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THE PHYSICS OF FOREST STREAM HEATING: A SIMPLE MODEL

ABSTRACT

The basic physics of forest stream heating is investigated. Expressions for the
individual energy transfer modes are developed in a simple and direct manner so
that the parametric influence of various environmental conditions can be
established. The environmental conditions include the daily average solar
insolation, local air temperature, shading by riparian vegetation, air velocity and
relative humidity, and groundwater intrusion. A mathematical model is developed
and applied over a broad range of conditions. The predicted stream temperature is
broken into two components, the daily mean stream temperature and the stream
temperature fluctuations about the mean. The actual stream temperature is the
sum of these two. Three major conclusions are drawn from the model results. First,
the daily mean stream temperature is always very near the daily mean air
temperature when the stream is in equilibrium with the environment.  Other
environmental parameters including solar insolation are shown to have relatively
little influence on the daily mean stream temperature after an initial transient
heating period. In contrast, the fluctuations in stream temperature about the mean
are strongly influenced by solar insolation, riparian vegetation, and diurnal
fluctuations in air temperature. Second, stream depth is the primary geometric
parameter characterizing stream size for energy transfer purposes. Stream depth
affects both the response time and magnitude of the fluctuations in stream
temperature. Third, groundwater influx is an important factor in the temperature
of small streams.

The full energy transfer model is then linearized so that an analytical solution is
possible, and both the mean stream temperature and the fluctuating component of
stream temperature are expressed as algebraic functions of only ten important
environmental parameters. Comparison between the linearized model and the full
model is shown to be very good. The basic results of the full model are confirmed by
the linearized model.
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INTRODUCTION

The temperature of naturd dtreams is recognized to be important to aquatic life and fish
productivity. This has led to studies of the response of stream temperature to environmental
conditions for a variety of Stuations. Data reported on stream temperature for some specific
Studions identified key environmenta characterisics important to Stream temperature
response for particular Stuations. Severa dudies combined fiedld data with mathematical
models. Solar radiaion input has been identified as the primary environmentd varigble
respongble for raisng the temperature of smdl forest streams from initia groundwater
temperature [Brown, 1969; Brown and Krygier, 1970; Vugts, 1974, Crittenden, 1978].
Evaporative energy loss, longwave radiation loss, and convective loss have been identified
as the important energy transfer modes in cooling large streams downstream from the
therma outfal of power plants [Messinger, 1963; Ryan, 1974; DeWalle, 1976], and for
being of primary importance in cooling ponds. Other studies [Raphad, 1962; Deay and
Seaders, 1966; Morse, 1970; Beschta, 1984, Theurer, 1984] have incorporated dl the
energy transfer modes into stream network models to predict temperature of Sreams
throughout a watershed.

The picture which emerges from these studies is that there are at least X main modes of
energy transfer important in sream temperaeture: shortwave <olar radiation, longwave
radiation exchange between the sream and both the adjacent vegetation and the sky,
evgporative exchange between the dream and the ar, convective exchange between the
stream and the air, conduction transfer between stream and the streambed, and groundwater
exchange with the stream. The importance of each mode varies according to the Stuation.

In every dtuation there are dways severa energy trandfer modes involved and this makes it
difficult to edstablish precise predictive equations for each mode for streams in naturd

SHtings.

The temperature of naturd streams follows a farly smple patern. There is an initid
trangent period when the dream temperature is raised or lowered from its initid
temperature to a temperature which is nearly in baance with environmenta conditions. This
latter Stugtion is referred to as the equilibrium condition, though this does not imply that
the dream temperature is necessarily congtant. After the equilibrium condition is reached,
the stream temperature is independent of the initid conditions. Overlayed on this response
of the average stream temperaure is a cydlic diurnd pattern due to tempora variation in
solar input and ar temperaiure. Even dfter the initid trandent is over there are cydic
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vaiaions in dream temperaure over the course of the day. Brown [1969], Brown ad
Krygier [1970], and Vugts [1974] messured the temperaiure regponse of smdl dreams
during the initid trandent period. Edinger, . d. [1968] and Smith and Lavis [1975]
messured the cydic vaiaion of gndl dreams dter the initid trandent was over. Not
aurprisngly, the rdative importance of the environmenta conditions and enargy trander
modes would be different for these two cases

Large integrated computer models [Beschta, 1984; Theurer, 1984] could accommodae
dream dze effects trandent or cydic/seedy conditions, or environmenta parameters
However, they do not dlow the rdative importance of the enargy trander modes to be
reedily identified nor the sangtivity of the results to modd assumptions and formulaion to
be invedigated.

The purpose of this paper is to develop a Sream temperature Modd to invedigate the besic
physcs of dream temperaure Each term in the energy budget will be devdoped in a
ample and direct fashion with the intent of cgpturing the correct parametric influences but
not the detalled Ste-pedific data The energy trander terms will be incorporated into the
differentid equation which describes the energy budget for a sream dement. This equaion
will be solved numericdly in order to demondrate severd important festures of Stream
tempearaure reponse. Effects of dream d9ze and ewironmentd conditions on trandent
temperaure profile and diurnd variaion will be demondrated.

Developmenf ¢r me numerical ‘model IS on'ly a preliminary step tb me more important ana
ussful linearized andyticd modd, To devdop this each equdion desaribing the energy
trander modes will be linearized. The linearized differentid energy budget equation will
then be solved andyticdly to produce dgeorac expressons for the trandent temperature
repone, the daly average dream temperature and the diurnd variaion in dream
temperature. The reauts for the linearized modd will be compared to the reaults of the full
numerica model.

Three dgnificant advantages of the linearized goproach will be demondrated. The dgebraic
solutions to the linearized modd dlow ready assessment of the impact of environmenta
conditions and dream dze on stream trandent temperaure response, dally average dream
temperature, and diurnd variaion in dream tempeaaure It dso presarves the individud
enagy tranda exchange tems 0 that they may be readily modified as new and better
decriptions emerge. Fndly, and most importantly, for the presat work, it dlows
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corrdation techniques to be devdoped for portraying fidd data These will be used in a
companion paper “KATE SULLIVAN” to portray avast amount of Stream temperature data
teken in the Padfic Northwest. The orgenized portrayd of this diverse data will hep
edablish the vdidity of the modding goproach and the generd vdidity of the expressons
for the individud energy trander tams

This paper is broken into severd parts. The firs part describes the equations used for each
of the enargy trander modes The second part develops the energy budget equation for a
gream dement based on these modes and shows results from the numerica solution of the
dfferentid eguation. The third pat devdops the linearized energy budget equetion.
Comparison between numericd and andyticd solutions is presented. The fourth part
discussess the basc phydcs of fores dream temperaure, presants the condusons dravn
from the modding work, and identifies methods for most dearly portraying fidd data

THE ENERGY TRANSFER MODES

Veticd and Laed Sream Temperature Uniformity

An important assumption that will be used in the devdopment of the dream temperature
modd is that stream temperaure is uniform in the vetica and laerd drections This
assumption of good mixing means that the stream top surface temperdure is the same as the
bulk Sream temperature.

