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SUMVARY

Thi s docunent provi des guidance to the user of the U S. Fish and
Wldlife Service's Stream Network Tenperature Mdel (SNTEMP). Pl anning
a tenperature study is discussed in ternms of wunderstanding the
managenent objectives and ensuring that the questions wll Dbe
accurately answered with the nodeling approach being used.

A sensitivity analysis of SNTEMP is presented to illustrate which
i nput variables are nost inportant in predicting streamtenperatures.
This information helps prioritize data collection activities,
hi ghlights the need for quality control, focuses on which paraneters
can be estimted rather than neasured, and offers a broader
perspective on managenent options in terns of knowing where the
bi ggest tenperature response will be felt.

Al | of the mmjor input variables for stream geonetry
met eor ol ogy, and hydrol ogy are discussed in detail. Each variable is
defined, with guidance given on how to neasure it, what kind of
equi pnent to use, where to obtain it from another agency, and how to
calculate it if the data are in a form other than that required by
SNTEMP. Exanples are presented for the various forns in which water
tenperature, discharge, and neteorol ogical data are comonly found.
Ranges of values for certain input variables that are difficult to
nmeasure or estimate are given. Particular attention is given to those
vari abl es not commonly understood by field biologists likely to be
involved in a streamtenperature study. Pertinent literature is cited
for each variable, with enphasis on how other people have treated
particul ar problens and on results they have found.

Model calibration, verification, and validation steps are defined
and outlined, with neasures of "goodness-of-fit" given for conparing
simul ated stream tenperatures with observed val ues. The question of
how good is good enough is explored, and attention is given to the

ki nds of simulation and data reduction errors that one should be alert
for.

Sone special cases dealing with ice and reservoir tenperature are
menti oned. Special attention is given to understandi ng mcro-thermnal
habitats that act as inportant thermal refugia under |low flow

conditions; their causes, extent, and managenment inplications are
di scussed.

Alternative public domain stream and reservoir tenperature nodels
are contrasted with SNTEMP. A distinction is nade between steady-flow
and dynam c-fl ow nodels and their respective capabilities. Regression
nodel s are offered as an alternative approach for sonme situations,
w th appropriate mat hemati cal formnul ati ons suggest ed.



Appendi ces provide information on State and Federal agencies that
are good data sources, vendors for field instrunentation, and snall
conputer prograns useful in data reduction.
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| NTRODUCTI ON

Water tenperature has always been considered one of the nost
i mportant factors determ ning the geographic distribution of fish and
ot her aquatic organisns. Analysis of water tenperature reginmes has
| ately taken on added inportance, primarily for econom c reasons. A
recent newspaper article (Rocky Muntain News 1988) discusses the
construction of a $5.5 mllion reinforced-plastic curtain in northern
California's Shasta Damto transfer cool water fromthe reservoir into
the Sacramento River to prevent salnon heat death. Wthout this
curtain, the Bureau of Reclamation must rel ease water w thout passing
it through turbines at a cost of $70,000 per day in |ost power
revenue.

Anot her study (Croley et al. 1981) has shown that the increnental
cost of reducing thermal discharges to achieve a 3 °F (1.7 °C
reduction along the Mssouri and M ssissippi R vers would be about
$211 mllion per year. This study neasured power |osses, but did not
attenpt to quantify fish and wildlife gains. In contrast, a paper by
Theurer et al. (1985) devel oped a valuation of $0.6 mllion per year
for restoring a sal non population in the tenperature degraded Tucannon
River, a small Washington State river with a present worth of $6.9
mllion. Cearly, these are |arge nunbers, no matter which perspective
one chooses.

Recent climatic changes have caused the earth's surface to be
warmed by about 0.5 °C (0.9 °F) between 1861 and 1984, along with a
decrease in the diurnal tenperature range of about 1 °C (1.8 °F)
(Zoltai 1988). A future perspective on water tenperatures is even nore
interesting. The American Association for the Advancenent of Science
(1988) has concluded that scientists do not agree whether ¢l obal
warmng is a reality or not. But it feels that it is at |east prudent
to look forward to what changes nmmy be expected if the earth's
at nrosphere were to warmby 1.5-4.5 °C (3-8 °F) (Smmgorinsky 1982). In
addition to the flooding of coastal cities and other alarming |arge-
scal e problens, we mght expect both a | esser anount of precipitation
and higher air (and water) tenperatures, especially in the western
United States. If this were to occur, species now at the margins of
their thernmally defined geographic range may be expected to change
rather dramatically (Figure 1).

The purposes of this report are many. First, it is intended to
serve as a conpanion to another report in this series, Instream Fl ow
I nformati on Paper No. 16--Instream Water Tenperature Mdel (Theurer et
al. 1984), in which the theory and application of the Stream Network
Tenperature Mdel (and the SNTEMP set of conputer prograns) are
described. The information presented here will serve to broaden sone of
t he concepts and net hodol ogi es outlined in that publication, especially
in the area of field techniques and |aboratory analytical nethods.
Second, information and advice on other data collection procedures wll



CURRENT "TEMPERATURE-LIMITED" TROUT HABITAT

ol : i

rai nbow trout (Oncorhynchus
Range defined by upper

Figure la. Approximte "tenperature-limted" geographic range of
nykiss, fornerly Sal no gairdneri) under three scenarios: current conditions.
limt of 23.8 °C (75 °F) nean nonthly surface water tenperature. Figures derived from Hydrosci ence

(1971).



"TEMPERATURE-LIMITED"” TROUT HABITAT IF
GLOBAL WARMING OF 2.7°C

Figure 1b. Approxinmate "tenperature-limted" geographic range of rainbow trout under three
scenarios: assumng a 2.7 °C (5 °F) uniform gl obal warm ng.



"TEMPERATURE-LIMITED" TROUT HABITAT IF
GLOBAL WARMING OF 5.6°C

Figure 1c. Approximte "tenperature-limted" geographic range of rainbow trout under three
scenarios: assuming a 5.5 °C (10 °F) uniform gl obal warm ng.



be presented. Numerous questions always arise as to where and how i nputs to
any tenperature nodel can or should be obtained. For each nodel input, |
explain what it is, what's known about it, and how to neasure or estimate
it. Third, ideas on what constitutes proper calibration/validation for
tenperature nodels are discussed, as there seens to be a |lot of confusion
over these and simlar terns. | discuss what the ternms nean, how to do
things the "right" way, and when to do what. Finally, | give a brief review
of alternative tenperature nodels that may be used in place of the SNTEWP
set of nodels, and a brief review of reservoir and other water quality
nodel s that nmay be used in conjunction with streamtenperature nodels.

One reviewer noted that this report will not be a "bestseller”; its
audience is fairly specific, though the nmaterial is broad and diverse. It is
directed towards those who have at |east a general know edge of Theurer's
Stream Network Tenperature Mdel and want to beconme nore proficient in
planning field activities or engaging in simulation/analysis techniques.
O hers may benefit from information contained here, but that is not the
primary purpose.

PLANNI NG A TEMPERATURE STUDY

The Aquatic Branch is constantly rem nded by users of our nodels
especially the nore conplicated SNTEMP-type nodels, that we need to stress
the need for careful study design. We assune that this neans that there is
difficulty in making sure that you (1) are going to be answering the right
questions, (2) are using the right set of tools, and (3) can trust your
answers.

The Aquatic Branch has witten volunes on laying out a study plan
(Bart hol ow and Waddl e 1986) and scopi ng questions to ask (Bovee 1982). These
publications have not seened to dent the continued insistence that study
design is critical. Therefore, we can only conclude that adequate study
pl ans are not being assenbled. Sone have suggested that better prestudy
i nvol verent between all nenbers of the "team needs to be stressed. That is,
pl anners, field data collectors, nodelers, statisticians, decision makers,
regul ators, resource interests, developnental interests, and reviewers all
need ACTI VE invol venent to (after Henriksen, 1988):

(1) identify the managenent probl em (goals and objectives). Does this
study deal with water rights or flow reservations? Is it to
assess project inpacts, evaluate mitigation, or approve permnits?
If it is an inpact analysis problem what is the appropriate
baseline period with which to conpare inpacts? Are we at the
feasibility or operational stage in the planning process? Is this
a single project or a network of projects? Wwo are the players;
who has the lead? How "inportant” is this project; is there a lot
of resistance to a study of this type?

(2) identify the appropriate species/life stages of concern. Is this
a gane, sport, or commercial fishery problen? Is it a sensitive
or indicator species problen? Is it an endangered species
probl enf?



Is it a "guild" of species or a planned introduction? Are we
t al ki ng about a natural ly sust ai ni ng popul ation

suppl emental stocking, or a put and take fishery? Do we have
adequate |ife  history information for periodicity,
m crohabitat preferences, and water quality?

(3) identify the relevant variables to be neasured/predicted. Is
m ni mum mean, maxi mumtenperatures, or some conbi nation the
issue? |Is a daily, weekly, or nonthly averaging period
appropriate? Wat is the spatial extent of your study area?

(4) identify the appropriate criteria to enploy. Are we talking
about growth, nortality, trigger tenperatures, tenperature

change rates, "mninmunt flows, available fish habitat,
popul ation size, dollars, or comercial or recreationa
fishing effect? Do not proceed until criteria have been

formul ated and agreed to by all parties.

(5) identify the quantitative neasures for decision naking
(mles of sui tabl e stream t enper at ur e- condi ti oned
m crohabitat, hatching tines, etc.). How concerned mnmust we
be about accuracy and/or precision? Do different players
need different information to do their job?

(6) identify and evaluate the feasible solution nethods. Is
adequate information already avail able to nmake the deci sions
at hand? If not, what techniques wll best address the

guestions? |Is there a favored nethod whi ch has been used by
| ocal agencies? How nuch tinme, noney, and manpower can (or
shoul d) be devoted to the problem and sol ution analysis?
What is the tine frame for decisions to be nade? Can field
studi es be schedul ed? What are realistic nmanagenent options?

W hope that by getting all of the participants to reach a consensus on
t he above points, you will have cone a long way toward resolving the
i npedi nents that sneak up on otherwise well planned and executed
studies. The remminder of this dcunent is devoted to helping you
performat |east the tenperature analysis effectively and efficiently.

UNDERSTANDI NG WATER TEMPERATURE THROUGH SENSI TI VI TY ANALYSI S

Prior to any extensive water tenperature nodeling or analysis
activity, it is wise to understand the influences that various stream
geonetry, net eor ol ogi cal , and hydrol ogi cal conmponents have on
determ ning water tenperature. Such an understanding will better enable
you to (1) prioritize data collection activities, (2) know the degree
to which you should be concerned with quality control errors, (3) know
which paraneters can be safely estimated, and (4) broaden your
perspective of potential rmanagenent strategies. To further this
under st andi ng, we propose an initial consultation with a sensitivity
anal ysi s tool.



Sensitivity analysis of determnistic nodels is a valuable step
in any nodel application. There are several specific uses for
sensitivity analysis, sonme for the nodel builder and tester, and sone
for the nodel practitioner. Sensitivity analysis my be used to (1)
serve as an aid in confirmng that the nodel is consistent wth
theory, (2) show the effect that errors in each paraneter have on the
dependent variable (water tenperature), (3) identify those paraneters
that are sensitive to the degree that they warrant very reliable
measurenent, and (4) show the relationship between the paraneters
subj ect to managenent control and the dependent variable (Reckhow and
Chapra 1983). For our purposes, it will be valuable to learn where to
concentrate data collection efforts, and how to display the effect
that changes in flow, riparian shade, or channel characteristics have
on stream tenperature.

There are many ways of performng a sensitivity analysis on
determ nistic nodels. A conmon approach is a test in which a single
paraneter is systematically varied, while other paraneters are held
constant, and the response of the dependent variable is nonitored
This allows us to say, for exanple, "A unit change in X produces a Z%
change in stream tenperature."” A disadvantage of this technique is
that it does not allow the practitioner to say what portion of the
variance is attributable to a single paraneter if the other paraneters
are al so changi ng.

Table 1 illustrates the relative sensitivity of the key
paraneters used as input to nost tenperature nodels. This anal ysis was
performed for the SNTEMP nodel, many major conponents of which are
illustrated in Figure 2, but the results would be expected to be
simlar across other determnistic stream tenperature nodels. This
tabl e was generated by systematically varying the input paraneters and
noting the conditions associated wi th maxi mum changes in both nean and
maxi mum wat er tenperatures. This nethod gives a nore robust picture of
true sensitivities than varying a single paraneter for only one set of
other variables. It does not, however, explicitly consider the cross-
correl ati on between paraneters.

The paraneters in Table 1 are ordered down the page fromnost to
| east sensitive for the generalized stream being sinulated. O her
streans will behave differently, but the general pattern should remain
rel atively stable. There are sonme obvi ous exceptions, however, such as
the case of water tenperatures inmedi ately downstream of a reservoir
where the primary influence on tenperature is the rel ease tenperature
itself.

Paraneters were varied for a generalized stream segnent for an
idealized July <condition. The high and Iow values chosen to
characterize this streamare shown in the Table 2. Itens not shown in
Table 2 were reld constant; these values are: lateral flow, zero;
upstream el evati on, 100 feet; downstream el evation, zero feet; segnent
l ength, 10 mles; width's B value, .2; day length, 14.5 hours; and dam
at inflow, true. Cearly, a headwater stream or a large river's
paraneters woul d be different.



Table 1. Relative sensitivity of maxi mum and nean water tenperatures to various paraneters for a
generalized stream Sensitivity as depicted here 1s dinensionless. Please see text for an expl anation.

Wien t hese associ ated paraneters are conbi ned as shown:

Water tenperature To changes In these Stream Inflow Wdth/ Ther nal Air Rel ati ve W nd Sol ar Per cent
is: vari abl es: fl ow t enp. dept h gr adi ent t enp. hum dity speed radiation shade

Very Sensitive Air Tenperature | ow | ow hi gh hi gh hi gh

Moder at el y Per cent Shade | ow hi gh | ow hi gh
Sensitive

Moder at el y Rel ative Hum dity | ow | ow hi gh hi gh | ow
Sensitive

Moder at el y Stream Fl ow | ow | ow hi gh hi gh | ow
Sensitive

Moder at el y I nfl ow Tenperature high hi gh | ow | ow | ow hi gh
Sensitive

Moder at el y Stream W dt h | ow | ow hi gh hi gh | ow
Sensitive

Rel atively Sol ar Radi ati on | ow hi gh | ow | ow | ow
I nsensitive

Rel atively Travel | ow | ow hi gh | ow
I nsensitive Ti me/ Roughness

Rel ati vel y W nd Speed hi gh | ow hi gh hi gh hi gh
I nsensitive

Rel atively Ground Tenperature | ow hi gh hi gh | ow
I nsensitive

I nsensitive Per cent Possi bl e | ow hi gh hi gh | ow | ow

Sun
I nsensitive Thermal G adi ent | ow hi gh hi gh hi gh
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Tabl e 2. Range of input values used to determine relative sensitivity
of SNTEMP

Par anet er Low val ue H gh val ue Units
I nfl ow 10.0 20.0 cfs
I nfl ow tenperature 6.0 12.0 °C
Roughness . 035 . 055 NA
Wdth's A 13.5 18.0 NA
Ther mal gradi ent 1.5 1.8 j/nt/sec/°C
Air tenperature 65.0 85.0 °F
Rel ative hum dity 40.0 70.0 per cent
W nd speed 6.0 9.0 nph
Percent possi bl e sun 60. 0 80.0 per cent
Sol ar radiation 495.0 630.0 Langl eys
Segnent shade 25.0 75.0 per cent
Ground tenperature 10.0 16.0 °C

In Table 1, water tenperature is very sensitive to changes in air
tenperature when streamflowis low, inflow tenperature is |ow, w dth-
to-depth ratio is high, relative humidity is high, and wind speed is
hi gh. Water tenperature nmay be sensitive to air tenperature when these
conditions are not present, but it will not be as sensitive.

Water tenperature is insensitive to changes in thermal gradient
all the tine. However, changes in thernmal gradient cause the nopst
change in water tenperature when stream flow is |low, w dth-to-depth
ratio is high, air tenperature is high, and relative humdity is high
Note that the entry for travel tine/roughness applies only to nmaxi num
wat er tenperatures; it does not effect nmean daily water tenperatures in
t he SNTEMP nodel

Another way to look at the relative sensitivity of water
tenperature to changes in nodel variables is to plot the absolute
change in predicted tenperature produced by varying the paraneters
t hrough the sane conbinations displayed above. The range of val ues so
produced can be large. It is instructive to plot the data by quartiles,
showi ng the m ninum maxi rum and nedi an val ues. Graphs for the nean
and maxi nrum wat er tenperatures are shown in Figures 3 and 4. The val ues
for mean and maxi mum are simlar except for shade, solar radiation, and
roughness.

10



SENSITIVITY OF MEAN DAILY WATER TEMPERATURE
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Figure 3. Sensitivity of the SNTEMP nodel's predictions of nean
daily water tenperature to changes in various input paraneters.

SENSITIVITY OF MAXIMUM DAILY WATER TEMPERATURE
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Figure 4. Sensitivity of the SNTEMP nodel's predictions of maximm
daily water tenperature to changes in various input paraneters.
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Previ ous authors suggest that factors other than flow largely
dictate water tenperatures (Jowett and Mosley 1983; Laenen and Hansen
1985). Few authors have dealt with the sensitivity of water tenperature
models to a variety of paranmeters® (More 1967, Crittenden 1978).
Crittenden's (1978) sensitivity analysis differs from ny exanple and
fromother authors' in several respects. First, he varied only a single
paraneter at a time, and second, the nodel he used was devel oped sol ely
for predicting equilibrium tenperatures in small, unshaded, |[|ow
gradient streans with little groundwater inflow H's results indicate
that wind speed and the thermal properties of the substrate are the two

nost sensitive paraneters. | find these conclusions suspect because
these two paraneters were varied over two orders of magnitude in the
case of wind and one order of magnitude for thermal diffusivity. | do

not believe these are reasonable variations for "real wor | d"
applicati ons.

