  TURM modd in brief

To estimate the thermal impacts of the study, TURM was used for urban sewer sheds.
Thismodd accounts for the fact that stormwater not only absorbs heat from impervious surfaces,
but that it dso cools these surfaces, reducing the ability of the impervious surface to heat runoff
from additiond rainfdl. Other modd congderaionsinclude: the amount and temperature of
impervious surfaces, the ambient air temperature, the gain or loss of heat from the passage of
water through swales, detention basins, and streams, the gain or loss of heat due to tree canopy,
the hest |0ss due to evaporation, heat |oss due to hest exchange in rock cribs, and the time and
duration of storm events. In addition, the mode accounts for the time difference between the
runoff from impervious surfaces (TCimperv) and from vegetated areas (TCyeget). However, TURM
does not account for the inherited variability of ranfadl due to changesin intengity and the type
of gorm, asthe modd assumes that the rainfall is uniform over the entire duration of the event.

The specific theoreticd developments of TURM are listed as follows:

1) The convective transfer coefficient from Raney and Mihara (1974) was inappropriate for
usein TURM, and under-estimated the heet lost to the ar. The equation from Ryan and
Harleman (1973) seems more appropriate.

2) Equations were developed to estimate the temperature of pavement on a clear day, before
ranfdls Thissmple modd formulation for estimating the difference between the
surface pavement temperature and air temperature produces reasonable results when
compared with field measurements.

3) Theinduson of ar and rainfdl temperature as inputs into the mode indicates that wet
bulb temperature during the rainfall period is a reasonable gpproximation of raindrop
temperatures.

4) A routine was developed in the mode to account for the cooling effect of dry and water
fill rock crib.

3. Measurements

The therma analyss datafrom TURM indicates that storm-water runoff from Token Creek
subwatershed’ s impervious areas can increase the temperature of the stream.  Furthermore,
depending on the time of day that the rainfal event occurred, the impact of runoff on the
receiving waters can cause the siream temperature to reach letha levels (Figure 4).

The model resuilts are based solely on the data obtained between June 1% and August 15",
athough the modd is capable of producing year-round results. These months were chosen
because, higtoricaly, they produce the largest amount of rainfal and the highest temperatures of
the year. Runoff volumes for urban areas were calculated using the rainfal deta collected by the
University of Wisconan's Soil Science Weather Station, the Wisconsin Department of Natural
Resources, and the United States Geologica Survey. The runoff was measured as a continuous
stream flow in cubic feet-per-second at Six gauging sations, (Figure 1), while the flow rate a the
outfal of each sawershed was determined by the ratio of ranfal depth to the individud land use
(curve numbers).
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Table 2. Runoff Temperature Summary (June 1% —August 15", 2000)

Site Time (In 4 Hour Intervas)
Time 0 4 8 12 16 20
S Albert Pond 1951 | 1834 | 1811 | 1895 20.01 2158
Sho”a;.% E’fream 1784 | 1666 | 17.08 | 1875 20.70 20.81
Shonas East 1843 | 1782 | 1779 | 1812 18.49 19.48
Subdivison
Shonas West
SbdviSon 1825 | 1739 | 1716 | 17.82 18.67 19.40
TokenBranchUp | 1660 | 1580 | 1524 | 1553 16.16 17.85
After Rock Crib | 17.45 | 1609 | 1538 | 1552 16.50 17.30
Stonehaven
Croesed Area 1506 | 1480 | 1522 | 16.30 16.62 17.91
Highway C 1745 | 16.76 | 1626 | 16.73 17.62 19.18
Culver Springs 10.02 | 9.89 9.89 9.93 10.07 10.18
Highway 51 1712 | 1644 | 1549 | 1512 16.15 1757
Ranfal (inches) 0.88 2.40 0.22 1.94 2.49 267

The data presented in tables 2 through 5 and displayed in Figures 4 through 10 represents
asummary of the field data collected by the USGS and WDNR Fisheries Department during
June, July, and August 2000.