The levd of mixing and turbulence for flowing sreams depends on the rdative importance
of inertid forces and visoous forces The Reynolds number is usad to express this for most
flow dtuations Reynolds number is the raio of inertia forces to the visoous forces for the
flow. When the Reynolds number is above goproximatdy 600 [Crittenden, 1978] the
dream is in turbulent flow. Under turbulent flow conditions mixing is high and temperature
gradients in the vaticd and laerd directions are amdl. The Reyndlds number is given by:

Re =42 M

Here the sream depth, D, is taken as the characterigic dimengon of the sream The vdue
of the kinematic viscosity, v, for water & 20°C is 1x10-0 m2/s. A rdaivdy shdlow sream

10 am in depth with a rdativdy low vdodty, Vs, of 10 an/s would then have a Reyndlds




number of 10,000. In generd, flowing streams have Reynolds numbers very far above the
threshold for turbulent mixing.

Based on the vdue of Reyndds number, the assumption of uniform laterd and verticd
temperature is a good one for naurd dreams This mekes the formulaion of the energy
budget subdantidly esser and leads to two important Smplifications in the formulaion of
the heat trander equations for lar radiaion and streambed conduction.

Solar Redidtion

Shortwave lar radiaion heat input to a stream hes been investigated and modded in
previous work [Anderson, 1954; Koberg, 1964, Beschta, 1984; Theurer, 1984). Solar
radigtion arives a the dream surface dther directly or by diffuse pathways due to scater in
the amosphere or reflection from topographic festures The only precise method of
obtaining solar radiaion input to a sSream is to mesaure it for a edfic dte a a edfic

time

Methods for edimaing solar rediaion input to a sream vay condderadle in complexity.

The important fegtures that must be taken into account in order to edimate olar input are
that: 1) solar insolation varies with geographic locaion, 2) it varies over the course of the

day, 3) it can be reduced gpproximeatdy uniformly over the course of the day by douds,
and 4) it can be blocked for portions of the day by adjacent riparian vegeation and

topographic features. The goproach used here accounts for each of these factors in ample
(and therefore goproximate) ways The advantage sought in this formulaion is reedy
asesament of the magnitude of each factor for a paticular Ste and reedy assessment of the
predicted Stream temperature sengtivity to each factor.

The olar insolation thet would reach the sream top surface on a dear day when there is no
blocking by riparian vegetation or topographic features is the indantaneous solar insolaion.
This will be cdculated from the product of the pesk solar insdlation for the day multiplied
by a time-of-the-day-factor, TODF. The pesk ola flux is goproximatdy 2.7 times the
more reedily avalable [Krador and Kreith, 1977] average dally insolation, Ig. The vaue of
2.7 is based on typicd solar insolation profiles [Kreith and Black, 1980]. For the Padific
Nothwes of the U. S, the summetime average dally solar insolation is gpproximatdy
280 W/m2, Thisvaue will be used in some of the example cases presanted beow.




The dear-sky, unobdructed solar insolation cdculated as described a@ove must be
multiplied by a blocking factor, BF, and a factor which shows the impact of the fraction of
cloud cover, CF, to obtain the actud solar heat flux reaching the stream. It must dso be
multiplied by an effective aosorptivity of the stream for shortwave redigtion, osw. When dl
these factors are induded the expresson for solar heet flux to the Sream becomes

Qsolar = 2.7 Iq 0w (1 - 0.7 CF) (BF) (TODF) W/m? (2)

The doudiness factor, CF, in Equation (2) is the fraction of sky covered by douds It has a
vadue between zero and one. On a very dak, doudy day the vdue of CF is zero. Solar

radiation does not go to zero on these days because of the diffuse component of solar
radiagion. The factor 0.7 multiplying CF is an average vadue bassd messurements of the
effect of doudiness on solar inolation [Rephed, 1962]. This vdue is in fadt, a function of
the type and dtitude of the doud cover, but these effects will not be spedificaly taken into
acocount here.

Soedifying CF requires judgement, but this is fortunatdy nat very difficult for the current
purposes One of the mogt important periods for Sudying stream temperature is during the
summer months because of potentid stream hedting and its effect on aguatic life During
this time the doudiness factor is usudly quite low a locations awvay from coedd arees
Seoond, like many other parameters, it will be shown that dream temperature predications
are not very sendtive to the exact spedification of CF.

The timeof-day factor, TODF, could be handed in many ways induding numericd
pedifications of a solar insolation hourly variaion. For the current purpose a Smple cosne
profile has been used {Edinger, €. d., 1968; Beschta, 1984] s that:

f i
TODF =cos (mt + TC) (3}

This paticular foom would indicate a negdive olar flux if it were not multiplied by a
blocking factor, BF, which had a vdue of zero during the night time hours The TODF
aumes tha the maximum olar insolation occurs a 12 noon. As wel, the sun shines for
12 hours during the day from 6:00 to 18:00. This goproximates the conditions for the
summetime which is mog aiticd for sream hedting. The expresson would have to be
modified for other times of the year by changing the phaese angle in Equdion (3). Usng a




vaue of 5m/6 for the phase angle in Equaion (3) would yidd a solar insolaion maximum a
14:00 (2:00 pm.), for example

The blocking factor has two important purposes. It reduces the solar insolation to zero a

night and it accounts for the blocking of solar radiaion for periods during the day due to

riparian vegeation and topogrgphic fedures The spedfic equation given bdow for BF
mekes use of a view factor of the water for the sky, Fysky. In deding with rediation heet
trander, ue must be made of view fadtors Thee spedfy the fraction of the totd
hemigphericdl view from the stream Surface that is occupied by various fegtures. The totdl
view from the sreeam surfece is occupied ather by the sky or by the vegetaion and

topographic features. Fygy Specifies the fraction of the view occupied by the sky. For a
sreem on a fla plane with no riparian vegetation, Fysky = 1. For @ sream completely

confined by stream benk and riparian vegetation, the vaue of Fygy = 0. The view fector of
the streem for the riparian vegetation and stream bank is 1- Fyygy.