In sunmary, | strongly advise that a sensitivity analysis, even
if crude, be perforned prior to any field work or other data collection
to determ ne which paraneters deserve special attention. Do not take
t he exanpl es given here as necessarily indicative of your situation.

DATA GATHERI NG AND FI ELD TECHNI QUES

Armed with a general know edge of which paranmeters are npst
likely controlling water tenperature, we can proceed to the discussion
of individual nodel paraneters--what they nean and how to estimate
them Qur discussion will be divided into three major groups: stream
geonetry, meteorol ogy, and hydrol ogy.

STREAM GEQVETRY COVPONENTS

El evations, distances, and stream wi dths are fundanental stream
geonetry neasurenents. These get respectively nore sensitive and al so
nore difficult to calculate accurately.

El evati ons

Hevations are inportant in tenperature nodeling for (1) calculating the
slope resulting in heat fromfriction, (2) calcul ating the atnospheric pressure
an inportant element in heat convection, (3) calculating the depth of the
at nospher e t hrough whi ch sol ar radi ati on passes, and (4) translating known air

! When reviewing their work, it is well to renenber that there may not
be an adequate distinction between air tenperature and solar radiation.
Accordingly, there may be confusion between proximate and ultimate causes in
the sense that short wave solar radiation warms the air, which in turn emts
long wave thermal radiation. In terns of heat flux, atnospheric radiation
domi nates nost of the time, especially in the sumer. OCccasionally, the
sensitivity discussion in the literature nust be interpreted as sensitivity of
maxi mum dai |l y water tenperatures, not nean daily.
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tenperatures and relative humdities to points of known elevation
Though any of these nmajor processes nay be of great inportance, none
are individually sensitive to small errors in elevation. Thus,
el evations nay be taken fromreadily avail abl e topographic maps even
t hough contour intervals on sone maps nay be 40 feet and low relief
terrain may not have easily discernable elevations. The nost difficult
task nmay be identifying where sone station or node actually is on the
map. For exanple, field work may have indicated significant changes in
the distribution of riparian vegetation not apparent on the nmap. Be
wary of trying to nodel very steep gradient, alnost waterfall,
situations; SNTEMP may dramatically overestimate heat flux due to
friction if the streamwdth is too narrow.

Di st ances

Stream di stances are inportant in calculation of heat transport.
Di stances basically translate to travel time and thus exposure tine to
all of the heat flux conditions. Aside fromriver mle indices that
may be available, maps or aerial photos of known scale provide the
easiest way to estinmate distances. D stances can be a source of nodel
bias if consistently over- or underestimated. Streans, being sinuous,
can be tricky to neasure reliably using a map and a nap wheel,
especially if the map has been protected with an acetate cover. It is
best to nmeasure the segments repeatedly, using a paper map, and take
an average. In cases where you are aware that a schematic map does not
convey the true sinuosity, it nmay be advisable to multiply the
nmeasurenment by a "fudge factor"” to account for the difference. It
woul d be better to use aerial photos in this situation.

If a tenperature analysis is being conducted in conjunction with
a Physical Habitat Sinmulation Mdel (PHABSIM analysis (MIhous et al.
1989), actual surveyed or paced stream segnent distances nmy be
avail able, especially if the detailed "habitat napping" approach
(Morhardt et al . 1983) is being used. It is always preferable to
nmeasure the distance the water is actually flow ng. Al so, distance may
actually change as a function of flow If Jlarge changes are
anticipated, adjustnents to nodel distances nust be nmade in a fashion
anal ogous to PHABSI M hi gh-flow and | owflow nodels. That is, one set
of data is used to describe the high flow conditions, one set the | ow
flow.

Stream Wdth

Stream wi dth can be a very sensitive paraneter (recall Figures 3
and 4) in nodeling water tenperatures. Al of the heat flux activities
take place at either the air-water interface or the water-ground
interface, both of which are as wide as the wetted stream wi dth. At
| east one paper (Dynond 1984) attenpts to develop a sinple nonenergy
bal ance nodel that predicts change in tenperature based solely on
changi ng the fl ow and hence width (depth) and tine-of-travel

The SNTEMP series of nodels enploys a width as a function of flow
relationship in the form of

W=a @
where W= width (m



Q = di scharge (cns)
a and b = enpirically derived coefficients

It is apparent that this formulation has the follow ng properties.
First, if b equals zero, the "a" term becones the wi dth. Second, the
width will be zero if the flow is zero, not accounting for pools.
Third, the relationship between width and flowis linear if plotted on
a log-1og scale.

The best procedure to develop this relationship is as follows.
First, obtain several (three or nore) sets of wdth and flow
nmeasurements at random points along each stream segnent. This may be
acconplished in the field or from output from the HABTAT (or related
nodel such as AVDEPTH) portion of the PHABSI M nodel s, which will report
the total stream surface area (per 1,000 feet of stream) as a function
of flow on the so-called HAQF output file. Care should be taken to nake
sure weighting factors are applied to represent the entire segnent and
that river bends are accounted for if necessary (program ADDBEND,
M|l hous et al., in press). Second, take the natural |og of both w dth
and di scharge and perform a standard linear regression with discharge
bei ng the independent variable. The antilog of the intercept should be
conputed, not forced to zero, because it will be equal to the "a" term
in the relationship. The "b" termw Il be the coefficient (slope) of
the regression; the antilog of "b" should not be taken because it is a
unitless term Note that this analysis nay be done in any units system
you choose as long as they are consistent (Figure 5). Appendix C
presents the skeleton of a Lotus 1-2-3 worksheet useful for doing this
anal ysi s.

Sonme authors (Currier and Hughes 1980) have argued that the w dth
shoul d only be nmeasured for flowing water. Large pools with little or
no flow, they state, do not influence the tenperature of flowi ng water.
I concur that areas of limted heat interchange nay be omtted from

width calculations. However, in areas where much of the flow goes
t hrough deep pools with little velocity, the width should not be
adjusted. Wiat is nore inportant, | believe, is weighting the

forrmul ation of the coefficients toward the flow regi ne of inportance.
If you know, for instance, that you need the nbst accurate nodel for
low flow conditions, only put low flow width neasurenments into your
regression. Snmall braided streans will require nore accurate field
nmeasurenments (Currier and Hughes 1980).

If you cannot develop a wdth-flow relationship, set the b
coefficient to zero and enpl oy an average wi dth.

Manni ng's n

This is a nmeasure of the roughness of the streanbed and channel,
which causes flowing water to backup due to friction, and is a
necessary conponent of the SNTEMP nodel in predicting daily maxi mum
water tenperatures. At lower flows, the roughness tends to be due
primarily to the stream bottom characteristics; as the flow increases,
the whole channel shape, including river bends and constrictions,
becones domi nant. Therefore, Manning's n is not constant with
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changi ng flow, even though SNTEMP considers it a constant. Though there
are guidelines an experienced hydrologist can use in determning
roughness, the confidence interval surrounding such estimates is likely
to be large (Platts 1981). Use of a step-backwater hydraulic sinmulation
nodel, such as the Water Surface Profile (WSP) nodel (M I hous et al.
1988), may be a better nethod to estimate n. The use of a regression-
type hydraulic nodel, such as IF&4 (M1l hous et al. 1989), however, is
not recomended; the "n values" used in this type of nodel are really
"conveyance factors" and not true estimates of channel roughness.

Travel Tine

Travel tine is an alternative to Manning's n. Travel tine is the
inverse of velocity. If velocity is neasured in units of length per
time, then travel tine is neasured in units of tinme per length, such as
seconds per Kkiloneter in the SNTEMP nodel. Stream velocity, and
therefore tinme of travel, vary with discharge. The relationship takes
the form

Travel Tine = a Q
where a and b = enpirically derived coefficients
Q = di scharge

Note that the exponent b may itself vary as the flowcontrol varies
with discharge. For exanple, the stream may change from a fundanenta
pool -riffle control to a channel control as the discharge increases.
Consequently, three or nore tinme-of-travel neasurenents may be
necessary, depending on the range of flows of interest. If no control
change takes place, a travel tine vs. discharge plot may be constructed
(Figure 6). If a control change is evident, such a plot would itself be
curvilinear (Hubbard et al. 1981). Travel tine nay be either estinated
or neasured for steady or gradually varied flow conditions.

Oten, travel tine estinates are available from power/water
conpanies. |If travel tine nust be estimated fromvery limted data, the
following enpirical relationships, adapted from Boning (1974), nmay be
used. These relationships were developed from 873 independent
measurenments throughout the United States. Note, however, the large
standard errors invol ved.

Pool and R ffle Reaches (standard error = 40%

TT =1/ (0.38 @%) * g%
Channel -Control | ed Reaches (standard error = 26%
TT =1/ (2.69 Q%) * =
where TT = travel tinme (s/ft)
Q

S

flow (cu.ft./s)

sl ope of streambed (ft/ft)
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The sinplest, but nost error prone, nmethod of neasuring trave
time is the floating object nmethod (Hamilton and Bergersen 1984). Its
use is limted to straight and uniform stream segnents, w th m ni num
surface waves, on w ndless days. Floating object is a msnoner, for
appropriate objects actually are imrersed between one fourth of the
depth and the bottom and do not float on the surface. (In a pinch, a
group of oranges may be used.) Establish three to five transects, far

enough apart to actually neasure an elapsed tine. Internediate
transects provide double-checks on the estimtes obtained. Several
trials will be necessary, with the floats positioned at severa

| ocations across the initial transect, with the final answer being the
nean tine. Finally, multiply the nean velocity of a reasonably snooth
streamby 0.8 to obtain the average, m dcolumm velocity.

If a concurrent or previous PHABSIM study is available for the
study stream the detailed output fromone of the hydraulic nodels may
be examined and a nean travel tine calculated from the total cross-
section area divided by the discharge at each transect. According to
one source (Hubbard et al. 1981), this nethod wll tend to
underestimate the travel time unless a weighted nmean is conputed by
gi ving proportional weight to the length of streamrepresented by each
transect (i.e., habitat mappi ng approach).

The next nost accurate nethods are probably routing studies or
colored dye studies. In a routing study conducted bel ow a controll ed-
rel ease i mpoundnment, an abrupt increase in flow followed by an abrupt
decrease to the previous base flow is made. Staff gages, or stage
recorders, |located at downstream transects record the sequentia
passage of the release wave. Travel time is conputed fromthe tine of
peak stage to peak stage between transects. Different base flows nust
be used to develop a travel tine vs. flow function (Waddle 1987).
Col ored dye studies involve the instantaneous pouring of fluorescein or
pot assi um permanganate into the stream far enough above the upstream
transect to permt conplete |ateral dispersion. Dye behaves nuch the
sane as water nolecules and noves on the average at the sane rate as
water. Travel time is conputed by estimting the tine when the "center
of the color mass" passes the downstream stations. Considerable
judgnent is usually required to best gage the tinme at which the "best
color" is reached. Experinentation is often necessary to achieve
concentrations strong enough to be easily neasured, but weak enough to
not cause downstream conpl aints. See Ham | ton and Bergersen (1984) for
nore details.

The cadillac of nethods is the true fluoronetric dye study
(Hubbard et al. 1981). The details and equi pnent are conplicated and
relatively expensive. A fluoronmeter is used to neasure the |ight
emtted froma fluorescent dye. The dye is selected for properties such
as detectability, toxicity, solubility, and cost. The currently
reconmended dye is rhodamne WI, specifically fornmulated for water
tracing. Concentration-time plots (Figure 7) may be constructed in a
detail ed dispersion study, or nore sinple peak-to-peak concentration
times may be adequate in a less costly study. Ri gorous standards nust
be net for injecting these dyes into water bodies that have water
wi t hdrawal points |eading to human consunption. Significant effort is
i nvolved in successfully inplenenting a dye study of this sort. You
shoul d seek assistance from a hydrol ogi st experienced in this type of
st udy.
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Figure 7. Schematic of dye concentration versus time show ng

di spersion during tine-of-travel study. The X-axis al so nay be
interpreted as proceeding downstreamfromleft to right. Thus the
maghi t ude of the concentrati on becones attenuated through tinme (and
space). Travel tinme is neasured from peak concentration to peak
concentration. Reproduced from Hubbard et al. (1981).

SNTEMP works with either a constant Manning's n or a constant
travel tinme, both of which are truly dynamc wth changes in
di scharge. If large variations are possible, high and | ow fl ow nodel s
shoul d be construct ed.

Ther mal G adi ent

The thermal gradient determnes the rate of heat |ost or gained fromthe
streanbed to the water. The thernal gradi ent may be thought of as the reciprocal
of the nmore commonly known "r" value used in hone insulation. The r value is
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the resistance to heat loss; the thermal gradient is a neasure of the
conductance of heat. The larger the difference between the ground
tenperature and the water tenperature, the greater the potential heat
transfer. Though determined to be small relative to other paraneters
(Figures 3 and 4), sone authors have determ ned the thermal gradient to
be reasonably sensitive in predicting diurnal tenperature variations in
smal |, shall ow streans (Jobson 1977). Conparing the results of nodels
run with and without the consideration of a thermal gradient, Jobson
det erm ned tenperature differences averagi ng about 0.25 °C (0.45 °F).

Comer and Grenney (1977) docunent a nmethod for assessing the
thermal gradient in shallow, sand- and gravel -bed streans. Measurenent
wi t hout disturbance is difficult, but possible. They concluded that for
streans with significant interchange of water in the saturated zone
below a river, the net heat flux fromthe "ground" into the stream at
ni ght may equal the outgoing flux at the air-water interface. They al so
suggest that solar radiation nmay indeed be directly absorbed by the
streanbed in clear, shallow streans.

Very clear streans with black or dark rock bottons may display
di fferent diurnal tenperature variation than would be expl ai ned by the
SNTEMP fami |y of tenperature nodels. Table 3 from Geiger (1965) shows
the percentage of incident solar radiation reaching various depths in
clear water. Note the significant decline in md-wavel ength radi ation
between 10 cm and 1 m Thus, bottom conditions may not matter in
streans deeper than 10 cmto 1 m

Tabl e 3. Percentage of incident solar radiation reaching various
depths in water

Dept h
1nmm 1cm 10cm Im 10m 100m
0.2-0.6 100.0 100.0 99.7 96. 8 72.6 5.9
0.6-0.9 99.8 98. 2 84.8 35.8 2.6 0.0
0.9-3.0 65. 3 34.7 2.0 0.0 0.0 0.0

In general, mnmy sensitivity analysis denonstrated little influence
exerted by the ground tenperature. However, Jobson and Keefer (1979)
showed that including the heat transfer at the streanbed decreased the
nmean error in their dynamc tenperature simulation, but increased the
RVB error. They concluded that streanbed conduction acts as a "danper"
to tenperature conputation, which, overall, inproved their nodeling
resul ts.

Crittenden's (1978) sensitivity analysis showed that the diffusivity of
the streanbed was significant in an equilibriumtenperature nodel devel oped for
smal |, shallow, |ow gradient streams subject to intense solar radiation. The
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effects of solar radiation are evident in the renoval of night-form ng anchor
ice during the day (Ficke and Ficke 1977).

Comer and Grenney (1977) criticized many previous nodeling efforts for
not including heat transfer at the streanbed. They concluded that die
variation of heat flux at the water-ground interface nay approxi mately equal
that at the air-water interface at night in clear, small nountain streans.
Part of this heat balance was attributed to solar radiation reaching the
streanbed. In addition, they presented data on the magnitude of the diurna
variation of ground tenperature at different depths and tines of the day
collected with a wunique tenperature probe. Brown (1969) also noted that
conduction into the streanbed was inportant in shallow streans having a
bedrock bottom but stated that gravel bottonms appeared to be insignificant
as energy sinks. The color of the rocks have been cited as an influence here
also (Currier and Hughes 1980). My conclusion fromall of this is that hourly
tenperature simulations should pay attention to the thermal gradient and
absorptive properties of the streanmbed, but daily sinmulations can safely
ignore these elenents. Daily sinmulations, however, should recognize that
seasonal variation of ground tenperatures may be a source of error if the
nodel s do not account for such change. See the section on ground tenperature
bel ow.

St ream Shade

As shown in Table 1 and Figures 3 and 4, water tenperature can be very
sensitive to stream shading, especially for low flow, high width streams in
m dsummrer. Shade, as considered here, cones in two forms, riparian vegetative
shade and topographic shade fromvalley walls, cliffs, and even streanbanks.
Both forms result in the interception of the daily solar radiation fromthe
wat er's surface. Though instream shade caused by fallen |logs and brush often
shoul d be included, in practice it rarely is.

Shading affects stream tenperatures in three primary ways. First, it
screens the water's surface fromthe direct rays of the sun. Solar radiation
may account for over 95% of the heat input during the mdday period during
m dsumrer (Brown 1970). Thus, it is one of the dom nant factors affecting
maxi mum dai ly water tenperature, often nore so than air tenperature. Second,
shade reduces the anpunt of the water's back radiation at night, tending to
noderate the mininmum stream tenperatures. Third, shade produces its own |ong
wave (thermal) radiation, which also tends to raise mninum tenperatures at
ni ght. However, results of shade renoval on mininum stream tenperatures have
not always been as expected, nor are they typically the same magnitude as
changes in maxi mum tenperature (Figure 8).