Rainfall (inches)

Figure 4. Average Summer Runoff Temperature
(June 1st to August 15th, 2001)
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3.1. Measurements of June 4, 2000

The 0.37 inches of rain fdl in the early morning hours of June 4™. During this event, a
temperature difference of approximately 3° C was observed between the norurban (Stonehaven,
Token Branch Up) and urban areas at the onset of therain. The urban areas measured, on
average, 6° C higher than Culver Springs, or twice the temperature increase measured at the non-
urban areas. Because thisrainfal occurred in the early morning hours, the impervious areas had
not yet been warmed by the sun, resulting in alower than average high water temperature for
urban areas. The high temperatures for the urban and non-urban areas for this event were very
amilar, separated by ~2° C.

The rain began at hour 4 and ended at hour 16 with 0.1 inches of rain. The runoff
temperatures for the entire study area declined throughout the storm event and were compared to
the air temperature, rainfal temperature, and the solar radiation data (measured at the weather
dation). The resulting temperatures were the lowest recorded during the entire study period
(Table 3 and Figure 5). Thisdata rdates that therma impact is closdy related to the westher
conditions and the time of day when the rainfall event occurred.

Thetherma impact of the runoff from the Shonas urban area on the crib was minimal, measuring
only 25°C. Thisissgnificant because the temperature of the runoff after the crib represents the
temperature of the ground water during and after the rainfal event (Figure 5). Dueto the low
intensity and long duration of this storm event, the runoff from the Shonas urban areas did not
overwhelm the heat exchange capacity of the rock or the cooling effect of the water in the rock
crib. Thus, the temperature of the runoff after crib was within 1° C of the temperature of the
stream at Highway 51 (table 3).

Table 3. Temperature and rainfal data summary for June 04, 2000

Ste Time (Hour)
Date 0 4 8 12 16 20

Shonas S. Albert 04-Jun 16.63 1500 | 14.84 | 1480 | 14.47 | 1548
g‘oom?as Upstream 04-2un 1653 | 1536 | 1422 | 1402 | 1434 | 15.04
Shonas East
bdiviSon 04-dun 15.64 1536 | 14.82 | 1439 | 1422 | 13.85
Shonas West 04-Jun 16.03 16.02 | 1468 | 1479 | 15.37 | 15.83
Subdivison
Token Branch Up 04-Jun 16.08 1477 | 1378 | 13.18 | 13.01 | 12.98
After Rock Crib 04-un 17.69 1500 | 13.72 | 13.08 | 12.72 | 12.26
Stonehaven 04-un 13.79 1343 | 1331 | 13.09 | 12.89 | 13.30
Highway C 04-Jun
Culver Springs 04-2un 10.01 9.83 973 | 973 | 976 | 9.73
Highway 51 04-Jun 16.94 1577 | 1443 | 13.71 | 1338 | 13.00
Rainfal (Inches) 04-un 0.37 0.01 0.1 0.09 0 0
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Figure 5. Temperature and Rainfall Summary for 6-04-00
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3.2. Measurements of July 10, 2000
Table4 and Fi %ure 6 show the results of a 0.77-inch rainfal, which was preceded by 0.20
inches of rain on July 9 between the hours of 10 and 12. Therain on the 10" began a hour 0

and ended at hour 8, during a period of time when the sun shines only briefly, meaning that most
of the increase in runoff temperature is due to the stored heat in impervious surfaces.

The temperatures at St. Albert Pond, which collects drainage from an urbanized ares,
ranged from 22.59° C to 27.15° C, with an average temperature of 24.47° C. These temperatures
were the highest that were recorded at any location during the course of this study and represent
near lethd to lethd temperatures for many cold-water species; including fish such asthe Brown
and Brook Trout. In contrast, the temperatures recorded at Culver Springs reached a high of only
10.51° C, 12-17 ° C lower than the temperatures recorded at St. Albert Pond.
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Table 4. Temperature and Rainfdl Data Summary for July 10, 2000