The blocking factor, BF, uses the value of Fygy to esimate the time thet the sun is blocked
by the riparian vegetaion. Essatidly this goproach assumes thet the sream sees the aun in
the same way that it sees the Ky, i. e the sun is blocked for the same portion of the day as
the view of the ky is obscured by riparian vegetaion. In equation form this becomes

BF =1if ltimeofday- 12 <6 Fyxy (4)
=0 otherwise

Note that the dream sees the sky continuoudy in a portion of its totd view indicated by
Fysky while the stream sees the sun with a view factor of 1 through part of the day and
with a view factor of zero for the rest of the day and night. Also note that the blocking
fador is symmeric aout the maximum Oa insdaion pont of 12 noon in this
formulation.

The expresson for BF is only accurate for three situation, when Fygy is ether O or 1, o
when the stream is running northrsouth with uniform vegetaion on both Sded. For Al
other gtudions there is some inaccuracy in this formulation. For the purpose of the current
devdopment this is stifactory. One important practical Studtion that can be accurady
as=sd udng this gpproach is the effect of complete remova of riparian vegeation from
rdaivdy smdl, heavily foreded dreams It can, as wdl, show the generd senstivity of




dream temperaure to vaious degrees of solar blocking, which is the man thrugt of the
present work.

The vdue of water absorptivity for shortwave solar radiation, ogyw, Would initidly gopear
more difficult to spedify. Severd dudies have shown thet the absorptivity and emissvity of
water for lonavave redidtion is very high (Koberg, 1964; Edinger, €. d., 1968, Morse,
1970; DeWalle, 1976], near 0.95. However, shotwave solar radiation is not as well
absorbed by weter. Messurements confirm the everyday experience of being ble to see the
bottom of the degpest svimming podl, indicating that agy IS condderadly less than 0.95.
Cdculaions [Crittenden, 1978) portray the absorptivity of water for shortwave radiation
quite dearly. There is an initid rapid aosorption of about 20% of the incdent solar radiation
within aout 10 cm depth. Theredfter, absorption increases only dowly to a vadue near
50% a 2 m. For ddlow, dear dreams this would indicate rddively low absorptivity for
Llar redigion. However, the paticular physica Stuation and geometry of Sreams make
goedification of an effective aosorptivity condderably eesier.

Solar radiaion could penerate a dear sream with little aosorption, but would then drike
the sreambed surface where absorption is very high [Crittenden, 1978). Vay litle of the
olar radigion would be reflected by typicd dreambeds, paticulaly if they are rough or
gravdly. Because the dream and dreambed ae both in contact with the surface of
aborption, the solar energy will be it between the two. The charadterigic which
determines the rddive it beween the two is thar effective themd diifudvity
[Crittenden, 1978]. When the stream Reynolds number is high, its effective turbulent
themd diffusivity is severd orders of megnitude higher then thet for any naturd streambed
maeria of rocks and soil [Crittenden, 1978; Kreith, 1973]. Under these drcumdances the
solar radiation absorbed by the dreambed surface would be rapidy trandared to the
dream, jugt as if it had been aosorbed by the water in the firg place.

Absorption by the stream/streambed IS very high, S0 tha the only sola insolaion driking
the dream surface which is not ultimatdy absorbed by the dream is that fraction which is
reflected. During the periods of the day when solar heating is modt intense the sun is high
and the rdledtivity is quite low, typicdly about 5% [Anderson, 1954, Rephad, 1962
Koberg, 1964, Beschta, 1984), 0 tha the effective absorptivity is goproximatey 0.95.
This dtudtion is dmilar to that for longwave radigion for which the absorptivity and
emissvity ae goproximady 095 This vdue will be usd for the absorptivity and




emissivity of sreems for dl wavdengths recognizing thet it is only an dfective vaue for
shortwave solar rediation for the paticular Stuation of naturd dreams

Redidion exchange with the kv

The dream exchanges longwave radigion with the infrared-active condituents of the
atmosphere, principally H,0 and CO,. Radiation exchange with gasses in low
concentrdions  involves veay long pahlengths, often severd  kilomegters [Hottd  and
Saofim, 1967]. Such long peathlengths are rardy & uniform temperature The stream looks
upward and, because the temperature of the amosphere decreases with deveion, the
effective ky radidion to the sream is dways lower then tha for the loca ground levd ar
temperature.

Severd expressions are avdladle for the ky radiation [Anderson, 1954; Rephed, 1962,
Koberg, 1964; Theurer, 1984]. These expressons can take into account both doudiness
and the rdaive humidity of the ar. However, in the summe months when dream hedting
is of mog concern nather of thee effects is vary important. All the expressons produce
Ky radidion that is wel corrdaed by a Smple empirica expresson which has been usd
elsewhere[Raphael, 1962] to predict sky radiaion absorbed by the sream:

Qsky =Cltw Fvsky c{esky Té- T } W/m? (5)

with
sky = 0.74 + 0.0049 ¢ ©
This expresson for €gy is spedificaly for scattered or broken cloud conditions and not for

low oveacad. This is saidactory for summetime conditions The expresson can be
modified for both the devation and dengty of the doud cover [Raphad, 1962].

The vdue for efective sky emissvity, €sky, when the partid pressure of water vgpor in the
amosphere is 15 mbar is 0.81 according to Equetion (6). The resulting rediaion to the
dream from the sky when the air temperature is 20°C is equivdent to that of a suface a
5°C.




The absorptivity of the streem water for longwave radiation, oy, iS approximately 0.95, as
discussed  above.

Radiation Exchange with Riparian Vegetation

The sream exchanges iongwave radiation with the riparian vegetation and the ground neet
the dream. Both ae assumed to be a the locd ar tempeaure Usng the same
goproximation for ayy as for the sky radiaion, the radiation exchange between the Stream

and the riparian vegdation is

Aveg =0tiw (1 — Fuvgicy) c{T‘; - Tt,} W/m? @)

Evaporation

The prooesses of evgporation and convective enagy trander ae dosdy rdaed. Both
depend on trander coeffidents due to aerodynamic and buoyancy forces Mogt dudies
have used the Bowen ratio [Bowen, 1926] to rdae the two transfer codfidents which is
bessd on the wdl know theoreticd amilaity of mass momentum and enagy trander
[Kreith, 1973]. The driving potentiad for evgporation is the difference in the partid pressure
of water vgpor in the ar immediatdy adjecent to the sream surface, P(Tw), and the water
vagpor patid pressure in the bulk ar, ez The driving potetid for hea trande is the
difference in temperature between the dream surface, Ty, and the bulk ar outdde the
boundary layer adjacent to the dream surface, T, The patid pressure of water vapor
adjacent to the surface is dways teken as the sturdion pressure of water vapor a the
sream surface temperature. The bulk ar water vgpor partial pressure is determined from
messuremant of ar temperaure and rddive humidity.