There are, of course, other direct and indirect effects of shade, or
| ack thereof, on the physical and chemical nature of streans. Shade renoval
allows increased light, which nmay result in increased algal production
(Burton and Likens 1973), and also may influence mgration or other novenent
activity, even due to bright moonlight (Lynch et al. 1984). Vegetative
alteration also has the attendant problenms of streanbank stability and
sedi nentation. Coupled with peak flow events, streanside tinber managenent
practices nmay lead to long-term cunulative tenperature effects (Beschta and
Tayl or 1988). Shade-producing vegetation is closely related to the amunt of
i nstream cover produced by fallen
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Figure 8. Exanple of diel change in water tenperature through time follow ng
clearcutting. Adapted from Hew ett and Fortson (1982).

Much of the existing literature dealing with the effects of shade on
wat er tenperature cones from foresters' attenpts to quantify the results of
different clearcutting practices on stream tenperature. The primary enphasis
has been since the passage of the Federal Water Pollution Control Act as
amended in Public
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Law 92-500 (1972). In this legislation, stream tenperature increases as a
result of silvacultural practices have been designated as non-point source
pol lution. Each State was charged to devel op "best managenment practices" to
control the tenperature increases (Patton 1973; Rishel et al. 1982).

The Iliterature wusually takes the form of a report detailing the
tenperature changes within study watersheds at different tinmes of the year in
different |ocations. A thorough reading of these reports typically shows nuch
smal | er changes in water tenperature than their abstracts (which invariably
describe the npbst extreme changes in mininmum average, or maxinum stream
tenperature) would lead you to believe. This is not to say that acute |ethal
t emperatures cannot be reached due to renoval of riparian vegetation; it just
nmeans that extrenme tenperature changes are likely only during specific timnes
of the year, only in watersheds whose geographic orientation lends itself to
direct exposure to the sun, and usually if the vegetative renoval causes
ot her changes, such as an increase in groundwater tenperature

An unfortunate factor concerning nmuch of the available Iliterature
dealing with shade, especially the earlier literature, is that the authors
failed to clearly docunent the variables we now know are inportant, such as
stream aspect, stream discharge, and stream width. In addition, it is

depl orable that some authors did not define whether the tenperature changes
they nmeasured were for nmininmum average, or maxihum stream tenperature. An
interesting exception is a paper by Barton and Taylor (1985) that | ooks at

riparian land use in southern Ontario streans. In their study, the only
envi ronnental parameter that clearly distinguished trout and nontrout streans
was weekly nmaximum tenperature. This tenperature, in turn, was largely

predictable fromthe Iength and width of the upstreamriparian buffer area.

What's known about shading effects. A brief literature review on shadi ng
effects follows. Meehan (1970) described the tenperature changes resulting in
small streans that ran alternately through clearcut or naturally open areas
and sections that were shaded by vegetation in southeastern Alaska. The
tenperature differences on overcast days were snmall conpared with sunny days.
On cl ear days, he found tenperature changes as high as +0.21 °C (0.38 °F) per
20 yards of streamin open areas, and as large as -0.18 °C (-0.32 °F) per 20
yards in shaded sections. The presentation of results is sonewhat m sl eading,
however, because the rate of <change in either direction cannot continue
indefinitely downstream As water tenperature approaches equilibrium the
rate of tenperature change will decrease asynptotically.

Burton and Likens (1973) reported sinmlar results on the Hubbard Brook
Experi nental Forest in New Hanpshire. They showed rapid heating and cooling
of small, lowdischarge streanms running through alternately cut and uncut
forest strips on clear, sunny days in July. They documented rapid heating of
4-5 °C (7.2-9 °F) in the cut strips followed by simlarly rapid cooling in
the uncut strips. Cloudy day tenperature changes averaged about 1.5 °C (2.7
°F). Though no discussion of nmethods is given, they reported that deciduous
forest areas provided 50% to 60% shade during winter from the stens and
branches al one. They al so specul ated that shade renoval does not lead to as
much nighttinme cooling as expected, due to higher subsurface heat storage (in
channel rocks and debris) in open water during the day. They state that the
i nflux of cool groundwat er

23



and contact with a cool er channel substrate nay be responsible for the rapid
cooling in the shaded areas. However, sinple calcul ations suggested that these
effects would be slight in total, and they could not explain all the phenonena
they observed.

Brown (1970) devel oped relatively unconplicated fornulae that, used in
conmbi nation with sone associ ated tabl es and nonographs, are neant to assist in
estimating the maximum tenperature change (not the <change in maxi num
tenperature) due to clearcutting. He logically points out that since maxi num
tenperatures wll "undoubtedly"” occur on cloudless days, "pure" solar
radi ation as predicted by sinple nodels (such as SSSOLAR) elim nates the need
for collecting detailed solar and cloud cover neasurenments. Further, Brown
states that topographic shading can be ignored, since it is largely
insignificant during the mdsumer period. (Tests of Brown's hypothesis using
the SSSHADE nodel indeed showed that even with east and west topographic
altitudes of 25 degrees, mdsummer shading from topography alone could only
reach 11% at 40 degrees north latitude using a stream aspect of zero degrees.
As the stream aspect deviated from zero degrees, the percent shade rapidly
approached zero shade.)

Brown's formulae are sinple, containing terms for only the surface area
of the stream rate of heat input, and stream discharge. He wused this
technique to predict tenperature changes, following clearcutting, of 16 °C
(28.8 °F) within 1 °C (1.8 °F). Even so, he is quick to point out limtations
in his approach. Briefly, the nethod will not work well in streanms wth
tributaries or wth large daily changes in discharge, and it gives no
al l omance for only partial shade renpoval. Therefore, his technique typically
results in overprediction of maximm tenperature changes. This was not the
case in results reported by Hew ett and Fortson (1982) in their experinents
with Brown's nodel. They found an unacceptabl e underprediction of tenperature
changes, up to 20 °F (11.1 °C), using Brown's nodel, which led themto devel op
some sinple regression techniques for predicting water tenperature changes.
Those regressions, however, produced high standard errors (5 °F, 2.8 °C) and
| ow coefficients of determ nation.

Though neither detailed nor precise, Hewlett and Fortson's paper is
interesting in several ways. They present evidence that |eaving partial (35-to
50-foot) buffer strips along the riparian corridor nay not always npderate the
stream tenperature effects resulting from clearcutting. They suggest that
forest cover reductions in areas of gentle land relief may elevate the
tenperature of shallow groundwater noving into the stream Therefore, shade
shoul d not be considered in isolation from other relevant inputs to whatever
tenperature model is chosen for a particular study. They show that although
ground-wat er tenperature neasurenents in deep wells remain within a few
degrees of nmean annual air tenperature, the "effluent" ground-water
tenperature apparently varied from 43 °F (6.1 °C) in January to 70 °F (21.1
°C) in July. They suggest that results of other foresters' denonstrations of
near-normal stream tenperatures with retention of 25- to 50-foot buffers on
each side of the stream (Swift and Messer 1971) have been due to steep terrain
in which effluent groundwater is froma deeper origin.

Feller (1981) reported one exanple of how clearcutting of the shading
vegetation may increase wi nter stream tenperatures rather than decrease them
as would usually be expected. His report is intriguing in that it conpares
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winter warmng effects of clearcutting alone with clearcutting/slashburning,
whi ch decreased winter water tenperatures. No conclusions were reached as to
the reasons for the differences. Rishel et al. (1982) found the nore typica
decreases of mninmm average, and maxi mum stream tenperatures in w nter
after both commercial clearcut and clearcut-herbicide treatnents. Although
average diurnal changes in tenperatures were large for part of the year
(Figure 9), the tenperature changes generally were not statistically
significant in December, January, or February. Lynch et al. (1984) and Swift
et al. (1971) reported simlar results.
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Figure 9. Effect of one tinber nmanagenent alternative on hourly water
tenperatures. Adapted from Rishel et al. (1982).

Finally, in a broad analysis of Oregon streans, More (1967) concl uded
that stream orientation alone was sufficient to produce definite categories
of tenperature profiles. He found that east-west oriented streans could have
tenperatures 2 to 4.5 °C (4-8 °F) warnmer than north-south oriented streans.
Approaches simlar to this are being used to "fine-tune" tinber harvest
restrictions in varied topography.

In a different vein, sone investigators have |ooked at the "direct"
rel ati onship between shade and the biological community, skipping the inter-
nedi ate tenperature step altogether. Platts et al. (1983, p. 58) nentioned
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taki ng opposite horizon angles with a clinonmeter, subtracting the sumfrom 180
degrees to obtain what they called the "sun arc degrees."” They found that this
measurenent correlated well with fish standing crop in higher elevation
streans, providing good year-to-year accuracy and narrow confi dence intervals.

How to neasure shade in the field. Shade neasurements can be costly to
meke. | reconmend that detailed shade neasurements be made in only two cases
First, careful attention nust be given to shade neasurements in any stream
project that includes alteration of the shade as an explicit or inplicit
menagenent option. Second, if experinentation with a trial version of the
tenperature nodel suggests that shade is a sensitive paraneter, then due
attention nust be given to it. Oherwise, relatively sinple, quick-Ilook
"wi ndshi el d surveys" should provide satisfactory shade measurenents.

Quigley (1981) outlined the conputational procedures for estimating the
contribution of riparian vegetation to stream surface shade. He considered the
wetted stream width, distance from wetted edge to the vegetation, crown
nmeasurenents and density, stream aspect, latitude, date, and time of day.
Quigley also illustrated how to perform a sensitivity analysis with shade
vari abl es, but discusses why it is inpossible to truly generalize the results
to any stream condition.

Quigley (1981) recommends that the crown neasurenents for deciduous
trees be the dianeter, while using the radius for conifers with a triangular
shape to account for the tapering shadow. Oher practitioners of this
techni que (Voos 1986) also recommend this approach. However, | have observed
t hat shadows cast by conifers rarely assune this tapered shape on any streans
except those oriented nearly north-south. You nust judge the best nmethod for
speci fic situations.

Quigley's techniques were subsequently nodified and enhanced by Theurer
et al. (1984) to include topographic (and streanbank) shade, integrate over
the course of a nmultiday tinme period, and add shade quality as an additiona
variable. Quigley points out that the shading is a function of stream wi dth,
which in turn is a function of discharge. This is a feature not dynamically
considered in the SNTEMP or SSSHADE shade nodels, but has been considered in
dealing with watershed alterations in Washington State by Theurer et al.
(1985) in a general application of the network tenperature nodels. That is,
the shade algorithms work only with a constant stream w dth. You should
characterize the width as that nost indicative of the inportant conditions. If
low flow high tenperature conditions are to be sinulated, make the average
width for the shade calculations be representative of those low flow
condi tions.

The al gorithns devel oped by Theurer conpute the position of the sun with
respect to the location of the stream segnent on the earth's surface. Day
length is first conmputed for the level-plain case, i.e., as if there were no
| ocal topographic influence. Next the |ocal topography is factored in by
reconputing the sunrise and sunset times based | ocal topographic angles; this
| ocal topography results in a percentage decrease in the level plain daylight
hours, technically termed "hour angles.” From this |ocal sunrise/sunset, the
program then conputes the percentage of Ilight that is filtered by the
vegetation. This filtering is the result of the size, position, and density of
t he shadow casting vegetation on both sides of the stream The topographic
shade and vegetative
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shade are nerely added to get the total shade. However, one should think of
topographic shade as always being domnant in the sense that topography
al ways intercepts radiation first, then the vegetation intercepts what is
left (Figure 10)

To use the preferred method of calculating shade, one must estimate or
neasure |atitude, stream azinuth, topographic altitudes, and riparian shade
paraneters. Latitude, of <course, nmay be taken off of a standard USGS
topographic map. The other parameters require nore explanation and will be
detailed below In addition, keep in mnd that we are talking about
"averages" for a stream segnent in neasuring what often is a very irregular
or patchy variable. Here are sonme tips on how to nake these neasurenents.

Azimuth refers to the general orientation of the stream reach with
respect to due south, and controls which sides are called east and west, by
convention. Measure towards the west for msitive degrees and towards the
east for negative, regardless of the direction of flow Refer to the
following figures for guidance: for exanple, if the stream were flowing in a
general ly northwest-southeast direction as in parts e or f of Figure 4, the
azi muth woul d be approxi mately -45 degrees.

Once the azimuth is determned, usually from a topographic mp, the
east and west sides are fixed by convention (Figure 11). Wlen the angle is
smal |, east and west are obvious. As the angle approaches plus or mnus 90
degrees, it is less clear. Inmagine an azimuth of plus 90 degrees; the actua
north shore is termed west. Sinmilarly, if the azimuth is -90 degrees, the
north shore is termed east as far as this program is concerned. This
convention is easy to understand if you visualize varying the azinmuth from

zero degrees and note that west and east always stay on the sane side of the
st ream

The remnining paraneters nmay all be estimated, w th correspondingly
nore accuracy for direct field neasurenents. Random sanples woul d undoubtedly
provide the npbst accurate and robust figures. Reifsnyder and Lull (1965)

recommend 20 to 40 sanples in bright sun, fewer if cloudy. See Platts et al
(1987) for information about designing a random sanpling procedure.

The topographic altitude is a measure of the average I|ine-of-sight
angle to the horizon from approximately the mddle of the stream neasured in
degrees. Both east and west sides will require altitude neasurenents. The
altitude may be nmeasured precisely with a clinometer or fairly accurately
with a protractor (Figure 12). If a clinonmeter is used, you will find that
one with a degree scale is preferable. Topographic maps nay be used wth
caution, but in nountainous terrain, it wll be difficult to estimte
topographic altitudes froma topo map, as it becomes virtually inpossible to
tell where the horizon, as seen from the stream actually is. In flatter
country, the stream bank itself may be the overriding topographic horizon

The vegetation height (Vh in Figure 13) is the average height for the
exi sting or proposed shade-producing strata of vegetation along the stream
from the water's surface. Note that this should not be the height of the
veget ati on
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Fi gure 10. Schematic showi ng the interception of solar radiation by topography and riparian
vegetati on. Adapted from Theurer et al. (1984).



CONVENTI ONS FOR DETERM NI NG
STREAM AZ|I MUTH AND EAST/ VEST BANK
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Figure 11. Conventions for determ ning the sign and degree of stream orienta-
tion (azimuth) as well as east and west bank designations. Note that the
direction of streamflow (single-headed arrow) is uninportant for these
determ nati ons.
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Figure 12. The "Bovee" honme-nmade clinonmeter using a protractor, fishing
wei ght, and soda straw.

itself, i.e., there is no need to correct for the height of the stream bank.
Also note that all shading is inportant; understory trees, brush, and shrubs
may be more significant than commercial grade tinmber in many cases (Currier
and Hughes 1980). Both east and west sides may be neasured independently. The
hei ght may be cal culated by the fornula H= D * TAN(A), where His the height,
D the distance from the observer (in the water) to the vegetation, and A the
angle from the water surface to the tops of the vegetation. The sinple
protractor or a clinometer may be used to estimate the angle. Sonme clinoneters
al so have a built-in rangefinder so that the distance to the vegetati on nay be
neasured sinultaneously with the topographic altitudes. You should also
correct for the height of the observer. Most clinonmeters cone wth
i nstructions for nmaking these cal cul ati ons.

The vegetation crown (Vc) is the average maxi num crown di aneter for the
exi sting or proposed shade-producing strata of vegetation along the stream
Values for both east and west side may be independently neasured. Direct
measurenent or estimation from aerial photos may be used. Even if vegetation
is continuous, the dianeter is inportant in the nmnpdel's calculation of
over hang.

The vegetation offset (Vo) is the average offset of the trunks of the
exi sting or proposed shade-producing strata of vegetation from the water's
edge. You may need to vary this if you vary the stream wi dth. Values for both
east and west side may be independently neasured.

The vegetation density (Vd) is the average screening factor (0 to 100%
of the existing or proposed shade-producing strata of vegetation along the
stream It is actually conposed of two parts: the continuity of the vegetative
coverage along the stream (quantity), and the percent of light filtered by the
vegetation's | eaves and trunks (quality). This percent of |light my need to be
adjusted for the tine of year if you are dealing with deciduous vegetation.
The Stand- Al one Shade Mdel (Theurer 1984) provides for such variation wth
time of year.
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For exanple, if there is vegetation along 25% of the stream and the
average density of that coverage is 50% the total vegetative density is .25
times .50, which equals .125, or 12.5% The decinmal value should always be
between 0 and 1. Values for both east and west sides may be independently
measured. Though the continuity factor may be adequately estimted by skilled
photo-interpreters, the shade quality cannot. Both nmay be estimated by
nmeasurenents taken in a sanpling along the stream

To give exanples of shade quality, an open pine stand provides about 65%
shade; a cl osed pine stand provi des about 90% shade; a tight spruce/fir stand
provi des about 85% shade; areas of extensive, dense energent vegetation should
be considered 90% efficient for the surface area covered. Some other estimtes
are avail able from Rei f Snyder and Lull (1965).

One comon nethod of neasuring shade density is to use a concave
spherical densitometer (Platts et al. 1987). This nethod has been shown to be
accurate in the neasurenent of forest overstory density (Lemmon 1956), but is
not reconmended for our purposes for two reasons. First, it is extrenmely
difficult to measure the quality of the shade because one can only classify
shaded or unshaded, not the degree of shading. Second, this method does not
account for filtering along the path of the sun

To correct this "along the path" problem Brazier and Brown (1973)
pi oneered the use of what they called Angular Canopy Density when neasuring
the width of clearcut buffer strips. Basically, they showed that what was
i mportant was not the absolute width of the buffer strip, but the actual shade
resulting fromthat buffer strip. They advocated consideration of the streams
orientation with respect to the north-south axis, and neasuring the canopy
density along the path of the incom ng solar radiation, rather than vertically
through the canopy. They used this technique to visually survey shading. Their
reported values range from 18% to 80% in different wdth buffers, the
vegetation being red alder and conifers. Though part of their logic is not
clear to me when it cones to the relationship between neasured angul ar canopy
density and actual heat bl ocked, the results showing the relationship between
buffer strip width and shading density (Figure 14) illustrate a useful concept
that has been used to select "leave trees" in tinber managenment areas
(Lafferty 1987).