Ste Time (Hour)
Date 0 4 8 12 16 20
Shonas St. Albert 10-l | 23.98 | 22.59 [23.36|23.72 | 27.15 26.03
?Oggasumrea“ 10-2d | 21.87 | 20.04 | 21.84 | 22.35 | 24.99 24.43
Shonas East
Subdivision 10-l | 20.76 | 20.55 | 21.55|23.14 | 24.19 24.13
Shonas West 10-2l | 20.86 | 19.53 | 21.96 | 22.39 | 21.42 21.83
Subdivison
Token Branch Up 10-ul | 20.08 | 18.96 | 18.48 |19.78 | 20.29 21.93
After Rock Crib 10-l | 19.28 | 17.39 | 16.79|17.42 | 20.56 21.41
Stonehaven 10-l | 16.75 | 16.05 [ 19.18 | 22.09 | 22.22 21.28
Highway C 10-l | 20.14 | 19.07 | 18.66 | 20.06 | 20.48 21.88
Culver Springs 10-l | 19.25 | 18.86 |17.16|15.79 | 18.08 20.33
Highway 51 10-ad | 10.22 | 10.02 | 10.11 {10.13 | 10.48 10.51
Ranfal (Inches) 10-ul 0 0.75 | 0.02 0 0 0
Figure 6. Temperature and Rainfall Summary for 7-10-00
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3.3.  Comparison of model results with measurements at . Albert Shonas

Figure 7 presents the average temperature of runoff that drained into St. Albert’ sdry
detention pond. The measured temperature averaged 19.54° C, 0.42° C greater than the modeled
temperature, 19.12° C. The mode, represented in Figure 7, over-predictsthe initid runoff
temperature by ~2° C because the model assumes that runoff is produced immediately after the
ranfdl event sarts. However, somerainfal evaporates when it meets the pavement, while some
is stored in the micro-depressions present in pavement and other impervious surfaces. Because
of this assumption, thisimmediate runoff has the highest modeled temperature for the event. At
mid-day (between hours 12 and 16), pavement temperatures in urban aress are often
consderably higher than air temperatures, and TURM requires an initia temperature before an
estimate of runoff temperature can be made. To correct this problem, maximum air temperature,
minimum ar temperature, and mean wind speed at midday hours were used to solve for the
temperature difference. The gpproach for this Smple set of equationsisto solve for the
temperature difference between the black top surface and the air at hour 17, when the conduction
flux into the pavement is zero, and aso at hour 5 when surface heat conduction equals zero.

Figure7. Measured and predicted runoff temperaturesat St Albert Shonas
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Shonas Pond: The temperatures predicted for the St. Albert Shonas areas were assumed to be the
initid temperature of the runoff when it was ddivered to the pond. The average runoff
temperature over the duration of the rainfal and the duration of the effective runoff was
measured at 20.27° C, while the model predicted atemperature of 20.76° C, adifference of 0.5°
C. However, the actua runoff temperature was influenced by the storage water in the pond,
which was assumed to be equd to the air temperature prior to the rain, which may account for

some of the differencein the results.

Shonas East: The runoff from Shonas Eadt is delivered to the rock crib by arock-lined
channel. The rock-lined channd’stime of concentration is related to the voids of the channel
bottom, the interception by the rock, and the roughness coefficient of the rocks that impede the
free flow of the runoff. These characterigtics reduce the inherited varigbility of the ranfal,
gtabilizing the time of concentration and alowing the mode to more accurately predict the
temperaure of the runoff. The rock temperature was assumed to be the same asthe air
temperature when the rain began to fdl, while the initid temperature of the runoff was assumed
to be the same temperature of the pond. The temperatures changed according to the relaionship
developed in Figure 8. The heat exchange in the rock channel was modeed to occur initialy at
ar temperature (before the rain fel) and the heated runoff from the impervious areas and was
caculated utilizing the modd for dry rock basins. The predicted runoff temperature (19.25° C),
proved to be very close (within 0.27° C) to the fied data (19.52° C).

Figure 8. Measured and predicted runoff temperatures at Shonas East

TEMPERATURE ( °C)

25.0

24.0

23.0

Mea

sured Temperature
at Station #7

22.0

21.0

20.0

19.0

18.0 +—Hhubadudadabadala

17.0

16.0

Mo

deled Te
Stati

mperature at
on #7

15.0
0.00 1.00

2.00

3.00

4.00 5.00

Time (Hours)