A dandad for the proper haght above the sream surface for messuring the bulk ar
conditions has not been adopted. It has been taken as high as 2m [Anderson, 1954]). This
messurement height has been necessary for many previous dudies of lake pond, and
dream evgpordion due to the large boundary layers assodiaed with very large open water
surfaces. For most naturd sreams the actual boundary layer could be no more then a few
centimeters [Kreith, 1973]. For the current purposss, as long as the bulk ar messurements
are taken above this levd little aror in sream temperature will be incurred
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No prediction of stream temperature will be without errors. The hope is tha the predicted
temperatures are not vary sendtive to modd and coeffident assumptions For evaporative
dudies the vdue of the trander coeffidet and bulk ar conditions directly impact the
predicted rate of evegporation. When predicting dream temperature, however, these same

errors have condderable less impact. They do cause an eror in the predicted temperature

but, because the saturation pressure of weter is SO sendtive to stream temperature, only a
vay gnd| eror in dream temperature is incurred. The purpose of the linearized modd and
dgeoraic solution devdoped bdow is to be aile to eadly test the sengtivity of predicted
temperature to assumptions and potentid erors The dgeorac olution dso dlows
dternative formulaions of the trander coeffidents to be subdituted for the ones sdected

here.

The evgpordion rate can then be expressed in terms of the bulk ar water vapor partid
pressure, ea, the saturdtion partid pressure of weter vgpor & the dream temperature,
P(Tw), and the evgpordive trander codffident, k., which is a fundion of the wind
vdoaty:

Evaporaive flux = Ge =k, { €3 ~ P(Ty) } kg/m?/s (8)

The sauraion patid pressure of water vgpor in the range from 274°K (1°C) to 303°K
(30°C) can be cdculated from the expresson:

P(Ty) =1.13x10-7 exp{0.0653 Ty} mber 9)

The evgpordive trander coefficient has been the subject of many dudies It is often
referred to as the vdodty function. Empiricdly it has been found to have the form:

ke=a+bV (10

In dudies where forced convection dominetes the trandfer process the vadue of the fird term
IS zero. This was the Stuation in the Lake Hefner Sudy [Mardano and Harbeck, 1954].
For many other Stuaions such as cooling ponds and smdl dreams the fird teem can be
quite sgnificant [Messinger, 1963, Shulyakovskiy, 1969; Ryan, 1974; DeWalle, 19761.
This term has been assodated with free convection and is in fact a function of the difference
in gas dendty between the dream surface and the air [Ryan, 1974; DeWalle, 1976;
Bechta, 1984]. This term is often cadt in the form of a temperaure difference between the

11




dream surface and the air, or the same difference corrected for the partid pressure of water
vagpor. In dther case it is rased to a low power, typicdly the onethird power, which is
condgent with theoreticd development of free convection equetions When the temperature
difference is less than 5°C this taem is vary neally condant [Ryan, 1974]. One formulation
of the vdodty function for conditions of mild forced convection and smdl temperaure
gredients will be used here [Shulyakovskiy, 1969]:

ke = 1.74x10-6 (1 + 0.72 Va) kg/m?/sfmbar (11)

Convective Heat Exchange with the Air

The rates of convection and evgpordion are almost aways rdaed through the Bowen raio
{Bowen, 1926] which has a very good theoreticd base [Kreath, 1973]. The Bowen rdio or
its equivdent [Anderson, 19%4; Rephad, 1962, Fdinger, e. d., 1968, Morse, 1970,
Vugts, 1974, Ryan, 1974; DeWalle, 1976] can be usd to relate the convective heat trandfer
coeffident, he, to the evaporative trandfer coefficient for evaporetion, ke:

_ J mbar
%_ 1.5x106 T (12)

In the range of conditions of interest for forest dreams the convedtive trander coefficient
IS not drongly afected by any parameter except wind veodty [McAdams, 1954; Kreith,
1973] which is taken into account directly in the expresson for ke in Equation (11).
The convective heat trandfer expresson is then:

Qeonv = he (Ta — Ty) W/m? (13)
Conduction to the Streambed
The dream is in contact with the streambed <0 there will be heat trander between the two.
Indeed, for porous or gravdly streambeds, the demarcation between the sream and the bed
is not etirdy dear. Enagy trander between the two can be by two ettirdy different

mechanians, groundwaer mass trander (which will be trested bdow) and by heat
conduction. The impact of heat conduction to the "streambed” on the energy budget is not a
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ample one Howeve, the nat efect of this mechaniam can, in the end, be farly amply
portrayed for the purpose of predicting stream temperature.

For the purpose of the present discussion, a non-porous streambed Will be consdered. The
results of this discusson will then be broadened to conditions where the stream and the bed
intermingle for severd centimeters & ther inteface When there is a nonHporous interfece
Sparating the two, the streambed acts like semi-infinite solid. This configuration hes been
extensvey trested and described in mogt heat trander texts [Arpad, 1966; Kreith, 1973].
The important fegture of interaction of the streambed with the dream or with the adjacent ar
is that its surface is subjected to cydic temperaure vaiation, both diumd vaidions and
annud vaiaions The expresson for the response of the streambed (or s0il) as a function
of time, t, and depth bdow the surface, x, to cydic vaidions in surface temperaure of the
form [T(0,0) - T(e=,0)] cosmt is given in the genad form:

T(x,t) = T(e=,0) W \1/2 @ \/2
R e O N

The thermd diffugvity, a, for most non-conductors such as rocks and soil lies in the range
1x10-7 m?/s to 8x10-7 m2/s [McAdams, 1954; Kreith, 1973). For anud vaidion in
surface temperature, the exponentid term in Equation (14) indicates that the cydic variaion
in temperature & a depth of 5 m rardy exceeds 10% of the variation a the surface, exoept
for a solid rock sreambed. It does not exceed 2% for mos soils and gravels. Indeed, the
ground temperature a a depth of 5 m below the surface is nearly deedy and condant & a
vaue negr the anud meen ar tempeaaure [Smith and Lavis 1975], goproximady 8°C
(281°K) [Smith and Lavis, 1975, NOAA, 1985] for the Padific Northwest.

The diurnd vaidions in suface tempaaure ae fager then the annud vaidion o thar
dfect is fdt only a dshdlower depths At a depth of only 30 cm, Equation (14) indicates
that temperatiure vaiaions are damped down to only 5% of the diurnd surface temperature
vaiaion. This is vay dmilar to other cydic hest rander studtions [Gorog, 1982]. Heat
trandared to the bed during periods of the day when dream temperaure is aoove the daly
average ar tempeaure is trandared back to the sream during the periods when diurnd
vaiaion hrings the sream bdow the daly average ar temperaure This hes the effect of
dampening the diund dream tempeaaure vaidions without affecting the daly average
stream temperaure Effectively this causes the dream to act as if it is degper and contains
more thermd inertia
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Though the expresson presented in Equetion (14) is spedficdly for a non-porous
streambed, because of the cydic vaiaion in temperature due to diurnd changes results in a
coupling of sream and bed, the same generd condusion can be drawn for loose or porous

greambeds Thefirg 30 cm or 0 bdow theinitid interface. of dream and bed will act like a
thermd flywhed for diumd vaiaion. The temperaure vaiaions of the main flowing body
of the stream Will be damped by conduction and fluid exchange with the water bdow the

streambed urface One method of handing this efect while avoiding the cumbersome
formulation of Equetion (14) is to assign a constant tempereture to the streembed and alow

heat trandfer to occur between it and the cydidy varying sream over the course of the day.