Brazier and Brown (1973) are quick to point out that the visual neasure
of angul ar canopy density does not adequately account for the true shadi ng due
to the different qualities of shade. The thicker canopies of the conifers are
nore efficient at screening solar radiation than the thin canopies of
har dwoods, even though the measured canopy density may be the same. O her
authors have pointed out that the Brazier and Brown technique needs to be
nodi fied for wide, north-south oriented streams (Pope and Lafferty 1987).

Anot her method that has proven to give accurate results under tight
canopi es, such as conifers or fully |eafed deciduous vegetation, is reported
in Platts et al. (1987) and adapted for this context. Measurenents are nade
visually on randomy selected transects using a white disk 3 inches in
dianeter at approximately 100 points throughout the stream segment. Each
reading is classified as being one of three states: direct sunlight, filtered
sunlight, or shade.
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Figure 14. Influence of buffer strip width on shade density. As the buffer
gets wi der, the shade val ue reaches a "saturation" density. Adapted from
Lafferty (1987).

The average shadi ng woul d be determ ned by the fornul a:

Mean Shade % = A(x) + B(y) + C(2z)
100

where A = percentage of "full sun" observations

B = percentage of "filtered sunlight" observations
C = percentage of "shaded" observations

x = 100 (full sun)

y = 50 (filtered)

N
1]

7 (shaded)

For exanple, if 10% of the total observations were direct sun, 25% were
filtered, and 65% were conpl ete shade, the nean shade woul d be:

Mean Shade % = 10(100) + 25(50) + 65(7) = 2705 = 27%
100 100
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If you wish to be even nore precise, instruments called pyrhelioneters
or solarineters may be obtained to neasure direct-beam short wave radiation.
However, these instrunents are expensive, and an acceptable alternative,
though not as accurate because only visible Ilight is being neasured
(Rei fsnyder and Lull 1965), is outlined below This nethod is simlar to one
mentioned in the early literature (Shipmn 1954), but uses even nore readily
avai |l abl e equi pnment and suppli es.

Purchase from a photographic supply store an item called an 18% gray
card (about $5). Using an accurate, hand-held light meter or canmera |ight
meter, set the ASA value to a | ow nunber, such as 25. Set the f-stop to a high
value, such as 16. Stand in direct sunlight and hold the gray card
perpendicular to the sun's rays such that the nmeter readings are maxim zed
Hold the light neter about 6 inches from the gray card, so that the light
meter only picks up light reflected fromthe gray card, being careful to cast
no shadow on the gray card. Read the exposure-tine from the nmeter; we will
call the denom nator of that exposure-time Eo. Now repeat the nmeasurenment in
the shade, with the card held perpendicular to the path of the sun's rays
through the vegetation, w thout changing the ASA or f-stop. This denoni nator
we will call E. Then use the following fornula to calculate the filtering
ef fect:

Shade quality - 1.0 - (E / Eo)

For exanple, if the in-shade exposure-tine is |/50th of a second and the out-
of - shade exposure tine is |/350th of a second, then

Shade quality - 1.0 -(50 / 350)

or
Shade quality - 0.86

You may need to experiment with the ASA and f-stop settings on your |[ight
nmeter such that you find a conbination that adequately can take both in- and
out - of -shade exposure-time neasurenents w thout changing the settings.
(Simlar neasurenents mry be acconplished with a foot-candle neter if
additional accuracy is desired.) The disadvantage of this nethod is that only
the visible radiation is nmeasured, and it may be difficult to accurately
i nterpol ate exposure tinmes on the logarithmc scale. In addition, wnd can
create noving shadows, which confound point-in-tine nmeasurenments. The
advantage is that the sun need not be clearly visible, though the pair of
neasurenents does need to be made under equal degrees of sunshine. Also,
following the advice of Jackson and Harper (1955) and Wellner (1979),
nmeasur enents shoul d be taken between the hours of 0900 and 1500 at randomly or
systematically selected sites in the stream wuninfluenced by topographic
shadi ng

METECROLOG CAL COMPONENTS

The sinplest approach to data collection is to |let someone else do it
for you. There are a variety of sources for neteorological data. The |ist of
candi dat es woul d i ncl ude:
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National Climatic Data Center (see Appendi x A)
U.S. Weat her Service
U. S. Department of Agriculture

Experi ment Stations

Far m Forecast Services

Forest Service Ofices

Forest Service Fire Data Center (see Appendix A and

Furman and Brink (1975))

Private Weat her or Data Services (see Appendi x B)
Envi ronnental Protection Agency Universities
Utility Districts/ Conpanies

Airports

Mlitary Installations - particularly the Air Force

Coast Guard
Perhaps the best organized data will be from the National Cimtic Data
Center. This data will be available in photocopy or nmagnetic tape form from
them (NOAA 1985), but may be found in a nore tinely fashion at a local I|and
grant university library. You should look for publications called Loca

Climtol ogical Data, which cone in two formats. The annual issue contains the
monthly data summaries and normals (nmeans for the previous 30 years); the
monthly issue contains the daily summaries. Any other tine period, e.g.,
weekly, must be assenbled from daily data. A Summary of Hourly Data nay be
avail abl e at sone stations, which may be useful in some situations. You al so
may be able to contract with a State climatologist to provide the data on
di skettes. In one study that | know of, the climtologist provided daily
val ues for air tenmperature, w nd speed, dew point, and solar radiation, 1978-
1986, for about $300.

The data contained in the two nost, comon summaries is not entirely
parall el (Table 4).

O her references that may prove useful, especially for data summaries,
are Climtography of the US. (U S Wather Bureau 1960), which is good for
frequency of very hot or cold days; Normal Weather Charts for the Northern
Hem sphere (Dept, of Commerce 1952); Weekly Mean Values of Daily Total Sol ar
and Sky Radiation (Dept, of Comerce 1949); and Sunshine and Cl oudi ness at
Selected Stations in the United States (Dept, of Commrerce 1951). Appendix E
illustrates selected parameters for July conditions for the entire United
States. This type of information is useful for doing "back of the envel ope”
cal cul ati ons.

Though several problens arise in using this sort of data, two stand out
as the nost serious. The first is the issue of representativeness. The second
is a nmore specific version of the first, dealing with elevation. Though I
will discuss air tenmperature specifically, these problens are true to some
degree for all of the neteorol ogical data.

It is crucial that the air tenperature data you use adequately
represent your study area. If the readily available weather station data is
from a large city and yur study area is in the forested hills above the
city, the air tenperatures may not be representative. Simlar considerations
are ocean (or other |arge waterbody) proximty, topographic characteristics
(sl ope), and
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thermal inversions. Keep these issues in nmnd if you perform any sort of
correlation between off-site data and spot on-site nmeasurenents, as
recommended by sonme authors (Raphael 1962).

Table 4. Availability of useful data elenments fromtwo forns of Local
Climtol ogy Data Summari es.

Annual Mont hly
Item (nont hly data) (daily data)

Maxi mum t enper at ur e X X
M ni mum t enper at ure X X
Aver age tenperature X X
Nor mal s X

Extreme tenperature X

W nd speed X X
Per cent possible sun X X
Rel ative humdity X

Dew Poi nt X
Station | ocation

X
X

The second maj or probleminvolves the use of a single air tenperature to
represent all of the elevation zones in your study area. It has been common
for streans being nodeled to originate in the headwaters, perhaps with a
reservoir in those headwaters, and flow through a large elevation change. It
has proven inadequate to conpute, or allow the nodel to conpute, a single,
translated air tenperature. Lapse rates (the decrease in air tenperature with
i ncreasing elevation) will themselves vary for the sanme reasons nentioned in
the precedi ng paragraph, and at different tinmes of the year.

For exanple, Leffler (1981) found variations in |lapse rates of as nmuch
as 1.8 °C (3.2 °F) per kiloneter between winter and spring. Figure 15 shows
the frequency distribution of |apse rates neasured in England over a 3 year
period (cited by Geiger 1965). The adiabatic lapse rate is considered the
standard and is the rate at which tenperature changes with el evation such that
the heat content remmins the sanme. The figure shows that the nmedian (50%
| apse rate neasured is slightly snaller than the adiabatic rate. This begs the
guestion to sonme extent, however, because the lapse rate we are interested in
is that rate still at ground level with changing elevation, not going from
ground level up into the air, the way it is nost commonly neasured.
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Figure 15. Frequency distribution of tenperature |apse rates at different
altitudes. Reproduced from Ceiger (1965).

Both problenms can be solved, or at |east inproved, by some form of on-
site verification of air tenperatures. |If your study area is relatively
honmobgeneous with respect to el evation, vegetation, |and use, and orientation,
a single site may be established for comparison with the known data set. A
record length suitable for statistical correlation with the established
station would need to be generated. If a large elevation change, or other
non- honogeneity, is recognized, tw air tenperature stations would be
recommended, such that sone form of elevational <correction or subarea
nodel i ng coul d be acconpli shed.

Each of the meteorol ogical paraneters will be discussed in detail. Keep
in mnd that establishing a "full blown" neteorological station (Figure 16)
will cost $3,500 or nore just to install, wth variable operating costs
depending on the duration of the study and the frequency of data collection
and checking. Further costs will be incurred for data reduction and quality
control. Therefore, | wll discuss each individual paraneter so that options
for varying the data collection effort may be evaluated. | will provide nore

detail for itens that are either nore inportant than others or which may be
unfam liar to nost people.

If you are faced with establishing a nore or |ess pernanent, self-
recording neteorological station, the following factors nmmy be considered
essential (Anderson 1955; Tenney 1987):
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Figure 16. Field-installed nmeteorol ogical station. These can be configured
to collect alnost any set of data i magi nable, at a cost. Courtesy
Cli matroni cs Corporation.
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1. The data nmust be recorded as accurately as possible, with a range
covering the anticipated ranges encount ered.

2. The equipnment nust maintain its calibration over extended tine
peri ods.

3. It must operate unattended for a long tine, e.g., one nonth.

4. It must use a mninmum of electrical power. Long-life batteries

provi de rmuch nore nobility.

5. Al other things being equal, the smaller the size the better, so
you can install (hide) it in nore places, and the nmore rugged the
better.

6. All other things being equal, data collected should be in the
target units, with a visual display for checking.

In any such effort, a nunmber of problens can be expected. Though old by
current equi pment standards, Anderson (1955) presents a figure from the then

famous Lake Hefner Studies that illustrates many results (Figure 17). In this
figure, "usable" refers to a |level of hourly data collection that was deened
acceptable for this particular study. You will need to make your own standard
for what is "usable.” The "perfect"” refers to no equi pnent mal functions for
an entire 24-hour day. This figure shows that data collection will |likely
improve with time and experience with the instrunentation. It also shows that
data collection in the winter nonths is nore likely to fail and wll need

i ncreased frequency of attention to the equi prment.

Appendix B lists sone vendors from which permanent neteorol ogical
stations may be obtained.

Air Tenperature

Crisp and Howson (1982) found that they could explain 86% 96% of the
variance in water tenperature by regressions containing solely nmean air
tenperatures neasured as far as 50 km away, as long as the air tenmperature
was above freezing. Other authors (Smith and Lavis 1975; Song and Leung 1978)
have noted the same profound |inkage. Since air tenperature is the single
nmost important (sensitive) paranmeter in the absence of other thermal inputs,
it deserves special attention and effort in getting data that is truly
representative of the entire area being studied.

Air tenperature is inportant because it plays a part in nost of the
heat flux conponents, especially atnospheric radiation, evaporation, and
convection. As with all paranmeters needed to calibrate any water tenperature
nmodel, air tenperature data may cone from a variety of sources. Air
tenperature may of course be neasured in a manner much like that for water
tenperature. Thernometers ranging fromsinple nmercury to digital thernographs
are avail able at a w de range of prices.
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Figure 17. Variation of anmount of usable data fromself-installed meteorol og-

i cal stations. The shaded portion represents the nunber of days of usable data;
the dashed portion represents the nunber of days of perfect data capture.
Adapt ed from Anderson (1955).

One source of air tenperature data, both meximum and nmnimum is a
dat abase <called CLI MATEDATA from U S. West (see Appendices B and D).
Unfortunately, this database does not contain other neteorol ogical data needed
by nost tenperature nodels. However, the sheer nunber of stations reported in
this data base nmakes finding representative air tenperature data a fairly easy
t ask.

By convention, the primry weather stations record daily naxi nrum and
mnimum air tenperatures at mdnight for the previous day, but not all
stations adhere to this convention. It is prudent to check the source of your
data for recording time. Rather serious biases, especially for nmean nonthly
val ues, nmay occur otherw se. Any data problens nmay be conmpounded if you are
trying to average val ues between stations or are taking sonme val ues from one
station and some from another. |f you suspect problens of this sort, see
Bl ackburn (1983) for a nethod of correcting for observation tinme. You should
be cogni zant of things |ike Daylight Savings Tine.

The nean annual tenperature of <cities averages about 1 °C above
surrounding rural tenperatures (Linsley et al. 1975); therefore, sone
additional correction may be in order. Using rural air tenperatures may be
nore appropriate.

If you take or have available only daily nmaxinmum and nininum
tenperatures, it nay be acceptable to sinply take their average to determn ne
the nean daily air tenperature. This averaged value is usually less than a
degree above the true daily average (Linsley et al. 1975). This is because the
tenperature variation is asynmmetric; during the day it can be approxi mted by
a truncated sine wave, but during the night it is nore of a rapid exponenti al
decay. You should always test your specific locale for deviation between the
two means.
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If there is a significant deviation, Parton and Logan (1981) have devel oped a
met hod for determining hourly tenperatures from daily maximum and i ni mumns.
Their method hinges on the use of three enpirical coefficients known as a, b,
and ¢ (see the program in Appendix C). ldeally, such a nodel should be
paraneterized for these three coefficients, but their paper showed little
sensitivity to changes in them The a and c¢ coefficients can be easily
estimated for your site; the b coefficient should assume a value of about 2.1
(di mension-less). Using this routine to calculate the 24 hourly estimtes and
take their mnmean should give a better nunber for the daily average air
tenperature if (1) the maxinmum tenperature occurs before or at sunset, and
(2) the mininmumoccurs during the early norning hours.

The internationally accepted definition of microclimte refers to that
| ayer of air from ground level (or water level in our case) to a height of
two nmeters (Geiger 1965), which is the standard elevation for establishing
climite shelters. Mre inportant is the relation between the height of the
instrument and the river. Figure 18 shows the results from one Tennessee
river experiment (Troxler and Thackston 1975). These results tend to justify
usi ng sonmewhat cooler air tenperatures than typical neasurenents taken at
dans or valley tops would provide.

The time of year associated with the nost rapid changes in nean daily
tenperature are close to April 21 and October 23, one nonth later than the
correspondi ng equi noxes (Bl ackadar 1984). This would be a tinme to pay closer
than usual attention to air tenperatures, especially for a daily, or snaller,
ti me-step nodel.

Rel ative Hum dity

Rel ative humidity, like air tenperature, can be a very sensitive
paranmeter. Also, like air tenperature, relative humidity can be very
different on site than at a long-established weather station nmles away in a
concrete jungle. W recomend that at a mnimum verification humidity
measurenents be taken twice a day for some period of tine, either at 5 a.m
and 5 p.m or 11 a.m and 11 p.m, to be in sync with the NOAA data and al |l ow
conparative calculations if necessary.

A sling psychronometer my be wused for spot neasurenments and for

calibration checks on established recording stations. One can be purchased
for
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about $50 froma forestry supply house, or one can be easily constructed.? The
psychroneter results in two neasurenments, the wet and dry bul b tenperatures.

"ELEVATI ON. 80 FEET ABOVE CANEY FORK RI VER
ELEVATION 5 FEET ABOVE CANEY FORK Rl VER

N S ]

AIR TEMPERATURE, *F

Figure 18. Variation of air tenperature above the Caney Fork River, TN. This
figure shows that near-water air tenperatures are buffered from and on
average less than, air tenperatures nmore representative of valley-top condi-
tions. Reproduced from Troxler and Thackston (1975).

Convert the two tenperatures to relative humidity with the program in
Appendi x C, which should run with little or no nodification on any conputer
with BASIC. Sinple hand calculations following the algorithns in the program
woul d be sufficient also. As an exanple, if the wet-bulb tenperature was 65.0
°F, the dry-bulb tenperature was 59.5 °F, and the elevation was 1,000 feet
above sea level, the relative hum dity would be 73%

If relative humidity is taken as part of an established recording
weat her station, you may not need to nmke forced air ventilation for the

wet/dry bulb

2due two identical thernometers to a thin woden paddle with the bulbs
projecting fromone end, one slightly nore than the other. Drill a hole in the
other end of the paddle and |loop a sturdy piece of nylon twi ne through it such
that the paddle can be twirled rapidly. Wap a few |layers of clean cloth or
cotton string around the thernonmeter bulb that is nmounted | owest on the paddle
and affix with a rubber band. Dip this cloth in water and whirl the paddle
around until the tenperatures do not change. Read the tenperatures quickly and
accurately, to tenths of a degree if possible. The two readings are known as
the wet-bulb and dry-bulb tenperatures for obvious reasons (Bl ackadar 1983).
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nmeasurenents, since out of doors the wind speed is rarely below 0.5 nph. The
nost common problem with humidity recording stations is freezing of the wet-
bul b reservoir during the wi nter (Anderson 1955).