6.00

7.00 8.00

382




Shonas West: The runoff was ddivered to the rock crib directly by a24-inch concrete pipe. The

temperature of the runoff from Shonas West (12 acres and 40% impervious) was modeled as a
direct hest transfer from the impervious areas to the runoff. Figure 9 presents the average runoff

temperatures from the impervious areas that drain to the outfdl at Shonas West. The average,
calculated over 12 hours, was measured at 21.25° C and modeled at 19.82° C, for adifference of
1.4° C over the entire runoff event. The modd, represented in Figure 9, shows that the model
over-predicted theinitia runoff temperature by 1.5° C. As previoudy discussed, the modd
assumes immediate runoff and does not dlow for the delays that occur inthefidd. TURM dso
does not account for the inherited variability of therainfal due to changesin intengty and the
type of sorm; rather, it assumes auniform rainfal over the entire duration. Thisrdationshipis

shown in Figure 9.

Figure9. Measured and predicted runoff temperatures at Shonas West
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In astudy conducted by Steve Greb of the WDNR in 1996, measurements were made of
the runoff flow and temperature, and pavement temperature from a parking lot in the City of
Madison, Wisconan. The weether conditions during this study showed 0.43 mm of rain, wind

speed of 3.3 m/s, air temperature of 26° C, rdaive humidity of 92%, as well as the temperature

of the pavement and roof tops (40° C and 50° C). Therainfal lasted 39 minutes. The results
from the study proved to be very encouraging. The measured runoff outflow temperature
averaged 29.3° C. Using the TURM, the predicted the temperature of the runoff was 29.4° C,

indicating a difference between measured and predicted temperatures of only 1° C.
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3.4. Runoff Thermal Regime Best Management Practice (BMP)

The therma impact of the impervious areas on stream temperature for the St. Albert
events was moderated by rock crib and by the base flow from Culver Springs, resulting in little
change in stream temperature. Overdl, after the rainfall event began, the temperatures predicted
by TURM remained within 1° C of the actual mesasured temperatures for this event (Figures 7 to
10).

The rock crib was monitored for flow and temperature at the two inlets that drain into the
crib, aswell as 50 feet below the crib. The crib was built with the assumption that water that
runs off impervious areas could be cooled by passing it through an underground rock chamber.
Frominitid cdculations, if the crib is empty, the conduction of heat from the rock limits heet
transfer to the water, rather than the convective transfer coefficient of the moving water. Asa
result, the problem is one of transient heat conduction from spheres. If the space between the
rocks isfilled with water, the heat exchangein the crib is one of mixing, displacement, and the
convective transfer coefficient of the moving water. Unfortunately, no andytical solution to this
trandent heat conduction is available, so a numerica solution was used.

The 255 n? rock crib received runoff from Shonas East (140 acres) and Shonas West (12
Acres). The runoff flowed through paving blocks (25% porous) on the surface to an opening
filled with pea gravel, where the runoff was filtered into the rock crib, which isfilled with
ground water and stone. The temperature of the rock in the crib was assumed to be the same as
the ground water temperature (15° C). The runoff (initidly 30° C, enters and filtersinto the
ground a the moment of the rain, with the temperature of the runoff (measured at each time step)
changing according to the relaionship developed in Figure 10. As previoudy discussed, the
temperature of rain and the air are closdy related, and the runoff temperature depends on the
heet exchange with the sonein the riprgp channel. The model has two heat exchange processes:
theinitid exchange between the heated runoff and the stone, followed by the heat exchange
caused by the mixing of ground water with the runoff. The effectiveness of the rock crib
depends on the ratio of the volume of runoff and the volume of the rock crib, aswell asthe
volume of water stored in the crib prior to the rainfdl event. In this case, the crib wasfilled to
capacity (9,000 ft3), resulting in an effective thermdl trestment for the 140 acres of urban
development it drained. Thefield data shows that the rock crib mitigates the therma impact
caused by impervious areas until theinitia volume of the crib has been completely replaced by
the runoff. After the volume has been replaced, the rock crib no longer provides athermd
reduction for sormwater.
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Figure 10. Measured and Predicted Runoff Temperatures at the Rock Crib
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Table 5 shows asummary of the measured temperatures (recorded every 15 minutes) and
the modeled temperatures (predicted every 5 minutes). The therma impact was modeled for a
14-hour period because runoff and heat exchange continue after the rain has stopped. When
runoff is directly discharged into an outfal from an impervious surface, the model does not
account for the variability in rainfal intensity changes. However, when the runoff is delivered to
aBMP, such as apond, grassed channel, or rock crib, the variability of the attenuation factor is
reduced because BMPs temporarily store runoff before releasing it at a preset rate to areceiving

sreams.
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Table5. Measured vs. Modeled Runoff Temperatures at Selected Sites
(15-Minute Intervals)