This trander is driven by the temperaure difference between the dream and the bed
through an effective trandfer coeffident, hgy. In this way the sream trandfers heet to the

bed when its temperaure is above that of the bed and vise versa

Sdecting an gppropriate value for both the effective streambed temperature and the effective
trander coeffident must capture both the short term diurnd interaction as wel as the longer
annud vaidions. Adde from the cydic effects there is a net wransfer between the stream
and the desgper s0il. Over the course of a year this trander is also cydic, and therefore net
zero. However, ove the usud periods of messurement from a few hours to a few months
there can be a net interaction The streambed or oil a a depth of 5 mis & a nearly condant
temperature, neer 8°C for the Padfic Northwed. Because this is subdantidly bdow the
averege daly dream tempeaaure for the summetime there is a net heat loss to the
dreambed during this period. As will be shown bdow, this is quite a smdl tem in the

energy  budget.

The gpproach to sdecting hg, and the effective temperature is to fird recognize that the daily
average Urface temperature of the ground is nearly the same as for the ar. The peek daly
average vaue occurs in the summetime For the Padific Northwest in the summertime the
avaage daly ar tempeaure is goproximatdy 18°C. The Equdion (14) mug be
differentiated and multiplied by thermd condudtivity to obtain an equation for heat flux:

9=k I (1s)

which & peak summer conditions (t=0) and a the surface (x={0) becomes
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q=k (—%}m { T(0.0) = T(=.0)} 16)

The ne heet flux into the ground can be edimated by udng the anud average and pesk
vaues of ar temparature and a typicd vaue of ol themd diffusivity, 2x10-7 m?fs, and
thermd conductivity, 0.75 W/m °C [McAdams, 1954; Kreith, 1973]:

qs 34 W/m? (17)

This is quite a small vaue compared to average daily dear sky solar radiation of 280 W/m?2,
for example This effect is small enough to be ignored in the energy budget equation.

‘The term in front of the temperaure difference in Equation (16) is the effective heat trander
coeffident, hg,. For the cydic diumd vanaions, its value usng the propety values in the
example above is 6.7 W/m? °C, The dream trandfers heat to the bed through this effective
vaue The driving potentid is the temperaure difference between the Sream temperature
and the temperature about 30 cm bdow the surface Usng Equation (16) and the typicd
vaues for average peak summer temperature, 18°C and the average annud temperaure,
8°C, the temperaiure a 30 cm is aout 16°C, or 2°C bdow the surface temperature The
dreambed heat trander can then be goproximaed as the trander through the trander
coeffident, hgp, driven by a difference between the dream temperature and a temperature
goproximatdy 2°C bedlow the average daly ar temperature. In eguetion form: |

Qsb=hg (Ta-2-Tw) (18)
The Net Hear Flux:
The net hedt flux is jus the um of the individud heat flux terms

Qnet = goolar + qsky + queg + qoonv + gsb (19)
!ZFQHMMIQT [tﬂg;'

Groundweter enters the dream dong its length. The quantity of groundwater will depend
on the time of year, geodlogicd factors, and the watershed aea The messure of
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groundweter inflow usad here will be a flux teem egud to the rate of inflow divided by the
dream top sufece area It is cdaulaed from the actud groundwater inflow in a given
length of sream divided by the totd top surface area of the dream for that length. The
symbal for the groundwater flux is Ggy. This beds for spedfying groundwater input is
dricly for convenience in formulaing the energy budget equetion.

In the example cases bdow the groundwater influx spedified is goproximatdy equivaent to
a 1% increese in the dream meass flow per kilometer of dream length for a 0.3 m dep
dream flowing with a veodty of 0.17 mys. The range covered in subseguent examples is
from 0.1% to 10% increase per kilometer of length.

THE ENERGY BUDGET FOR A STREAM ELEMENT

The energy baance for the Sream can be written in severd ways with control dements thet
ae ddionay or tha folow a spedfic mass of fluid. The control dement chosen here
fdlows an initid fluid dement and lds it expand in Sze as groundwater eters it. The

enagy budget equation is

dM)

dM hw) _ d(lclf[W) +hw S5 =qnet A + Ggw A hgy + Ge A he (20

dt

Recognizing that the rate of change of mass of the dement with respect to time is judt the
the groundwater inflow and the evaporation, this equation can be rewritten as

d(hw) _9Ynet A + Ggw A (hgw - hw) + Ge A (hc - hw)
—5—= N 21

The mass of the demet, M, is nat condant in this expresson if there is groundwater

intrusion and evgporation. However, because the dement mass and surface area gppear as a
raio in this expresson, a simplification IS possble The mass and surfece aea of the
stream demeant are rdaed by the expresson:

M =pAD (22)

Udng this and subdiituting common expressions for the enthdpy terms yidds
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d(Tw) _ qnet + Ggw Ow (Tgw = Tw) + Ge Ly

3= (23)
pCwD

Two obsavadions can be made from this eguation. Ard, because the usud summetime

dream temperaiures are wdl above the 8°C (281°K) typicad of groundwater, groundwater

influx can have an important dgoressng effet on stream temperaiure. Second, the most

important dream geomelric characterisic which dictates its effective size is the stream

depth.

FULL MODEL PREDICTED RESULTS

The energy budget expressad in Equation (23) can be eadlly programmed and solved for a
wide variety of conditions Predicted reaults for three cases are shown in Fgures 1 through
3. The bagis for these cdculaions is given in Table | bdow. The three cases represant three
different dream Szes of depths 0.1 m, 0.3 m, L0 m. The initid stream temperature was
abitraily spedfied a 5°C (278°K) in order to show the time response of dream
temperature to externd condition. Solar insolation was taken for a dear day in mid-duly,
and the ar temperature profile was prescribed as a ample cosne function based on actud
measured profiles & a gpedific Ste ner Mt. . Hdens for a mid-duly day. It was sdected
because of the wide fluctuations in ar temperature & this gte. Other vaues are given in the
table The cdculaions were carded out for a ten day period. This means that the dream
dement was exposed to the same environmentd conditions for ten 24-hour periods in order
to see the cumulative effect of many hat days in a row.