Often data other than relative hunmidity may be avail able. For exanple,
one may find dew point instead of relative humidity. For these applications,
you may need to refer to a set of tables published by the National Wather
Service (1973). By knowing the dew point and air tenperature (dry bulb), the
relative hunmidity is determi ned. The published tables give the npst accurate
result, but are extremely tedious to use. A useful approximtion, typically
resulting in only a 0.6%error, may be found in Linsley et al. (1975) as:

Rh = [(112 - 0.1 TA + Tdp) / (112 + 0.9 TA)]®

where Rh = relative humdity
TA = tenmperature of the air (dry bulb) °C
Tdp = dew point tenperature °C

Li ke air temperature, relative humdity measured at the canyon top may not be
representative of water surface humdity. Figure 19 (Troxler and Thackston
1975) shows this variation with height. This figure tends to justify the

adj ustment of relative humidity values by up to 20% from values taken off
site.

Sol ar Radi ati on

Sol ar radiation is probably one of the nost difficult and costly itens
to collect (properly) yourself. Unless local conditions dictate on-site data
collection, | do not recommend tackling this job yourself. Though an
i nportant paranmeter, especially for maximm daily vater tenperature, it is
relatively easy to estimate given other, nore easily obtained, neasurenents.
For exanple, either the SNTEMP or SSSOLAR prograns will estimate daily solar
radi ation for any specific tinme of year and set of conditions. The Ci nquenani
(1978) publication nentioned by Theurer is a good one, though hard to find.

Measurenent wll, of course, provide verification of such estimates,
and if you do not feel that you can obtain representative estimtes
el sewhere, you may wish to neasure solar radiation yourself. Al radiation
measuring instruments are called radioneters. There are a variety of species
of radi onmeters, such as pyrradi oneters, pyranoneters, pyrgeoneters,
pyrheli ometers. The npbst common recording instrument used is sinply called a

pyr anograph, available from neteorological or forestry supply houses for $600
to $1, 000.

Most of these instruments work by nmeasuring the tenperature
differential between differently reflective pieces of netal that are either
fully or partially exposed to the sun's rays through a heni spheric w ndow.
Some use a silicon photocell as a sensing element. In either case, the
mechani sm produces an electrical current proportional to the solar radiation.
They nmust be nounted on a level surface with a totally unobstructed view of
the sky, horizon to horizon. In other words, they should not be influenced by

| ocal topography or vegetation—no shadows allowed. This my nean special
probl ens in vandal - prone
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areas. There are nmany potential problens with these units. Sone problens
unique to the pyranograph are things (snow, rain, |eaves, dust) partially
obscuring the wi ndow. Before ordering any such unit, pay careful attention to
the units of neasurement (e.g., gmcal. per sgq. cm or Langleys per nmin.), the
met hod of obtaining the measurenment (e.g., digital readout or planinetering a
strip chart), and recommendations for calibration. For the "nobre than you
wanted to know' report, refer to the conprehensive technical manual by Latiner
(1972).

RELATIVE HUMIDITY , %

gLevATION : 80 FEET ABOVE CANEY FORK RI VER
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Figure 19. Variation of relative humdity above the Caney Fork River, TN. This
figure shows that near-water hum dity nmeasurements are generally higher than
(by al nost 20%, and on average greater than, nmeasurenents nore representative
of valley-top conditions. Reproduced from Troxl er and Thackston (1975).

Interestingly, you may find that sone days will result in nore solar
radi ation than is theoretically possible under clear sky conditions. This can
occur if the instrunment is receiving direct solar radiation as well as

indirect solar radiation reflected from clouds that are not casting a shadow
(Figure 20).

In the absence of solar radiation data, you may be able to estimate it
by first calculating a "clear sky" value using the SSSOLAR program Then use

the percent possible sun nmeasurenents, if available, to scale the total
radi ation. Finally, scale these neasurenents once nore, realizing that even at
0% possible sun, roughly 22% radiation still gets through. For exanple,

suppose you calculate a clear sky radiation value for the tine of year and
latitude to be 300 kilojoules/square neter/second. The "conpletely clouded
sky" val ue woul d
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thus be 22% of 300, or 66. Records indicate 75% possible sun; so 75% of the
value from 66 to 300 woul d be approxi mately 240 kil oj oul es/ square
nmet er / second.

FORT COLLINS TOTAL HEM SPHERI C RADI ATl ON
16

14 7

—O— Measured val ue

MJ / METER SQUARED / DAY

27 Aver age cl ear
1] T T T T T
1 6 11 16 21 26 3

NOVEMBER 1988

Figure 20. Total hem spheric radiation taken at Fort Collins, CO, during
Decenber 1988. Note the days in which radiation exceeds the clear day val ue.
From Col orado Climate Center (1988).

Per cent Possi bl e Sun

Percent possible sun is used in the SNTEMP nodels as a surrogate for
cloud cover. This measurenent is taken at nore weather stations than is solar
radi ation, but it is probably subject to nore error. Technically, percent
possible sun is neasured as the nunber of minutes of direct sunlight divided
by the nunber of mnutes possible for that latitude and tine of year. Obvious
problems arise in determining the threshold of cloud cover at which the sun
"ceases to shine." The technical specification calls for a limt of 200
watts/square neter, but |ike the radiation neasurenents, dust, rain, snow,
and other factors literally "cloud" the instrument at tinmes.

There is a relatively new instrunent on the market called a Sunshine
Recorder, which costs about $1,100. It works by burning a trace on a chart
that is at the focus of a hemi spherical Iens.

When not measured by an instrument, percent possible sun is periodically
estimted by a weather observer. Estimates of cloud cover are likely to be
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either missing or in error at night. Since percent possible sun is used as a
surrogate for cloud cover, those neasurenents that are taken may not be good
estimates for nighttime conditions, especially in areas with marked diurnal
weat her patterns.

None of these neasurenents really get at the "quality" of the cloud
cover. Cirrus and ninbus clouds provide markedly different types of solar
radi ati on attenuation and atnospheric reradiation. In short, percent possible
sun estimtes my be a good candidate for nodel calibration. In other words,
if you have poor estimates, treat themw th the uncertainty they are due.

W nd

Though wind direction is not inportant in the stream tenperature nodels,
speed is. Wnd is perhaps nmpost important in convective and evaporative heat
flux. Wnd is the neteorological paraneter that one would least like to
translate from off-site; the effects of topography on wind are too varied and
conpl ex (Geiger 1965). An exception might be for biweekly or nonthly tinme
steps. On shorter tinme steps, if you cannot nmeasure wind speed, use it as a
calibration paraneter. In other words, you may vary w nd speed in the nodels
within some reasonable bounds to effect a better match between observed and
simul ated water tenperatures. Sone water tenperature npdels use w nd speed
al nost exclusively as a calibration parameter (Laenen and Hansen 1985).

A variety of devices are available for nmeasuring wind speed. Unlike
standard neteorol ogi cal nmeasurenents, however, we are not interested in
anenoneter neasurenents from a 12 or 20 foot tower. Wnd speed should be
measured near the water's surface, subject to the typical constraints (soil
banks, riparian vegetation) at that |evel. Because of air turbul ence near the
water's surface, the wind speed there is seldomless than 1 ms (Krajewski et
al . 1982). See also Figures 21 and 22, which show the effects of shelter belts
(i.e., riparian vegetation) on wnd speed. These figures may be useful if
ti mber harvest is a management action.

Avail abl e wi nd speed data nmay be froma standard 10 m (30 ft) anempmeter
tower. Under certain circumstances it may be desirable to try to correct for
t he observation height. Linsley et al. (1975) presents a fornula for this:

Vh _ In[(zh/zOQ + 1]

vm In[(zm zO) + 1]

where Vh = velocity at desired height, cm's
Vm - velocity at nmeasured height, cnfs
zh = hei ght desired, suggest 10 cm
zO = roughness |l ength, suggest 10 cm

zm = hei ght of neasurenent, cm
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Figure 21. Effect of a shelter belt on various wi nd speed cl asses. Repro-
duced from Gei ger (1965).
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Figure 22. Effect of various shelterbelt heights on wind speed. Reproduced
from Gei ger (1965).
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It has been theorized that wi nd speed affects solar reflectivity by
altering the water surface roughness and introducing air bubbles near the
surface. (The same thing has been postulated for roughness caused solely by
stream gradient.) However, Raphael (1962) mentions that the widely cited Lake
Hef ner studies failed to find any relationship between wi nd speed and refl ec-
tivity. Also, experinental data has shown insensitivity of surface reflectance
to the water's purity and turbidity (Viskanta and Toor 1972).

Ground Tenperature

Ground tenperature typically is an insensitive parameter in water
tenperature nodeling. Though not strictly speaking a meteorol ogi cal paraneter,
ground tenperature is so strongly influenced by the | ong-term nmeteorol ogy that
it mght as well be. In the absence of other data, we generally assune that
ground tenperature is the same as the nean annual air tenperature. This
assunption is very nearly true for noderate depths (approxinately two feet) in
Fort Collins, Colorado (Figure 23). One can, however, spot seasonal trends
that show the lag tinme from surface tenperature to differing depths. Another
study, in Vienna (cited by Geiger 1965), showed ground tenperature at a depth
of 1.9 neters to be 1 °C higher than the mean annual air tenperature over a
period of 33 years.

There may be occasions when you feel that the assunption of nean annua
air tenperature is incorrect, such as in a geothermal area, or where the
aspect of |ocal topography thoroughly influences the input of solar radiation
to the ground (Figure 24), or because of local soil/rock characteristics. If
so, it would be good to verify the ground tenperature.

Direct neasurenent of ground tenperature will be nearly inpossible for
any given study because ground di sturbances due to drilling or digging are too
di sruptive to the tenperature profile. In fact, it can take up to 10 years for
tenperature profiles in the ground to stabilize <conpletely after a
di sturbance. For this reason, it Wuld be far better to check for sources at
weat her stations or agricultural experinment stations than to attenpt
nmeasur enent yourself. Since we are interested in ground tenperature bel ow the
stream surface, these reported tenperatures may not be representative
G oundwater tenperature from shallow wells near the stream nmay be nore
appropriate. Simlarly, tenperature of discharging springs my be a good
source for both ground tenperature and |ateral inflow tenperature

Ground Reflectivity

The ground reflectivity (percent) is a measure of the amunt of
shortwave radiation reflected from the earth into the atnosphere.
Representative values may be taken from Table 5 (Geiger 1962; Gay 1970;
Tennessee Valley Authority 1972) w thout being too concerned with accuracy due
to the relative insensitivity of this paraneter
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Figure 24. Departure fromthe nean ground (70 cm tenperature (°F) according
to direction of slope and tine of year. This illustrates the fact that

di fferent topographic conditions may result in markedly different subsurface
(groundwat er) tenperatures. Reproduced from Gei ger (1965).

Dust Coeffi cient

This paraneter is one that probably should have been left out of the
SNTEMP fam |y of nodels. There is no good direct way to nmeasure this index to
the scattering effect that dust and other small particles have on incom ng
solar radiation. Theurer et al. (1984) show how to perform a solar radiation
calibration to arrive at reasonable values for both ground reflectivity and
the dust coefficient. A simlar, but nore straightforward approach would
require good estimates for cloud cover, air tenperature, and ground-|evel
solar radiation and a best guess for ground reflectivity. The SSSOLAR program
then may be used to estinmate what the dust coefficient nust be to produce the
ground-| evel solar radiation.
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Table 5. Percent reflectivity for various honogeneous ground
cover conditions.

Setting Per cent

Meadows and fi el ds 12 to 30
Leaf and needl e forest 5 to 20
Dar k, extended m xed forest 4 to 5
Heat h 10

Fl at ground, grass covered 15 to 33
Fl at ground, rock 12 to 15
Li ght cultivated soil 15 to 30
Dark cultivated soil 7 to 10
Sand 10 to 20
Sandy soi | 15 to 40
Li ght sand dunes, surf 30 to 60
Vegetation, early summer 19

Veget ation, |ate sumrer 29

Fresh snow 80 to 90
ad snow 60 to 80
Mel ting snow 40 to 60
Cl ean gl aci er granul ar snow 50 to 65
Dirty glacier granular snow 20 to 50
I ce 40 to 50
Clean gl acier ice 30 to 46
Dirty glacier ice 20 to 30
Wat er, | akes 5 to 15
Wat er, sea 3 to 10
Densel y urban areas 15 to 25

Day Length

Day length is such a well-known nmeasurenment that it hardly bears
mentioning. The SNTEMP prograns will calculate day length automatically, or
Table 6 nay be used for a good estinate.

HYDROLOGY COMPONENTS

I will only touch on collecting hydrol ogic data, since this subject is
covered adequately in other avail able publications (Bovee and M| hous 1978;
Bovee 1982; Hanmilton and Bergersen 1984). This is not to mnimze the need
for accurate flow neasurenents, both surface and groundwater; though not
typically the nobst significant variables, they can play a major role in
af fecting stream tenperatures.
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Tabl e 6. Day length (hrs) for various time franmes and | atitudes. Adapted from Forsythe (1954).

Appr oxi mat e -23 27 -15 -10 -5 0 +5 +10 +15 +20 +23 27"
declination of
t he sun:

Appr oxi mat e

date: Feb 9 Feb 23 Mar 8 Mar 21 Apr 3  Apr 16 May 1 May 20 Jun 21
Dec 22 Nov 3 COct 19 COct 6 Sep 23 Sep 10 Aug 28 Aug 13 Jul 24

Latitude hour s hours hours hours hours hour s hour s hour s hour s hour s
0 12.12 12.12 12.12 12.12 12.12 12.12 12.10 12.10 12.12 12.12
10 11.53 11.75 11.88 12.00 12.12 12. 23 12. 35 12. 48 12.62 12.72
20 10. 92 11.38 11.63 11.87 12.12 12. 37 12. 62 12. 88 13.13 13. 35
30 10. 20 10.97 11.35 11.73 12.13 12.52 12.90 13. 32 13.75 14. 08
40 9. 33 10.43 11.02 11.58 12.15 12.72 13. 27 13. 88 14.53 15.02
50 8. 07 9.72 10. 58 11.38 12.20 12.98 13.78 14. 65 15. 62 16. 38
55 7.17 9. 25 10. 27 11.23 12.20 13.18 14. 13 15.18 16. 40 17. 38
60 5.87 8. 60 9. 88 11.05 12.25 13.42 14.58 15. 90 17.50 18. 88
65 3.57 7.70 9. 35 10.83 12.28 13.75 15. 23 16. 97 19. 27 22.05
70 6. 23 8.53 10.48 12.35 14. 23 16. 22 18.73

80 3.17 8.77 12. 63 16. 73



Di schar ge

The discharge for many rivers nay be obtained through the U S.
Geol ogi cal Survey, which nmamintains a network of gaging stations throughout
the United States. Normally, gages are l|located on the larger streans and
rivers and may not be available in smaller watersheds. Typically, discharge
measurenents  will reflect nmean daily or nean nonthly flows; further
mani pul ati ons would be required for any other time-step. Oher sources for
di scharge neasurenents include the HYDRODATA dat abase (see Appendix D), Soil
Conservation Service, NAWEX, water conservation or irrigation districts,
nati onal parks and forests, utilities, and sone city water departnments. The
HYDRODATA source mmy also include reservoir stage and reservoir storage,
t hough these are nmuch | ess frequently found.

Users of SNTEMP have advi sed that studies in which either reservoirs or
power houses are involved will usually necessitate the evaluation or reduction
of historical operations records, as well as the identification of possible
future operations. This can result in a significant expenditure of tinme and
manpower, usually conplicated by inconplete and inconsistent data formats
(Dave G lbert, Pacific Gas and Electric, pers. comm).

If historical discharge neasurenments are not available, sone form of
field neasurenments nust be made. Since discharge is greatly influenced by the
characteristics of the channel, it is advisable to carefully select transects
for honpgeneity. Be sure to establish a staff gage in accordance wth
recommended procedures (Bovee and MIlhous 1978) if a tenmperature study is
coupled with a PHABSIM analysis. Taking enough discharge measurenents will
allow correlation with discharges in well-measured watersheds. Thus, the
historical record may be extended back in time (Bovee 1982). Consult an
experienced hydrologist if in doubt.

Most network-type tenperature nodels will require that flow data be
supplied for i nt ernal geographic locations for which you have no
measurenents. In cases for which you can assunme no changes in groundwater or
tributary inflow, or a stream that is losing flow, the discharge for an
arbitrary point between two ot her points of known discharge is:

X =Q + (- Q) * (Dx - D)

(D2 - D1)
where Qx = unknown di scharge at point x, between 1 and 2
Q = known discharge at location 1
@ = known di scharge at | ocation 2
Dx = di stance measurenment at |ocation x
DI = di stance nmeasurenment at |location 1
D2 = di stance neasurenment at |ocation 2
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For exanpl e, discharges at km7 and 12 are known to be 50 and 55 cns, respec-
tively. The discharge at km 10 is estimted by:

QL0 = 50 + (55 - 50) * (10 — 7) =50 + 5 * 3/5 = 53 cne
(12 - 7)

Note that this forrmulation could be applied on a drai nage-area basis |nstead
of di stance basis.

Gr oundwat er

Since it is usually inpossible to neasure irregularities in groundwater
di scharge either into or out of a stream you nmust assunme that the rate of
gain or loss is uniform between points of known or calculated instream
di scharge. Mbdst nodels, including SNTEMP, will calculate this for you, but
some will not.

As with all other data elenents, if you have reason to believe that
groundwater inflow is not uniform such as in areas of conplex geol ogy, and
that the tenperature of the discharge is narkedly different fromthat of the
stream further investigation is necessary. A crude sensitivity analysis my
denponstrate whether this is warranted. See the section on nicrothernal
habitats and references for some ideas. No particular attention need be given
if the streamis a |osing stream (groundwater recharge).

WATER TEMPERATURE COMPONENTS

Exi sting Dat a

Getting your hands on existing water tenperature data would usually be
the first choice in nobst tenperature studies. Oten a quick perusal of the
existing data will tell you whether, or how often, extremes have been reached.
Occasionally, this may be all you need. However, existing data typically may
not let you construct any relationship between flow and stream tenperature.
More inportantly, existing data will not be sufficient to describe what wll
take place in the face of changing the systemin some way.