Measured Calculated Measured | Calculated | Measured | Calculated | Measured | Calculated
_ Temperature Temperature || Temperature | Temperature | Temperature [Temperature Temperatu_re Temperatu_re
.Tlme of Albert Shonas at St. Albert || at Shonas | at Shonas | at Shonas | at Shonas |at Rock Crib | at Rock Crib
Rainfall Event (Station #8) Shonas East East West West Shonas Shonas
©0) (Station #8) || (Station #7) | (Station #7) | (Station #6) | (Station #6) | (Station #3) | (Station #3)
() QO () () () () °Q
12:00 18.32 19.61] 18.02 18.00 19.55 21.05 15.35) 15.50]
12:15 18.16) 19.54 18.02 18.00 19.38 20.88 15.5]] 15.50]
12:30 18.32 19.48 18.02 18.00 19.71 20.68} 15.51 15.50
12:45 18.32 19.42 18.02 18.00 21.84 20.57 15.35) 15.50]
13:00 18.48 19.37| 18.02 18.00 22.01 20.42 15.35 15.50]
13:15 20.12 19.32 18.02 18.00 22.01 20.34] 15.35 15.50
13:30 20.28 19.27| 18.02 18.06 22.01 20.25 15.5]] 15.50]
13:45 19.79 19.23 18.02 18.25 21.84 20.14 15.35 15.60]
14:00 19.95 19.19 18.02 18.42 21.34 20.03} 15.35 15.70
14:15 19.95] 19.17| 18.02 19.03 21.84 19.96) 15.35) 15.80]
14:30 19.79 19.16 18.02 19.48 22.01 19.86) 15.35 15.90]
14:45 19.79 19.14 18.02, 19.76 21.84 19.80] 15.35 17.33
15:00 19.63 19.13 18.02 20.41 21.67 19.75 18.71 18.59
15:15 20.12 19.12 18.18, 20.49 21.34 19.72 18.71 19.67|
15:30 19.63 19.10 18.51] 20.48 20.36 19.71] 18.87 19.66)
15:45 19.63 19.09 18.99 20.47 20.03 19.69 19.03 19.66
16:00 19.79 19.08 19.16 20.45 20.52 19.66 19.36 19.65
16:15 19.95] 19.07| 19.81] 20.43 20.68 19.64] 19.84] 19.64]
16:30 20.12 19.06 20.29 20.42 21.01 19.61 20.17] 19.63
16:45 20.28 19.05 20.46 20.41 20.68 19.60] 20.17 19.63
17:00 20.28 19.05 20.62 20.39 20.52 19.58 20.33 19.62
17:15 20.12 19.04 20.62 20.3§ 20.68 19.57 20.33] 19.61]
17:30 20.12 19.03 20.62 20.36 21.01 19.55] 20.33 19.60]
17:45 20.12 19.02 20.62 20.35 21.34 19.54] 20.33 19.60]
18:00 20.12 19.02 20.62 20.33 21.67 19.52 20.33] 19.59
18:15 20.12 19.01 20.62 20.32 21.84 19.52 20.17 19.59
18:30 20.12 19.00 20.62 20.30 21.84 19.50] 20.17 19.58"
18:45 19.95 19.00 20.46 20.29 21.84 19.49 20.01] 19.57
19:00 19.79 18.99 20.46 20.27 21.51 19.48 20.01 19.571
19:15 19.95 18.99 20.46 20.32 21.34 19.52 20.01 19.56)
19:30 19.79 18.98 20.46 20.24 2151 19.47 19.84 19.56
19:45 19.95] 18.98 20.29 20.25 21.67 19.46) 19.84] 19.55
20:00] 20.12 18.97| 20.29 20.25 21.67 19.46) 19.68 19.55
Average 19.54] 19.12 19.41] 19.7(Q 21.25 19.82 18.40 18.33
Standard

Deviation 0.90 0.73 1.90 .57,
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Figure 11. Daily Measured Temperature in Token Creek
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4. Conclusions

In this Study, we have clearly illugtrated that the exigting urban development in the Token
Creek subwatershed causes an increase in runoff temperatures. Further, the increases recorded at
Highway 51 suggest that these increases calise a permanent rise in stream temperature.