TABLE |

Environmentd Parameters for the Example Case
Mean ar temperature, °K Ta 289°K (16°C)
Air temperaure fluctuaions, °C Ta 12
Daily average solar insolation, W/m? Iq 280
Cloudiness, unitless CF 0
View factor water—to—sky, unitless Fwsky 0.5
Air veodty, m/s Va 0.5
Water vgpor in ar, mbar € 9
Stream depth, m D 0.1-0.3-1.0
Groundwater influx, kgfm2es Ggw 0.0005
Groundwater temperature, °K Tgw 281°K (8°C)
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The reaults shown in these three figures have a particular pettern which is true for all the

runs caried out with this modd. The dream temperaure risss in a cydic fashion and

evertudly egablishes an equilibrium with the surrounding environment The time to rise to
this equilibrium is less than a day for samdl (i.e dhdlow) dreams to severd days for large
(i.e demp) dreams After reaching equilibrium, the diurnd fluctuaions are amdler for the
degp dream than for the shdlow dream, and for dl cases except dreams shdlower than
0.1 m, the diurnd dream temperdure vaiaions ae less then the diumnd vaidions of the
ar temperature. As wdl, a the equilibium the dally mean waer temperaure is very near
the daly mean ar temperature.

These reaults are not surprisng. The energy loss from the sream due to evgporation and
Ky radiaion incresses rapidy with dream temperature.  Evgpordion loss  incresses
exponentidly with dream tempearaure As the dream is heated by solar radiation and
convection, a dream tempeaaure will dways be reached where the enargy losses will
baance the enargy gan for the day. This is demondrated for one eguilibrium condition in
the bar graph of FHgure 4. When the dream is being heated to the equilibrium as in the
ealy portions of Figures 1 and 2, the solar term dominates the energy budge, as found in
actud measurements [Brown, 1969; Brown and Krygier, 1970].

Mog of the exchange terms invalve the locd ar temperature S0 this temperaure will be
vay influentid in deemining the equilibrium dream temperaure The response of the
streamn tempeaure to externd conditions such as diurnd ar temperaure fluctugtions is
damped by the theemd inertia of the sream. Degper Sreams have more thermd inaertia 0
they heat up to equilibrium more domy and fluctuate less a equilibrium.

The stream temperature modd has been gpplied over a wide range of conditions to establish
the parameric influence of various environmentd conditions on the predicted results for
equilibrium conditions A amdl portion of the results ae shown in Fgure 5. This plot of
predicted daly mean stream temperaiure versus the prescribed dally meen air temperature
resulted from changing the input variables through the ranges shown in Table II.
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TABLE |1
Range of Vaiaion of the Environmenta Paramaers for FHgure 5

Mean air temperature, °C Ta 8l 624

Air temperature fluctuations, °C Ta 8-12

Daly average solar insolation, W/m?2 Ig 200-280
Cloudiness unitless CF 0.0-0S- 1.0
View factor water—to-sky, unitless Fusky 0.1-0.5-0.9

Air velodity, m/s ' 0.1-0.5°2.0
Water vgpor in air, mbar D 010310 s9%15
Stream depth, m

Groundwater influx, kg/m2es Ggw 0.0002-0.0005-0.002
Groundwater temperature, °C Tgw 8

The pattern that emerges here is tha the dally mean wae temperaure is dways near the

mean ar temperaure under equilibrium conditions. At low temperaures the waer is
somewha above the ar, and for high tempeaaures the water is usudly bdow the ar
temperaure. Conddering the broad range of input conditions there is a rdaivdy smdl

response of the daly average dream temperaure & equilibrium to environmental conditions
other than the locd mean ar temperaure. This merdy indicates that the energy losss from
the dream change vay rapidy with dream tempaaure 0 tha large changes in the
environmentd  conditions liged in Tables | and 1| ae compenssted by rdaivdy smdl

changes in mean stream temperature. Environmental conditions affect the stream
temperaure fluctuations more then the daly mean dream tempaaure Because of the
interactions of severd varidbles it is more difficult to esablish the influence of any one of
them on the stream temperature fluctuations from numericd results

For ay gven s of ewironmentad conditions thee will dways be some mean ar
temperature for which the mean dream temperature and mean ar temperaure are equd.

This is demondrated in the plat of the Ty, versus T, shown in Figure 5 for the example
conditions. Also shown in this figure is that the dope of this curve is less than one For a
wide variety of conditions the dope of the Tw versus Ta line is between 05 and 1.0. It
should aso be noted that because the groundwater is a a temperature of only about §°C

(281%) it tends to flatten the dope.

These modd predictions could be usad to predict the dream temperaure for a watershed

sydem. However, the red utility of this type of modd is in edablishing the key physcd
paametes importat to dream heding and in identifying the influence of environmentd
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conditions on the stream temperature fluduations Thiswill be the purpose of the linearized
modd developed beow.

THE LINEARIZED STREAM HEATING MODEL

Many of the enargy flux terms are not linear in the vdue of dream temperature. However,
eech can be linearized about a pecfic condition and the resulting equations are presented
below.

Sky:

The &ky and vegdation radiaion tems can be linearized by dgduacdly expanding the
fourth power differences, recognizing tha the absolute temperatures for the ar and water
change by only a small percentage, and that both are goproximetdy equd to the dally
average ar temperaure. When this is done the radigtion exchange with the sky becomes

2

_ 4 4
Qsky = %w Fwsky © Tz[ N Esky + 1] [ N Eskyt 1][ N €sky Ta — TW] (24)

For the usud range of values for egey between 0.78 and 0.85, this equation can be
amplified to the fdlowing with vay little eror:

4
qsky = QUw Fysky © Tz 3.7 [ \} €sky Ta = Twl (25)

Vegeration:

The same procedure can be used for the radigion exchange with the riparian vegetation
with the result that:

Qveg = @iw (1 - Fusk) 04T, [Ta - Ty 26)
Convection.
qoonv = he (Ta = Tw) 27)
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Evaporation:

Go=ke Lea - 1.13x107 00653 { 14 00653 (T - T } | 28)
Streambed Conduction.

qsb =hsb (Ta =2 = Tw) (29)
Solar Radiation

Both the major driving forces for stream heating, solar radiation and air temperature, cycle
over the course of a day and cause the stream temperature to cycle, They can each be

expressed as the sum of a steady component and a fluctuating component. The solar
radiation becomes:

gsolar = gsolar + q'solar co{-&%m t+ 7 ) (30)
with the steady solar component:

Qsolar = Id g (1 — 0.7 CF) Fysiy (31
and the fluctvating solar component:

Q'solar = 1.7 Qsolar (32)

The fluctuating component for the solar radiation is, in fact, the half-wave amplitude, as is
the fluctuating air temperature given below and the resulting water temperature fluctuations
presented in the examples.
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Air Temperature