Water tenperature data is collected by a wide variety of State and
Federal agencies. A publication by the USGS Ofice of Water Data Coordi nation
(Pauszek 1972) attenpted to tabulate all the agencies involved. Though
undoubtedly out-of-date, this publication is useful as a sunmary of data
availability. It tabulates the agencies by State, and partitions the
collections by |akes, reservoirs, canals, estuaries, drains, springs, and
wells, as well as the frequency of neasurenments. This publication does not
present any data; however, it does contain a 194-reference bibliography of
sources that do.

The Federal agencies that collect water tenperature data are given as:
USDA Forest Service

Arnmy Corps of Engineers
Nati onal Marine Fisheries Service
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Bur eau of Recl amation

Envi ronnental Protection Agency

Federal Energy Regul atory Comni ssion

Fish and Wldlife Service

Geol ogi cal Survey

Naval Facilities Engi neering Command

At omi ¢ Energy Conmi ssion

I nternational Boundary & Water Conmi ssion
Tennessee Valley Authority

The State agencies are too nunmerous to |ist individually because the
nanes vary slightly by State. However, a general categorization would be:

Wat er Resources Departnents Gane
and Fi sh Departments Public Health
Departments Pol | ution Control
Departments Sanitary Engi neering
Departments Water Quality Control
Departments Water Districts State
Geol ogical Surveys Uilities

Qut of 7,500 stations collecting surface water tenperature data, about
4,500 were Federal and 3,000 were State. Most (over 4,000) were east of the
M ssissippi, and npbst of these were in the Geat Lakes States. O the
stations in the West, npbst nmeasurements were in the three coastal States.
These statistics are not so inpressive when frequency of measurenent is
consi dered. Continuous water tenperature neasurenents were made at only 731
stations, largely concentrated in WAshington, Or egon, and California.
Conti nuous neasurenent is not needed in groundwater tenperature neasurenents,
however .

Exanples of comonly available formats for obtaining daily water
tenperature data from USGS are shown in Tables 7a, 7b, and 7c, and from
STORET in Table 8. Appendix D contains some exanples of formats avail able
from the HYDRODATA database. (This data base also may contain sone isol ated
hum dity, solar radiation, air tenperature, and wi nd speed data.) Make sure
that no changes have occurred in the system that would have affected water
tenperatures if you use historical data. Danms, irrigation diversions, or
channeli zati on are exanples of things to look for (Hamilton 1984). Historical
USGS wat er tenperature nmeasurenents are generally considered accurate within
plus or minus 1 °F (.56 °C) 80% of the tinme, and within 2 °F (1.1 °C) about
95% of the time according to More (1967); this may be better today, but I
have no supporting evidence. Also, tenperature gaging stations inmediately
downstream from a dissimlar tributary may give erroneous neasurenents due to

inconplete lateral mxing. This will likely be true at gaging stations that
have had tenperature neasurenment added to existing stage measurenent
capabilities. M xing nust be present during all seasons; fluctuating

tributary conditions, as found with snowrelt, can result in inconplete m Xxing
during part of the year.
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Table 7a. Alternative fornms in which you may find water tenperature data in USGS publications or

a daily values summary showi ng availability of tenperature data through space and tine.

DAI LY VALUES SUMVARY

RETREI VAL NUMBER 1. 00

CRCSS SEC PARM STAT BEG N NO. M SSI NG

STATI ON NUMBER CODE CODE YEAR MO YEAR MO DAYS DAYS YEARS MAXI MUM M N MUM MEAN
BA SE RIVER NR TWN SPRINGS | D AGENCY USGS STATE 16 DI STRICT 16 COUNTY 015 SI TE SW DR AREA =830.00 SQ M

13185000 00010 00001 1955 3 1957 9 661 42 3 22 .00 0.00 8.51
13185000 00010 00001 1977 6 1979 9 701 29 3 25 .70 0.10 9.21
13185000 00010 00002 1955 3 1957 9 661 42 3 19 .50 0.00 6.58
13185000 00010 00002 1977 6 1979 9 701 29 3 20 .40 0.10 6. 80
13185000 00010 00003 1977 6 1979 9 701 29 3 22 .90 0.10 8.03
13185000 00010 00011 1958 10 1959 9 365 0 24 . 0.50 8.59
S FK BO SERI VER NR FEATHERVI LLE I D AGENCY USGS STATE 16 DI STRICT 16 COUNTY 039 SITE SWDR AREA = 635.00 SQ M
13186000 00010 00001 1962 12 1965 9 973 62 3 25 .59 0.59 9.45
13186000 00010 00001 1977 5 1977 9 226 19 2 24 .00 0.50 14.22
13186000 00010 00001 1978 3 1979 9 574 36 2 23 .19 0.10 11.06
13186000 00010 00002 1962 12 1965 9 973 62 3 18 .30 0.59 6.54
13186000 00010 00002 1977 5 1977 9 226 19 2 18 .30 0.10 9.57
13186000 00010 00002 1978 3 1979 9 574 36 2 17 .60 0.00 7.14
13186000 00010 00003 1977 5 1977 9 226 19 2 20 .90 0.30 11.94
13186000 00010 00003 1978 3 1979 9 573 37 2 19 .80 0.10 9.10
S FK BA SE R VER AT ANDERSON RANCH DAM | D ACGENCY USGS STATE 16 DISTRICT 16 COUNTY 039 SITE SW DR AREA = 982.00 SQ M
13190500 00010 00001 1977 5 1979 9 897 17 4 17 .19 2.60 8.05
13190500 00010 00002 1977 5 1979 9 897 17 4 16 .10 2.00 6.65
13190500 00010 00003 1977 5 1979 9 897 17 4 16 . 40 2.40 7.22
S FK BO SE R AT NEAL BRI DGE NR ARROWROCK DAM I D AGENCY USGS STATE 16 DISTRICT 16 COUNTY 039 Site SW
13192200 00010 00001 1977 5 1979 9 895 19 4 19 .90 -0.20 9.71
13192200 00010 00002 1977 5 1979 9 895 19 4 15 .40 -0.20 6.91
13192200 00010 00003 1977 5 1979 9 895 19 4 17 .60 -0.20 8.23
MORES CREEK AB ROBI E CREEK NR ARRONROCK DAM I D AGENCY USGS STATE 16 DISTRICT 16 COUNTY 015 SITE SWDR AREA = 399.00 SQ M
13200000 00010 00001 1964 12 1964 12 14 17 1 1 .69 0.59 0.78
13200000 00010 00001 1965 3 1967 9 829 115 2 27 .79 0.00 10.69
13200000 00010 00001 1968 12 1969 8 235 39 1 26 .99 0.00 9.61
13200000 00010 00001 1970 1 1972 9 908 35 3 25 .59 0.00 8.95
13200000 00010 00002 1964 12 1964 12 14 17 1 1 .09 0.00 0.50
13200000 00010 00002 1965 3 1967 9 829 115 2 23 .89 0.00 8.39
13200000 00010 00002 1968 12 1969 7 213 30 1 20 .99 0.00 5.51
13200000 00010 00002 1970 1 1972 9 908 35 3 21 .09 0.00 6.17
13200000 00010 00003 1967 10 1968 9 412 46 2 22 .00 0.00 7.81
13200000 00010 00003 1969 9 1969 9 28 2 0 19 .39 13.89 17.16
13200000 00010 00011 1969 10 1970 9 438 19 2 20 .00 0.00 7.75

dat abases:



Table 7b. Alternative forms in which you nay find water tenperature data in USGS publications or
dat abases: daily maxi mum nean, and m ni rum wat er tenperature val ues.

UNI TED STATES DEPARTMENT OF | NTERI OR - GEOLOGK CAL SURVEY PROCESS DATE IS 09-06-77
STATI ON NUMBER 02197370 SAVANNAH R. BL STEEL CR NR M LLETVILLE, S.C. STREAM SOURCE AGENCY USGS

LATI TUDE 330458 LONGI TUDE 0813554 DRAI NGE AREA DATUM  STATE 45 COUNTY 005
TEMPERATURE (DEG. C) OF WATER, WATER YEAR OCTOBER 1974 TO SEPTEMBER 1975

DAY MAX MN MEAN  MAX MN MEAN  MAX MN MEAN MAX MN MEAN
1 21.0 20.0 21.0 24.0 23.0 23.5 24.0 23.5 24.0 26.0 250 25.5
2 22.0 20.5 21.0 24.0 23.0 23.5 24.5 24.0 24.5 26.0 25.5 255
3 22.5 21.0 21.5 23.5 23.0 23.5 25.0 24.0 24.5 26.5 25.5 26.0
4 22.5 21.0 22.0 23.0 22.5 23.0 25.5 24.5 25.0 26.5 25.5 26.0
5 20.5 20.0 20.0 23.5 22.5 23.0 26.0 25.0 25.5 25.5 25.0 25.5
6 20.0 19.5 20.0 23.5 22.5 23.0 26.0 25.0 25.5 255 24.5 250
7 20.5 20.0 20.0 23.0 22.5 23.0 25.5 24.0 25.0 25.5 24.5 25.0
8 22.0 20.5 21.5 23.5 22.5 23.0 24.0 23.5 24. C 25.0 24.5 25.0
9 22.5 21.5 22.0 24.0 23.0 23.5 24.0 23.0 23.5 25.5 24.5 250
10 22.5 22.0 22.0 23.5 22.5 23.0 24.0 23.5 23.5 26.0 250 255
11 22.5 22.0 22.5 22.5 21.5 22.0 24.0 24.0 24.0 255 250 255
12 22.5 22.0 22,0 22,5 21.5 22.0 25.0 24.0 24.5 25.5 24.5 250
13 22.5 22.0 22.5 22.0 22.0 22.0 25.5 24.5 25.0 25.0 23.5 24.5
14 22.5 22.0 22.5 22.5 21.5 22.0 25.5 25.0 25.5 23.5 22.5 23.0
15 22.5 22.0 22.0 22.5 22.0 22.0 25.5 25.5 25.5 22.5 21.5 22.0
16 22.5 22.0 22.5 22.5 22.0 22.0 26.0 25.5 255 22.0 21.5 21.5
17 23.0 22.5 23.0 22.0 21.5 21.5 26.0 25.5 25.5 22.5 22.0 22.0
18 23.5 23.0 23.0 22.5 21.5 22.0 26.0 25.5 26.0 22.5 22.0 22.0
19 23.5 22.0 22.5 23.5 22.0 22.5 26.5 25.5 26.0 23.0 22.5 22.5
20 22.5 21.5 22.0 24.0 21.5 23.0 26.5 26.0 26.0 24.0 23.0 23.5
21 23.5 21.5 22.5 24.0 23.5 23.5 26.0 25.5 26.0 24.0 23.5 23.5
22 23.0 22.0 22.5 24.5 24.0 24.0 25.5 25.0 25.5 24.0 23.5 24.0
23 23.0 22.5 22.5 25.0 24.0 24.5 26.0 25.0 25.5 25.0 24.0 24.5
24 23.0 22.5 22.5 25.0 24.5 25.0 25.5 25.5 25.5 250 24.0 24.5
25 23.0 22.0 22.5 24.5 23.5 24.0 26.5 25.5 26.0 24.0 23.5 23.5

(Conti nued)



Tabl e 7b. (Concl uded)

26 22.0 21.5 22.0 24.0 23.5 24.0 26.5 25.5 26.0 23.0 22.5 23.0
27 22.0 21.5 22.0 24.0 23.0 23.5 27.0 26.0 26.5 22.5 21.5 22.0
28 22.5 22.0 22.0 24.5 23.5 24.0 26.0 25.0 25.5 22.5 21.5 22.0
29 23.0 22.5 22.5 24.5 24.0 24.5 25.0 24.5 25.0 22.0 22.0 22.0
30 23.5 22.5 23.0 24.5 24.0 24.0 25.5 24.5 25.0 22.0 21.5 21.5
31 — — — 24.0 24.0 24.0 25.5 25.0 25.0 — — —
MONTH 23.5 19.5 22.0 25.0 21.5 23.0 27.0 23.0 25.0 26.5 21.5 24.0
YEAR 27.0 8.5 17.5




Table 7c. Alternative forns in which you may find water tenperature data in USGS
publications or databases: daily mean water tenperatures.

PLATTE RI VER BASI N
0676400 SOUTH PLATTE RI VER AT JULESBURG, COLO. —Conti nued

EXTREMES, 1970-71 -—Conti nued
Wat er tenperatures: Maxinu 21.0°C aug. 22, 23; mninmum freezing point on many days during
Decenber to March. Period of record.—Specific conductance: Maxi mumdaily, 3,270 m cronhos Jan. 12
1971; mninmmdaily, 348 mcrohonms Aug. 15, 1968. Water tenperature (1946-49, 1950-71): Mxim, 34°C
July 28, Aug, 1, 1953, July 7, 18, 1963; mininum freezing point on many days during wi nter period

rf col | ected from channel no. 2t$96783990)” For
u

REMARKS.—SanﬁIes for specific conductance and tenperat
c his site, see record for So Platte River

u
nmont hl y enm cal anal yses consi dered applicable to
near Jul esburg, Colo. (sta. 06764200).

TEMPERATURE (°C) OF WATER, WATER YEAR OCTOBER 1970 TO SEPTEMBER 1971

DAY OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

1 14. 5 4.5 4.5 1.0 1.0 3.5 6.5 10.0 8.0 11.0 10.0 11.0
2 12.0 3.5 2.0 0.0 0.0 2.0 12.0 4.5 9.0 14.5 14.5 12.0
3 14.5 2.0 3.5 0.0 1.0 1.0 10.0 5.5 10.0 10.0 9.0 15.5
4 13.5 3.5 1.0 0.0 0.0 4.5 6.5 5.5 9.0 13.5 8.0 10.0
5 13.5 3.5 1.0 0.0 0.0 4.5 5.5 4.5 8.0 11.0 8.0 15.5
6 13.5 4.5 4.5 0.0 0.0 4.5 12.0 2.0 10.0 11.0 8.0 20.0
7 9.0 10.0 3.5 1.0 0.0 0.0 9.0 2.0 6.5 12.0 6.5 14.5
8 4.5 5.5 2.0 0.0 0.0 0.0 14.5 4.5 9.0 8.0 8.0 5.5
9 5.5 .5 3.5 0.0 1.0 8.0 15.5 4.5 8.0 10.0 8.0 11.0
10 8.0 .5 1.0 0.0 4.0 8.0 11.0 4.5 8.0 9.0 14 5 5.5
11 .0 9.0 1.0 0.0 3.5 6.5 10.0 1.0 8.0 15.5 9.0 8.0
12 6.5 6.5 1.0 0.0 2.0 4.5 12.0 2.0 10.0 11.0 10.0 10.0
13 10.0 8.0 0.0 0.0 4.0 8.0 15.5 4.5 9.0 10.0 10.0 4.5
14 9.0 4.5 0.0 0.0 5.5 2.0 11.0 4.5 8.0 10.0 18.0 4.5
15 5.5 2.0 2.0 0.0 5.5 3.5 18.0 4.5 5.5 13.5 9.0 4.5
(Cont i nued)



Tabl e 7c.

(Concl uded)

TEMPERATURE (°C) OF WATER, WATER YEAR OCTOBER 1970 TO SEPTEMBER 1971
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Table 8. One formin which you may find water tenperature data fromthe
STORET data base.

STORET RETRI EVAL DATE
06701500
39 12 33.0 105 16 02.0 2
SOUTH PLATTE RI VER BELOW
08059 COLORADO

| TYPA/ AMBNT/ STREAM
112WRD 790519 10190002
0000 FEET DEPTH

00010 00011

DATE WATER WATER
FROM TEMP TEMP
TO CENT FAHN
82/ 07/ 06 1030 8. 00000 46. 4000
82/ 07/ 20 1115 8. 00000 46. 4000
78/ 07/ 11 11. 0000 51. 8000
78/ 07/ 24 12. 0000 53. 6000
79/ 07/ 16 13. 0000 55. 4000
84/07/19 1240 17. 0000 62. 6000
83/ 07/ 28 1110 17. 5000 63. 5000
80/ 07/ 15 1120 18. 0000 64. 3999
79/ 07/ 02 19. 0000 66. 1999
84/07/02 1255 19. 0000 66. 2000
80/ 07/ 03 1250 19. 5000 67.0999
97/ 07/ 01
MONTH NUVMBER 16 16

MAXI MUM 19. 5000 67.0999

M NI MUM 6. 00000 42.8000

MEAN 12. 0937 53. 7687
97/ 07/ 31
78/ 08/ 21 . 50000 40. 1000

4
81/ 08/ 03 0930 6. 00000 42. 8000
81/ 08/ 17 0900 6. 50000 43. 7000
81/ 08/ 31 0905 6. 50000 43. 7000
80/ 08/ 12 0950 6. 50000 43. 7000
7
8
9

79/ 08/ 13 . 00000 44.6000
79/ 08/ 27 . 50000 47.3000
80/ 08/ 27 0945 . 00000 48. 2000
82/ 08/ 16 1235 10. 5000 50. 9000
78/ 08/ 08 12. 5000 54. 5000
82/ 08/ 30 1325 14. 0000 57. 2000
82/08/03 1255 14. 5000 58. 1000
83/ 08/ 11 1050 16. 5000 61. 7000
83/ 08/ 25 1150 17. 0000 62. 6000
84/ 08/ 29 1305 18. 5000 65. 3000
84/ 08/ 16 1235 20. 0000 68. 0000
84/08/1 H »5 20. 0000 68. 0000
97/ 08/ 01
MONTH NUMBER 17 17

MAXI MUM 20. 0000 68. 0000

M NI MUM 4. 50000 40. 1000

VEAN 11. 6471 52. 9646

97/ 08/ 31



Water tenperature data obtained from other sources should always be
somewhat suspect. Independent verification may be in order by limted field
sanpling. After all, the whole basis for any tenperature nodel calibration/
val i dation assumes that the observed tenperatures are neasured accurately and
wi t hout bi as.