The daily temperatures of Token Creek are presented in Figures 11 and 12 for the months
of June and July. During June, the temperature of Token Creek did not increase above the |ethal
limit (26° C, but did rise above 19° C at severa points, including St. Albert Pond and . Albert
Shonas, aswell as a the mgjor points of confluence in Token Creek Subwatershed (Highway C
and Highway 51). The runoff temperatures at the outfall of . Albert Pond were directly
impacted by the heat exchange between the black top and therainfall. The temperatures
recorded during June continued to rise after each rainfall, reaching levels above the threshold for
trout (19° C), while temperatures recorded during July often reached the lethd threshold (26° C).
The cumulative temperature increase caused by new developments will have a profoundly
negative impact on the sengtive cold-water community in Token Creek if provisons to reduce
the thermal impact are not implemented. In order to predict the conduction of heet to the runoff,
TURM takes into account two factors:

1) Time of concentration. In the present modd, the runoff from impervious aressis
delivered ingtantaneoudy to the conveyance systlem. However, due to micro-
depressions and evaporation, peak runoff flow does not begin ingantaneoudy.

2) A correction in the convective transfer coefficient, resulting in less heat being lost to
thear. Thereault isthat the pavement heats rainwater up more and during longer
periods, which isthe case for runoff in impervious surfaces in urban settings.

TURM was vdidated successfully, predicting temperatures within 1° C of the actud
temperatures recorded. The standard deviation was less than one, and significant at the 1% level
for dl stes when the field data was compared having the same mean (m=n3). When used for
estimating the difference between pavement and air temperatures, TURM produces reasonable
results compared to the field data collected by USGS (pavement temperatures during this
research were from 10 to 20° C above ar temperature at midday). The results indicate thet rain
and ar temperature are very closdy related, aunique finding aslittle, if any, data has been
published previoudy on the subject. Due to this correlation, it is possible to have an andyticad
solution based on the atmospheric variables that were incorporated into TURM.

Thermal impact analysis accounts for the impact that impervious areas have on stream
temperatures. These impervious areas are generally associated with urban development and are a
magjor source of thermd pollution in cold dimates, not only because they remove water’ s ability
to infiltrate into the soil, increasing the quantity of runoff, but because they store heat. As
rainfal passes over impervious areas such as rooftops, roadways, and parking lots, it absorbs a
portion of the energy stored in the surface. Cumulatively, the rise in runoff temperature causes
an increase in the temperature of the stream, degrading the habitat and the diversity of the
sream. To reduce the therma impacts on streams, effective Storm Water Best Management
Practices should be used. Some examples of BMPsinclude: rain gardens, rock catchment basins,
swales, deep tilling, constructed wetlands, reforestation, and buffer strips
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The modd for the rock crib indicates that cooling can be obtained from rock storage for a
limited time and that the cooling depends on the size of the crib. Because TURM is based on an
andytica solution, we can extend the modd to other temperature reduction devices, such as
detention ponds, dry ponds, deep rock trenches, drain tiles filled with pea gravel, grassed swales,
and green areas. These practices and many others can be utilized to reduce runoff temperatures,
however, any device selected should be integrated as part of a storm water management plan.

Asareault of this study, it is clear that municipdities and developers dike should
implement a system of BMPs to reduce the impact that impervious areas have on lakes, rivers,
streams, and wetlands. Rock cribs, which are ardatively new therma reduction device
developed by the Dane County Land Conservation Department, proved to be very successful at
reducing runoff temperatures during this study. In addition, they are apractica, attractive option
for new developments and can be used to augment existing thermal reduction systems. The use
of BMPsiscriticad to reduce the therma impacts caused by urban areas and imperviousness and
to ensure the future diversity and hedlth of aquatic ecosystes.
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