The air temperature iS represented as.
_ ! T
Ta=Ta+TaCOS(mt + Il:) (33)

The Linearized Energy Budget Equation

The basc energy equation is the same, but usng the linearized terms it can be rewritten in
the form:

+U (Tyw-Ta) = S+Fcos(—-1t—t+n) 34)

d (Tw - Tp)
dt 43200

with:

Clw O Tg (4- 0.3Fwsky) +he

u= +
p Cy D
+ hgp + Ggw Cw + 7.38x10-9 Ly k. exp{0.0653 Ty} 35)
pCs D
i Yoy -
S- Qsolar + ®lw Fwsky 6 37 'T': Esky — | +
pCwD
+ Ly ke fea — 1.13x10-7exp{0.0653 Ta}] ~ 2 hep + Ggw Cy (T,, - Ta)
pCy D
(36)
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/ / T3 { 3.7 4\/ ]} h
qsolar + Ta C(.]w 6] a 4 - Fwsky 4 —-— . ESky + ']

F = (37)
pCyD

Physcdly, the tem U is an dfedive ovadl energy trander codfident, S is the Seady
componat of the energy flux input, and F is the fluctuating component of the energy flux
input. Though each of these condds of severd terms they require only the ten besc
paameers liged in Table | to evduate.

For reference, the linearized energy budget has been evduated for the case of an 0.3 m
degp dream. The reaults from the linearized modd and the full model are shown in Fgure
6. Dexpite the goproximations usad in linearizing and in characterizing solar rediaion and
ar tempeaure, the comparison is very good. Andyticad solutions of Equation (34) are
avalable in many heat trander texts [Arpad, 1966]. The solutions indicate that dfter the
iniid trandent regponse has died out, the equilibrium vaues for the meen and fluctuating
components of dream temperature can be written:

T =Ta + %_ (38)
- 1
Tyl =5 (39)

[ - (n/43200 ]1/2

In order to darify the magnitude of the various items, numbers from the 0.3 m degp dream
example caxe have been used to evdude the tarms in the expressons

_ 501 + 355 + 670 + 209 + 669 _ 5

U= 126105 = 1.91x10 (40)
_ 133 = 410 = 505 = 134 - 167 _ 5

S = 262100 = +0.905x10 (42)
- 226 + 101 _ 4

F = 210 =2.60x10- (42)
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0 that:

= = . (0905x105) o .
Tw = Ta + 10ix105 ~ Ta+047°C= 1647°C (43)
T, 260x10°2 1 13.6x0.254 _ 3.46°C (44)
w7.91x10-3 [1 , (743200 Rl = PO =

1.91x10-3

This vdue of Ty, is vary dose to the actud veue cdaulaed by the full modd of 17.5°K.
The vaue for T, is a0 dose to the full modd velue of 4.8°C. Note in Equation (41) that

the solar input is baanced by sky radiation loss and evgporation. In Equation (42) however
the solar radiation fluctugtion over the course of the day accounts for dmost 60% of the
wae tempeaure fluctugion.

LINEARIZED MODEL STREAM TEMPERATURE PREDICTIONS

The linearized modd results compare wdl with the full modd resuits for the example case

and this is genegdly true Comparisons of the predicted reaults from the two modds are
shown in Hgures 7 and 8 for the mean sream temperaiure and the fluctuating component

of the dream temperaiure. FHgure 7 indicaies very good agreement over a wide range of
conditions for the meen temperature Not surprigngly the fluctuating component is not
quite as good but Hill very accepteble, paticulaly in light of the esse of evduation of the

dgdorac expressons compared to the numericd solution.

The effect of shading by riparian vegedion is different then the effect of douds The view
factor Fwsiy appears in two terms in Equetion (36): solar rediation and sky rediation. These
two tems are both directly affected by Fysry, but they have opposte effetts The sky
radigion dways reduces the impact of solar radiaion on the dally mean dream temperature
The net effect of changing the view of the stream for the sky from 90% to 10% is

Tw = Ta +3.6°C @ Fuwsky =0.9 (45)

Tw = '_Fa - 2.6°C @ Fwsky :OI (46)
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The maximum diffeence in daly meen dream tempeaaure beween nealy complete
riparian coverage and dmost no coverage Is goproximatdy  6.2°C. This assumes, of course,
thet dl other conditions remain the same

The firg fraction on the RHS of Equation (39) accounts for the maximum posshble sream
temperaure fluctuations of the vay smdlet dream. The second fraction reduces this
maximum as dream dze (depth) increases The vdue of the fird fraction in the example
caxe is 13.6°C. This indicates that the maximum fluctuetion of the Sream temperaure for
the vary andles dreams would be dightly gregter then the fluctuation in ar temperature
which is 12°C. In the expresson for T, the solar insolation is no longer reduced by the

sky radigtion dfects S0 that Fysky, and therefore riparian vegetaion, will have a stronger
impect on the fluctuating component of dream temperature.

Desgper dreams will dways have smdler fluctuations then smdler dreams. The impact of
dream depth on the Sze of the dream temperature fluctuaions is shown in Fgure 9. Not
surprisngly, the degper the dream the smdler the fluctuaions

DISCUSSION

A dream temperature modd was developed spedificdly to examine the basic physics of
dream hedting. The modd was linearized in order to obtain dgerac expressons for the
basc components of dreem temperdure the mean dream temperaure and the dream
temperature fluctuations Both of these components can be expressad in terms of dgeraic
equations invalving ten bedc environmenta paamgtes This dlows diret and smple
evduaion of bath components once the environmentd fectors are pecified. The ageorac
equations dso dlow smple evaduation of expected results of dream environment changes,
and provide corrdating paamees for a vay broad range of dreams with digoarae
environmenta conditions Some of the expected trends have been disdlayed here, and the
magnitude of each term has been evduaed for one case

Through the process of linearization and evduation it becomes obvious thet the locd ar
temperdure is the dngle most important parameter influencing the dally meen dream
temperature & equilibrium. It is ds0 goparent that solar insolaion is less important except
for its influence on locd ar temperaure Direct solar radidion to the dream surface hes
rdaivdy smdl impact on the mean Sream tempeaaure a equilibrium. This is primaily
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because of the very large increase in energy loss due to evgporaion and sky radiation as
dream temperature increeses. The red influence of Solar redidion is on the magnitude of
the dream temperaure diurnd variaions For the cae evauaed here the solar insolation
was regpongble for about 60% of the dream temperaure vaiaions. Even with condant
mean ar temperaure, the Slar insolation will raise the maximum daily Stream temperature.