I nstrunent ati on

Ther nographs of all types are readily available from several vendors
(see Appendi x B), and npbst decisions relate to how many instrunents are to be
deployed at a time, initial and increnmental costs of each instrunment, and
personal preference. Many people, for exanple, still prefer strip chart or
film type recorders. They are relatively inexpensive, reasonably rugged, and
commonl y avail abl e. Their biggest problens, being mechanical instrunments, cone
from failure of moving parts, drying of ink, and torn nedia. Also, they my
not have a wi de enough recording range for a nultiseason study.

Digital recorders are newer devices that clearly represent the trend in
tenperature neasurenent (Gle 1986). They come wth their own set of
advantages and disadvantages. Usually nore expensive (e.g., $950) than
ther mographs, digital recorders store readings in sone formof menory (called
RAM or EPROM); they have better accuracy, little need for calibration, and are
smal ler and lighter, but they require microconmputer involvenent to get your
data "out." Some of these units require batteries to "renenber"” their data
and sonme do not. The battery units are typically |ess expensive, but battery
probl ems can and do happen. So called nonvolatile units will at |east renmenber
what they have stored before a battery problem arises. One must either take a
mcroto the field, be willing to swap units, be without a unit for a time, or
purchase nore expensive units wth swappable nmenory chips. Wth digital
recorders there is typically no need to send anything for off-site digitizing
or other data reduction technique

Before you buy, draft a set of specifications (Table 9).

No matter whether analog or digital units are used, one also has the
choice of in situ or renpote placement. In situ is probably preferable in
streans where vandalism is a concern, but in situ placenment runs a greater
risk of loss of the unit in high water, physical damage, |eakage, or being
covered with silt or debris. In situ also requires a "dunk"™ to install, test,
and replace the wunit. In contrast, a remptely nounted unit with a cable
leading to a thermistor requires clever concealnment, but it is nore easily
serviceable and requires a less costly housing, weatherproof rather than
wat er pr oof (Figure 25).
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Tabl e 9. Exanpl e thernograph specifications.

Requi renent s Suggested criteria

Tenperature range At least 0 to +50 °C (32 to 122 °F)

Resol ution At least 0.1 °C (0.18 °F)

Accur acy At least + 0.3 °C (0.54 °F)

Recor di ng net hod Digital with visible readout

Interface RS- 232 conpatible with I BM nicrocomnput er

Battery life At least 1 year

Measurenent capacity At | east 4380 (6 nonths of hourly sanples)
recordi ngs

Measurement interval Sel ectable, at least 30 minutes and 1 hour

Depl oyment Bot h subnersible (waterproof) for in situ

recordi ng and by renote cable (water
resistant)

Si ze M ni mal

Wei ght M ni mal

Lifton (Wodward-Clyde, pers. comm) listed problems with the units he
has used and arrayed them from nost to | east comon:

1. Theft

2. Vandal i sm

3. Leakage

4. Battery failure

5. Chart jam or malfunction

6. Stylus jam or breakage

7. RAM failure

8. Chip pin danage or breakage

9. Analog to digital converter failure
10. Tape or filmfailure

All of these problems may be nmitigated to sone degree by how often you visit
the instrunment. Once every two weeks to begin with, and then once a nonth,
may be reasonable, but this is highly dependent on |ocal conditions, desired
redundancy in your data, and cost.

More conplex studies my make it necessary to collect other water
quality data at the sanme tine as water tenmperature data. Refer to other
sources such as Bark et al. (1986), Benham and Ceorge (1981), Hanilton (1984)
and Appendi x B for more information and references.
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Figure 25. In situ and renotely configured thernographs.



Occasionally, spot neasurenents may be wused in lieu of continuous
recorders. Moore (1967) outlined techniques for reconstructing annua
tenperature cycles by regressing spot tenperature measurenments, if date and
time of observation are known, wth continuous neasurenents on sinilar
streanms. He found that seasonally stratified regressions produced better
results than entire-year regressions as streans becane nore dissimlar. For
exanpl e, lunping May, June, Septenber, and October in one group, Novenber to
April in another, and July and August in a third produced good results.

Moore al so reviewed previous investigators' nethods for obtaining nmean
daily water tenperatures, for exanple, averaging the 9 a.m and 9 p.m versus
8 a.m and 4 p.m tenperature measurenents. He reported that averaging the
daily maximum and mininmum tenperatures gave an acceptable nmean, with a
probable error of only 0.3 °C (.54 °F). In the context of our previous
di scussion of averaging max and min air tenperatures, averaged water
tenmperatures should be checked at your site for deviations from true 24-hour
nmeans.

Site Sel ection

There are several considerations that go into decisions on how nmany and
where tenperature recording instruments should be placed. The "how many" is
often based on cost. Figure 26 illustrates the relative priorities for
establishing stations in different system configurations. Cbviously, the
first priority is to accurately nmeasure stream tenperatures within the river
reach(es) of biological inportance (Figure 26a). This (single) location wll
also suffice for calibration purposes. Beyond this first priority, the
picture becones cloudy, with lots of intervening variables; nevertheless, we
can nmeke sone generalizations. In general, the next priority nmust be assigned
to reservoir release tenperatures (Figure 26b), since all tenperature nodels
require these starting water tenperatures. In sone cases, if it is known that
reservoir release tenperatures are relatively constant, at |east through the
season of concern, actually measuring that tenperature through tinme my not
be as inportant. Further, as the distance from inportant biological sites to
a reservoir becones large (greater than 30 km, the need for release
tenperature measurenents decreases. In such cases, equilibrium release
tenperatures may suffice. This is not to say that you should not neasure the
rel ease tenperature; however, if tinme, noney, and manpower are limting, this
may be an area where data can be sacrificed. Use the segnent tenperature
nodel to test systemsensitivity.

In a situation where there is no reservoir, headwaters are the |ogical
candidate. It could be argued, however, that headwaters sufficiently far
upstream (greater than 30 km) can just as easily be approxi mated by using the
"zero flow headwater" approach. |If there is a reservoir and one or nore other
"major" tributaries (Figure 26c¢c), it could be argued that knowi ng the
tenperature i nmedi ately above the junction may be nore inportant than know ng
the reservoir release tenperature, again considering the relative distances

involved. That is, if there is no area of biological concern above the
junction, we do not care as nmuch about the tenperature profile in the upper
reaches. If, however, the release tenperature fluctuates drammtically, or

nore inportantly, release tenperature is a nanagenent action to be eval uated,
pl acing a recorder at that |ocation should dom nate (Figure 26d).
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Variable Constant
Temperaturs Temperature
Release Release

Figure 26. Priorities for installation and collection of water tenperature
moni toring locations for various stream network configurations. See text for
explantion. After Lifton (pers. conm).
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For our purposes, a "mgjor" tributary should not be defined by the
standard 10% of the mainstem flow rule [note that Nobel and Jackman (1980)
believe that a 5% discharge rule should apply], but rather by a tenperature
change definition. For exanple, a tributary that changes the tenperature of
the mainstem by nore than 5% should be included. The m xing equation may be
used to estimte tenperature change. One nust think ahead, however, for a
tributary may not presently be changing mainstem tenperatures, but it may do
so under altered or post-project conditions.

Beyond these general rules, one can only say the nore tenperature
| ocations the better; nore provides insurance against inevitable downtinme and

lost data. A greater instrument density wll also help you isolate
troubl esome reaches for which the nodels seem to perform poorly. However,
nore mnonitoring stations also add to the cost. | can think of no case in

which the density of recorders needs to be greater than every 5 km along a
mai nstem all other things being equal; this should be adequate for small
(less than 50 cfs) streans. For larger rivers, 10 km nay be adequate.

The exact installation site along a river is wusually out of your
control; physical accessibility (e.g., private land) or the existing location
of streanflow gages may essentially dictate the site. Wen a station is
established, care nust be taken to ensure the site is suitable for measuring
tenperature on a nore detailed level. For exanple, water tenperature of
reservoir outflow may be neasured within the scroll case of one or nore
turbines. These tenperatures, however, may be significantly higher than the
average for the total outflow, due to stratification in the forebay, heat
generated by turbulence, and heat conducted through the turbine shaft and
dam Therefore, it may be best to neasure at a distance far enough downstream
to ensure conplete mxing. Verify this by taking a tenperature profile, both
vertically and horizontally, preferably at low flow |[If a particular site
requires a nonitoring station, and there is docunented horizontal or vertica
variation of nore than 2 °C (3.6 °F) npore than 5% of the tinme, two stations
should be installed. In cases of highly variable tenperatures (Figure 27), it
may be necessary to calculate a discharge weighted nean tenperature as
di scussed by Stevens et al. (1975).

The sensor itself is usually nounted in a perforated pipe directly in
the streanflow, but protected to m nimze physical danage. The sensor shoul d
not rest in direct contact with the streanbed, nor should it be in direct

sunlight, if possible. Oobviously, erroneous neasurements will result if the
sensor gets exposed to air at low flows or gets covered with silt or other
debris. Location too near any slough or stilling well can cause erroneous

measurenents if the water level fluctuates very much (Stevens et al. 1975).

Cal i bration

I recommend that any tenperature neasurenents taken have sone tie to a
recogni zed standard, such as that provided by the Anerican Society for

Testing and Materials (ASTM. The use of such a standard will help assure
uniformy high quality data in the courtroom and establish a basis for better
conparisons in the literature (which is woefully inadequate in presenting

information regarding exactly what kinds of tenperature neasurements were
t aken).
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Figure 27. Cross-sectional tenperatures showi ng degree of tenperature
variation for a given transect at a given flow. Reproduced from Stevens et al
(1975).

Standard thernoneters are calibrated for use by what are known as

“total" inmmersion, "conplete" inmersion, or "partial" inmersion instrunents.
The needs of taking tenperature calibration nmeasurenents are best met with the
total immersion thernoneter (ASTM 1983a). In this case, proper calibration

requires that you either totally immerse the nercury colum or use a
correction factor equation. For npst water tenperature applications, the
calibration thernoneter of choice is the ASTM 63C, chosen because of its
appropriate range and units (-8 to +32 °C, 17.6 to 89.6 °F), its graduation
scale (0.1 °C, 0.18 °F), and its maxinmum scale error (0.1 *C, 0.18 °F). If you
can get by with a sonewhat snmaller scale (0 to 30 °C, 32 to 86 °F), the node

90-C may be a better choice, as it needs to be imersed to only 76 nm See
ASTM (1983b) for a thorough description of the options available and ASTM
(1983c) for nore conplete definitions. ASTM 63-C or 90-C thernmoneters are
avail able from several vendors for about $50 (see Appendix 6). You would be
Wi se to purchase two

The thernoneter used for calibrating other instrunents should be lightly
t apped against a resilient surface prior to use to elimnate snall separations
in the nercury columm. If substantial separations still exist, an ice bath may
be used to draw all of the mercury into the bulb (ASTM 1983a). Unfortunately,
this procedure is not readily adaptable to field conditions, where it nmay be
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better to carefully heat the bulb to totally fill the capillary tube and then
al l ow gradual cooling. For special problems in using these thernoneters in
arctic conditions see Gsterkanmp (1979).

The frequency of calibration will vary with the instruments used and
nmust be determined by the experience of the operators. Stevens et al. (1975)
outlined the nethods for instream and air tenperature measurenent and
calibration. His nethod is reported here with mnor nodifications to be
slightly nmore contenporary (technol ogy continues to inprove these devices).

1. Measure air tenperature in the shade using a dry thernoneter to
mninmze the risk of obtaining an erroneously |low air-tenperature
readi ng due to evaporation.

2. Select a site in the stream where the water is moving and where
the influence of tributaries is dimnished because of m xing.
Studi es have shown that a tenperature taken in the main flow of
the stream is usually representative of the entire water nmmss.
During the sunmer, when discharges are low, it nmy be necessary
to wade into the center of the stream or as far as possible in
deep streans, to obtain the tenperature. If sufficient mxing has
not occurred, tenperature observations nust be obtained at
several locations so that a discharge-weighted mean tenperature
can be conputed.

3. Stand so that a shadow is cast upon the site chosen for collecting
the tenperature.

4. Make certain the liquid colum in the thernoneter is not separated.
Hold the thernonmeter by its top, and totally imerse it in the
water in the shadow area. Position the thernmonmeter so that the
scale can be read, and hold the thermonmeter in the water unti
the liquid colum no | onger noves (no |less than 60 seconds).

5. Wthout renoving the thernoneter fromthe water (to avoid wet-bulb
cooling), read the tenperature to the nearest 0.1 °C (0.18 °F),
and record it in the field notes. [Tenperatures neasured by the
calibration thernmometer should be read in a fashion to elimnate
paral |l ax (ASTM 1983a).] If the water is too rough or too turbid
to allow a reading in the stream the tenperature may be taken by
filling a container with the water, imersing the thernoneter in
the container, and then reading the tenperature. The container
must be large enough to allow total inmersion of the thernoneter
and the walls of the container nust be brought to the sane
tenperature as the stream before it is filled with water for
tenperature deternination. In addition, it must provi de
sufficient thermal nass to insure that the tenperature of the
water in the container does not change while the tenperature is
being recorded. A volune of at least a pint should be w thdrawn
for tenperature measurenent.

The observed water tenperature is considered to be the true

stream tenperature and will be designated as TST. The next step
is to repeat the above procedure (steps 3 through 5) in the water
near the
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sensor. This is not the sensor temperature but the tenperature of
the water mass surrounding the sensor, and it wll be designated
as TNS (tenperature near sensor). After recording this tenperature
the observer should check the thernograph recorder and note the
i ndicated tenperature. The recorder temperature is designated as
TRC. The three tenperatures should all be recorded in the field
notes and also on the tenperature chart (if there is one), along
with the date and tinme. Differences between TST and TNS will
generally be diurnal or seasonal in nature. The recorder should,
hence, be set to read TNS, and corrections should be nade during
the analysis of the record to account for differences between TNS
and TST. This recording procedure will provide a clear record of
problens at a given site, and it permts the recording of accurate
tenperatures at the higher flows, when TNS is Ilikely to be
representative of the true stream tenperature (TST). Usually,
changes in a recorder setting of less than 0.5 °C (0.9 °F) should
not be nade unless the apparent error is verified by two or nore
field inspections.

After the observer has obtained and recorded the three reference
tenperatures, she should check and correct, if necessary, the
recorder-chart tinme and the zero and span settings. Sensors should
be checked, cleaned, and replaced if necessary. Sensor-recorder
measuri ng systenms should be recalibrated at |east twice each year
(nore often if problens are observed).

G oundwat er Tenperat ure

Many streans receive substantial portions of their flow for all or part
of a year from groundwater. Cbviously, it is inportant to have a good estimate
on the tenperature of this advective thermal contribution. In many cases, the
di urnal tenperature fluctuation nmay be al nost conpletely danped out in spring-
fed streams, especially in large or heavily shaded streans (More 1967).
Localized influx of cool groundwater may account for tenperature reductions of
4-5 °C (7.2 to 9 °F) over a distance of 300 min small streanms (Smith and
Lavis 1975).

Stevens et al. (1975) recommends using a nmaxi mum nini nrum t hermonmeter for
measuring ground-water tenperatures at a reconnaissance |level. This seemns
quite practical, since in npbst cases groundwater would not be expected to
fluctuate in tenperature very nuch. Oher measures would need to be taken
shoul d variati on be observed. These tenperatures nmay be taken in unused wells,
punping (irrigation) wells, discharging springs, mnes, or holes bored in the
streanbank. Wells present special problens if there is nmuch stratification

In the absence of on-site groundwater tenperature neasurenments, Theurer
(1984) and Currier and Hughes (1980) recommend the use of nean annual air
tenperature. More (1967) confirns this approximation with the exception of
t hermal areas.

There seens to be an unfortunate lack of information about the

tenperature of irrigation return flow. One source (Sylvester 1963) reports the
foll owi ng
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sketchy information for the Yakinma River basin, which is not neant to be
representative of other |ocales. To paraphrase

Irrigation return flow tenperatures nmay be warm or cool depending
on the situation. The storage of irrigation water in deep reser-
voirs generally provides a cooler source to river points above
maj or diversions. Below these diversions, water 1is diverted
resulting in about 20% | oss due to spillage and over-irrigation

The rest is applied to irrigated land where it evapotranspires
(roughly 40% of the diverted water) resulting in a cooling of the
soil. About 45% of the water enters the groundwater where one
half of this returns to the parent stream during the irrigation
season and one half returns from bank storage during the non-
irrigation season. In either event, part returns to the streamin
open drai nage channels or subsurface drains. Open drains resulted
in tenperature rises of about 3.3 °F (1.8 °C). Sub-surface drains
di splay a drop of about 5.3 °F (2.90 °C). Thus the proportion of
wat er returning by each nmethod nay be inportant.

For this reason, the SNTEMP npodel allows for proportioning this lateral flow
For SNTEMP, Theurer (1984) recomrends estinmating the open drain return
tenperature as equilibrium tenperature; the remainder may be estinated as
ground- wat er tenperature.

Data Correction and Reducti on

There are a number of problenms that arise in reducing tenperature data

If your data is obtained froman external source, it may be wise to apply the
so-cal led "maxi mumm nimum test"” (More 1967). This conparison follows the
logic that the maxi mum water tenperature on any day (or really any tine
period) cannot be less than the mninum tenperature on the preceding or
foll owi ng days because the tenperature cannot change instantaneously. Since
rounding errors may be present, only discrepancies of nore than the m ni mum
resolution should be scrutinized. Always ask for and test data in the
original units to mnimze rounding and reporting errors.