The intention of the current dream temperature modd is to underdand the phydcs of
stream hedting rather then to predict the temperaure of a Joedfic dream sysgem. To
accomplish this the individud enwironmentd parameters have been cadt 0 they can be
menipulaed individudly to evduate thar influence. In a red stream gStuation any phydsca
change is likely to change more then one of the environmentd parameters For example
removing the riparian vegdaion from a sream will increese the view of the dream for the
aun and the sy, and diredtly dfet Fysiy- However, it is dso likdy thet the locd ar
temperature, ar veoadty, and locd rdaive humidity will change It would be mandatory to
properly adjus dl three of these in the model to correctly evduate the impact of removd of
riparian vegetation on Stream temperaure.

It is equaly important to recognize that mos of the exchange terms are bassd on locd
vaues of each environmentd paramder. It is paticulaly important to evdude the ar
temperaure and the rddive humidity in the immediae vidnity of the sream, The linearized
modd dealy indicated the vey dominant role of locd ar temperaure on Sream
temperature. The use of remote or gpproximate vaues for ar temperaiure can be expected
to produce remote or goproximate Sream temperaure predictions.

Though the ar temperaure and its fluctuations were tregied as independent variables here,
it may be one of the mogt important results of this work that underganding the impact of
fores practices on locd ar temperaure is a crudd gep in underganding equilibrium sream
temperature. Solar radiation will only dominate the energy budget while the stream is being
heated from groundwater temperaure to equilibrium conditions

In a companion paper, “KATE SULLIVAN’, a vag amount of dream temperaure data
from a wide vaiely of dreams is presated. The bagc form of the presantation and the
corrdaing techniques employed follow from the results presented here The data will be
used to confirm the badc results of the modd work.
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CONCLUSONS

The individud energy flux teems and the overdl enargy bdance for a foret dream have
been modded in a direct and Smple manner. This modd has been exerdsad over a range of
conditions to gather some ingght into badc stream hedting physcs This model was then
linearized in order to deive dgaorac expressons for both the daly mean dream
temperature and the dream temperaure fluctuaions in tems of the basc environmentd
paametas Linearization of the dream heding modd dlows an andyticd solution of the
govening differentid equetion for dream hedting with only very minor loss in predictive
accurecy. Basad on the linesrized modd both the daly mean vdue and fluctugting
component of dream temperaure can be evduated with dgeorac expressons involving
only ten important environmentd paranges Modd results sugget severd generd
condudons regarding the rdaionship of dream temperdure to important environmental
parameters.

Stream Denth. Srream depth is the mogt important geometric parameter which characterizes
dream gSze for enagy trander purposes. Stream depth affects both the magnitude of the
dream temperdure fluctuations and the regponse time of the dream to changes in
environmenta  condition. Streams of finite depth dways show tempearaure fluctuations
which are smdler than the diumd fluctudions in ar temperature

Air_Temperature. The daly mean dream temperature under equilibrium  conditions is
dways vay near the daly meen ar temperature The linearized modd result confirms thet
the mean stream temperature will dways be very near the mean ar temperaure and thet the
flududing dream temperaure component will dways be drongly influenced by the
fluctuating ar temperaure and solar insolaion fluctuation. Other environmentd  parameters
have rddivdy little influence on mean dream temperature because the two mgor energy
loss terms, sky radiaion and evaporation, depend so drongly on dream temperature.
Because of the dominant role of ar temperature on stream temperaure it is crudd to use the
locd vdue of ar tempeadaure to evduae sream heding; this is dso true for locd ar
vdoaty and rdaive humidity.

Riparian Vepdation, Remova of ripaian vegdation hes rdaivdy modest impact on the
mean dream temperaure because the enargy gain due to increased solar rediadion influx is
patidly offsst by increased enargy loss by radigion to the sky. The fiuctuating Stream
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temperature component will be more drongly influenced by the removd of ripaian
vegdation because of the effect of solar insdlaion fluctuation.

Groundwater. Since the usud summetime dream temperaures ae wdl aoove the 8°C
typicd of groundweter, groundwaer influx can have an important depressing effect on
dream temperature. This effect will depend on the rate of groundwater influx redive to the
vadume of flow in the stream, and on the groundweter temperature compared to the mean
dream temperaure.
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NOMENCLATURE

A = sream top surface area, m?

a,b = condants

BF = blocking factor of solar radiation by riparian vegetation, a fraction (see Equation 2)
CF = doudiness factor, O if dear and 1 if completdly douded over, a fraction
Cw = heat capacity of water, 4186 J/(kg “C)

D = dream average depth, m

d = differentid operator

ea = patid pressure of waer vgpor in ar, mbar

F = fludugting energy flux fector, °C/s

Fysky = View fector of the stresm water for the sky, a fraction

Ge = evapordive mass flux, kg/(m? s)

Ggw = ground weter influx per unit of sream surface areq, kg/(m? 9)

he = convective heet transfer coefficient, W/(m?2 °C)

he = enthdpy of the evaporated water, J/kg

hgw = enthdpy of the groundwater, Jkg

hsb = convective heet transfer coefficient for the streambed, W/(m? °C)
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hy = enthdpy of the dream water, Jkg

I4 = average daly sdlar insolation, W/m2

k = dreambed thermd conductivity, W/(m “C)

ke = convedtive mass trandfer coefficient, kg/(m2essmbar)
Ly = latent heat of vaporization of water, 2440x103 Jkg

1 = dream dement length, m

M = dream dement mass, kg

P(Tyw) = saurdion pressure of water vagpor a Ty, mbar
Qconv = heat flux due to convection, W/m2

dnet = Net heet flux, W/im2

qsp = Sreambed heat flux, W/m2

qsky = hest flux due to sky radiation, W/m?2

gsolar = hea flux due to solar radiation, W/m2

gveg = hedt flux due to vegeation radigion, W/m?2

S = deady energy flux factor in, °C/s

t=time, s

T(x,t) = sreambed temperature & depth x and time't, °K
Ta = ar temperaiure, °K

Tgw = ground water temperature, °K

TODF = time of day factor for solar radiaion, dimensonless (see Equetion 2)
Tw = dream weter temperature, °K

U = enargy trander coefficient factor, s-1

V, = ar vdodty, m/s

Vs = dream vedodity, m/s

x = depth below streambed surface, m

a = themd diffusvity of the streambed, m2/s

0w = absorptivity of the stream for longwave rediction, unitless
oy = effective absorptivity of the stream for shortwave radidion, unitless
gy = Wder emissvity = absorptivity, a fraction

p = water density, 1000 kg/m3

¢ = Stefan-Boltzmann's constant = 5.68x10-8 W/(m2 °K4)
U = kinematic viscosty of water, m2/s

® = anguar frequency of vaiaions, radiang's

= = indicates daly average vdue

' = indicates fluctuating value about the average
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