The sources for error in your own data reduction, particularly in
anal og recordi ng devices, such as strip chart recorders, are many and varied
(Figure 28). The constant error is the npbst common and can be corrected by
addi ng or subtracting the bias. Nonuniform errors require at |east two-point
calibration. Both types of errors may be conpounded if it is known that drift
over time has occurred. If so it is usually assuned that the drift rate has
been constant. | recommend that you keep a log of calibration checks so that
these errors nay be corrected. Cold water tenperatures are known to affect
sone nechanical recorders. These errors should be considered uncorrectable
unl ess sone correlation with a properly functioning recorder is possible.

Most field tenperature recorders now have sone automatic or senm-
automatic nmethod of generating a conputer readable digital file of
tenperature neasurenments. At worst, a strip or circular chart nust be sent to
a lab for digitizing. At best, there is software available for sunmarizing
already digitally recorded data. However, you should check beforehand to see
whet her the
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digitizing or other software has built-in nmethods for correcting the constant
or drift errors nentioned above.
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Figure 28. The different types of error that can arise in the nmeasurement of
tenperature. If well specified, these types of errors can be corrected
(calibrated). Reproduced from Stevens et al. (1975).

The nmethods of summarizing and presenting water tenperature data can
vary from sinple to conplex and depend largely on the purposes at hand. In
general , graphical techniques are valuable in showing the degree of variation
over tinme or space (Figure 29).

If daily average tenperatures are reported, the maxi mum and m ni mum
tenperatures should also be recorded if the diurnal variation is greater than
about 2 °C (3.6 °F) (Stevens et al. 1975). Dates and tinmes should always
acconpany periodic or nonrecording measurenments. Remarks concerni ng accuracy
of measurenments or other special considerations also should be included for a
conprehensi ve tabul ati on of tenperature neasurenents.
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Figure 29. Tenperature versus di stance versus tinme display. Reproduced from
Stevens et al. (1975).

Esti mati ng Water Tenperatures

Often one nmust supply estinmates of water tenperatures on tributaries
where no water tenperature data has been collected. The rule of thunb is that
tributaries that change the mainstem tenperature by 5% should be considered
in the analysis. However, these may be either too nunerous or too simlar to
warrant costly data collection on each one. Therefore, the typical technique
used in estimating incomng tenperatures is to nodel the tributary(s) by
extending them to an arbitrarily defined "zero flow' location. That is, for
nodel purposes, nodeling the tributary froma point at which it can safely be
assuned that all flow is essentially groundwater, which itself is usually
assuned to be entering the stream at the nmean annual air tenperature. This
water and subsequent accretion wll be subject to the full range of
nmet eor ol ogi cal effects such that, by the time it mxes with the mainstem the
predicted water tenperatures should be approximtely correct. Estimates so
derived will becone better and better the |longer and nore honpbgeneous the

tributary is with respect to stream geonetry conditions. Spot verifications
will, of course,
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I nprove one's faith In this method, which is sinmlar to that proposed by
Nobel and Jackman (1980).

SPECI AL CASES

I ce Conditions

It 1s to be expected that tenperature nodels such as SNTEMP will|l perform
poorly at water tenperatures near freezing. The thermal properties of liquid
water alter below about 4 °C (7.2 °F). Water tenperature variation is
prof oundly suppressed in the vicinity of freezing due to the latent heat of
fusion which, in effect, neans that the variation in tenperature becomes nore
strongly influenced by the tenperature of the water than by the air
tenperature (Song and Leung 1978). In addition, any degree of ice cover
significantly affects heat flux at the water-air interface.

There are many questions one would like to ask of water tenperature
nodels in such cold conditions. For exanple, what is the [ength of open water
below a controlled-release reservoir? This my be inportant in estimting
crowdi ng conditions for fish and waterfowl (and conconitant waterfow disease
rates) or determining ice passage conditions for terrestrial wildlife (Gosink
1986). In addition, an estimate of when ice conditions may occur coul d provide
better stream discharge estimates because they indicate when altered stage-
di scharge rel ati onshi ps should be used (Moore 1967).

There are many research opportunities in the area of river ice related
to how differing hydrodynanmic and meteorologic conditions aid or hinder the
formation of various rates and kinds of ice. Until npre questions are
answered, one nmay refer to an extensive bibliography conpiled by Ficke and
Ficke (1977), which includes sections on the freezing process, climtic
effects and prediction, regulation and control, melting and breakup, ice jans,
flow under ice, and ice interactions with structures. Oher sources of help
are the Arctic Environnental Information Data Center in Anchorage, Alaska, and
the Arny Corps of Engineers Cold Regions Institute in Hanover, New Hanpshire.

It is clear that cold water and ice affect the nortality as well as the
behavi oral ad m crohabitat preferences of many aquatic organi snms. However,
studies of the effects of winter conditions in streans have been largely

negl ected (Needham and Jones 1959). Fish wll select microhabitat sites to
m ni mze the danger of freezing, even though it is rare that actual freezing
will occur, since the freezing point of freshwater fish is usually in the

range of -0.50 to -0.65 °C (31.14 to 30.87 °F) (Devries 1971).

Reservoirs

Cowx et al. (1987) observed tenperatures downstream from a reservoir al
year long. As expected, sunmer tenperatures were uniformy depressed, while
wi nter tenperatures were sonewhat elevated. The daily tenperature variations
were also danpened. The interesting thing was that the time of year when
absol ute maxi mum tenperatures were reached depended nore on the reservoir
rel ease schedul e than on anbi ent nmeteorol ogical conditions. In addition, their
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observations and other studies they nention, lend credence to ny observation
that it is unconmon for a reservoir to influence tenperatures nore than 25-30
km downstream Notable exceptions, however, do exist. Clearly, this wll
depend on the volunme of release water; the larger the release, the further
the effects will be felt. Cassidy and Hol mes (1980) documented "significant"”
tenperature changes 208 km (129 ni) downstream from Percy Rapids Dam on the
Rogue River, Oregon.

Syl vester (1963) summarized the effects of reservoirs:
The inmpoundrment of water will produce various tenperature

effects on the inpounded water tenperature and on the downstream
wat er tenperature, depending upon

1. Volume of water inpounded in relation to mean streanfl ow.

2. Surface area of inmpounded water

3. Depth of inpounded water

4, Orientation with prevailing wind direction.

5. Shadi ng afforded.

6. El evati on of inpoundnent.

7. Tenperature of inflow water in relation to tenperature of
i mpounded wat er.

8. Depth of water wi thdrawal.

9. Downstream flow rates during critical tenperature period,
i.e., an increase or decrease in flow over that occurring
naturally.

In general, it can be said that |large and deep inpoundnents will

decrease downstream water tenperatures in the sumer and increase

them in the winter, if wthdrawal depths are |low, that shallow

i mpoundnents with Targe surface areas wll increase downstream

water tenperatures in the summer; that water periodically

withdrawmn from the surface of a reservoir wll i ncrease
downstream water tenperatures; that a reduction in nornmal
streanflow below an inmpoundnent wll cause nmarked tenperature
increases; and that ‘'run-of-the-river' inpoundnments, when the
surface area has not been markedly increased over the nornmal
river area, will produce only snmall increases in downstream water

t enper atures.

Ward (1963) enployed a sinple harnmonic nmodel in his investigations of
the influence of reservoirs on Arkansas stream tenperatures. He concluded
that (1) the average annual tenperature is reduced; (2) the annual variation
of tenperature is reduced alnmost by half; (3) the absolute value of the phase
coefficient of the sine curve is increased. This nmeans that minimm and
maxi mum t enmperatures occur later in the year, 38 days in Arkansas; (4) the
correlation index is reduced, and (5) the standard error of the estimate is
i ncreased.

Moore (1967) pointed out the sinilarity between spring-fed streans and
i npounded streams, which makes sense. Both are drawing from "reservoirs" of
| argely constant-tenperature water. Hi s conclusions were generally simlar to
Syl vester's. He did docunment that tenperature changes occurred as nuch as
about 90 km downstream of a newly constructed reservoir; unfortunately, the
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correspondi ng changes in discharge were not mentioned. Speaking of springs,
Webb and Walling (1988) reported substantial Increases In ground-water
di scharge downstream from a newly constructed reservoir in England. This
springflow tended to noderate the tenperatures of the release water, warm ng

the winter releases and cooling the summer releases from this largely
unstratified i mpoundnent.

Experiments | conducted (Barthol ow 1985) have shown that nonstratified
run-of-the-river inpoundments nmay actually decrease the maxi mum tenperatures
if the increase in depth is not offset by an increase in width, such as would
be the case in a confined canyon area.

Many if not nost applications of a stream tenperature nodel involve
reservoir construction or altered release evaluations. If it is not expected
that changes in flow release patterns will thenselves influence the release
tenperature, then the analysis is greatly sinplified. However, if the flow
alterations may be expected to change the rel ease tenperature, then those new
rel ease tenperatures must be estimted or predicted based on sonme sort of a
nodel of response. New construction can always be expected to nodify the
thermal regine.

As with stream tenperature nodeling, there are a variety of techniques
that one could draw on for help. Perhaps the sinplest is for the case in which
a new reservoir is to be constructed, if there are sinilar inpoundnents in the
region of development. Sinilarity my be evaluated on the basis of such
paraneters as elevation, depth, and fetch (the |ongest horizontal distance
exposed to prevailing winds). Enpirical equations have been devel oped (Shuter
et al. 1983) that attenpt to predict annual surface water tenperature cycles
during ice-free periods based on paraneters such as these for stratified and
nonstratified |akes. Unfortunately, | found their harnonic analysis difficult
to interpret.

O her techniques relate air tenperatures and surface water tenperatures
(Sette 1940; MConbie 1959). Different tine periods are necessary for good
fits. Dividing the year into two periods, one in which water tenperatures are
rising and one in which they are falling, inproves the correlations. |If enough
data is available, a correlation for each month is in order. |f surface
tenperatures are avail able, one could argue that they should be used directly.
The correlation with air tenperature, however, may be useful in frequency
anal ysis when air tenperature data is nore readily available. In any case
these «calibrations require that data be available for representative
reservoirs, usually nearby.

The literature contains exanples of nmethods to control tenperatures
downstream from reservoirs without a multilevel release facility by varying
gross release schedules for different seasons of the year (Wnderlich and
Shiao 1984). This nmethod utilizes a "cold water index," which is the ratio of
the sum of reservoir releases within a planning period to the cold water
volume in the reservoir a the start of the period. The index is reservoir
specific and can be used in operational-constraint type nodels when nultiple
obj ectives, such as power generation and fl ood control, are involved.
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An additional level of difficulty is introduced if the proposed or
actual withdrawal is of the nmultilevel design such that water may be renoved
from one or nore vertical tiers within the reservoir. Such a nultilevel
design nmay be used to help control a variety of water quality attributes
i ncludi ng tenperature, dissolved oxygen, and turbidity. Though the difficulty
of "predicting" release tenperatures is increased in such a situation, the
flexibility of neeting tenperature release targets for a specified tinme is
mar kedly increased. Exact targets should not be expected; instead, target
"wi ndows" provide the needed water managenent flexibility (Cassidy and Hol nes
1980). Sine curve correlation my be a potentially useful technique for
predicting water t enper at ur es at di fferent dept hs in a reservoir
(Kot handaraman and Evans 1970), but care nust be used if alternative water
managenent scenarios are likely to change these profiles very nuch. It is
apparently rare for geographic stratification patterns to recur on a yearly
basis (Winderlich and El der 1967).

In reservoirs with nmultilevel outlets, the tenperature of the outflow
is highly dependent on inflow hydrodynamcs. In addition, the actual water
strata withdrawn is not as sinple as mght be expected. Water is "sucked-in"
based on the velocity, the relative density differential of the water |ayers,
and the size of the intake structure. The higher the velocity, the nore
likely it is that water |ayers above the intake get entrained. Consultation
with an experienced hydrol ogi st-engi neer is highly recomrended.

In addition to the thermal release characteristics of reservoirs, there
are a variety of water quality concerns, both during the initial filling
(Gunnison et al. 1986) and operation (Terrell et al. 1982), that are beyond
the scope of this paper. However, because reservoir release tenperatures are
so often integrally related to the nodeling of downstream tenperatures, we
will list a variety of nmodels available for performng predictive analysis
(largely taken from ERA 1984, and Corps of Engineers 1987). No attenpt wll
be made to eval uate these nodels here.

1. Water Analysis Sinulation Program (WASP) - A one- or three-
di mensi onal gener al reservoir wat er quality, i ncl udi ng
temperature, nmodel for planktonic analysis. Mddel is public

domain with user's manual and technical assistance available from
EPA's Large Lakes Research Station in Grosse Isle, Mchigan.

2. CLEAN Series - Ceneral reservoir nodeling package for well-mixed to
stratified conditions in reservoirs, fish ponds, and alpine
| akes. Model is public domain with user's nanual and technical
assi stance avail able from EPA's Environnental Research Laboratory
in Athens, Georgia.

3. LAKECO - A one-dinensional model for calculating tenperature,
di ssol ved oxygen, and nutrient profiles for wastel oad all ocation.
Model is public domain wth wuser's nmanual and technical

assistance available from the Corps of Engineers Hydrologic
Engi neering Center in Davis, California.

4, Water Quality for River Reservoir Systens (WOQRRS) - Simlar to
LAKECO, but can al so consider river flow and quality. Mdel is
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public domain with user's nmanual and technical assistance fromthe
Corps of Engineers Hydrologic Engineering Center in Davis,
California.

CE- QUAL-R1 - An extensive one-dinmensional nodel of reservoir water
quality, descended from WORRS. This nodel is reported to work well
in fluctuating-level reservoirs. Mdel is public domin wth
user's manual and technical assistance fromthe Corps of Engineers
Wat erways Experinent Station in Vicksburg, M ssissippi.

CE- QUAL-W2 - A two-di mensional reservoir (and other waterbody) water
quality nmodel similar to CE-QUAL-R1. Model is public domain with
user's manual and technical assistance fromthe Corps of Engi neers
Wat erways Experinment Station in Vicksburg, M ssissippi.

CE-THERM1 - A one-dinensional reservoir nodel exclusively for
predicting tenperatures as controlled from nultilevel outlets.
This nodel is also reported to work well in fluctuating-I|evel
reservoirs. Mdel is public domain wth wuser's npmanual and

technical assistance from the Corps of Engineers Waterways
Experiment Station in Vicksburg, M ssissippi.

WESTEX - A one-dinensional reservoir nodel for tenperature and
conservative consti tuent nodeling for opti mal design of
multilevel outlets. Mdel is public domain with draft wuser's

manual and technical assistance from the Corps of Engineers
Wat erways Experinment Station in Vicksburg, M ssissippi.

SELECT - A one-dinmensional, steady-state, selective-w thdrawal nodel
for deciding which ports to use to neet downstream water quality
objectives. Mdel is public domain with draft user's manual and
technical assistance from the Corps of Engineers Wterways
Experiment Station in Vicksburg, M ssissippi.

HEC-5Q - Reservoir system sinulation/optimzation nodel for water
supply and water quality planning studies. Mdel is public donmain
with user's manual and technical assistance available from the
Corps of Engineers Hydrologic Engineering Center in Davis,
California.

Laterally Averaged Reservoir Mdel (LARM - LARMis a one- or two-
di mensional tenperature and reservoir flow nmodel useful in
reservoir/stream networking analysis. It has been used in
estimating rel ease tenperatures over time of varying the rel ease
outlet location (CGordon 1981), and it has been used in conjunction
with SNTEMP on conplex stream networks in California (Lifton et
al . 1985). The two-di mensional nodel requires 15-nminute tinme steps
to remain stable. The nodel is in the public domain and avail abl e
from the Corps of Engineers Hydrologic Engineering Center in
Davis, California.
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M crot hernal Habitats

Al of the water tenperature nodels we have enpl oyed are one-di nensi onal
nodels in that they assume that the water is thoroughly mxed at any point in
time and space, and therefore can be used to predict tenperature patterns
longitudinally (downstream) only. They contain no facility for |ooking at
tenperature changes horizontally (across the channel) or vertically (fromtop
to bottom. At noderate to high flows, this assunption should not be a nmjor
difficulty. But at |low flows, when npst tenperature extremes are reached, you
need to exanmi ne this assunption nore closely.

Bil by (1984) classified four distinct types of cool-water areas in a
fifth-order Washington stream (Table 10). He ternmed them | ateral seeps, pool
bottom seeps, <cold tributary nouths, and flow through the streanbed.
Tenperatures in these cool-water areas averaged 4.7 °C (8.5 °F) lower than
ambi ent water conditions on warm afternoons. A total of 39 cool areas were
found within a 3.5 km reach, and collectively accounted for 1.6% of the
surface area and 2. 9% of the water volume of this stream

Tabl e 10. Average size, depth, and tenperature depression of the cool -water
areas found by Bilby (1984) in a Washington stream (di scharge not reported).

Aver age Aver age Aver age tenperature
size (nf) depth (cm depression (°C)
Lateral seeps 1.3 15 4.7
Tri butary nouths 6.0 23 5.3
Pool - bottom seeps 7.3 43 4.9
Under gravel flow 4.6 38 3.9

The areal extent of cool-water areas formed by lateral seeps and
tributary nmouths was influenced by the characteristics of the stream channel
upstream from the point of cool-water entry. Anything that served to deflect
warm flowing water from mixing with the cool water forned protected cool -
wat er areas (Figure 30).

In general, the seeps had a greater degree of thermal constancy and a
greater tenperature depression than did the undergravel flow areas, which
represented the mpjority of the cool-water area. This was attributed to
seepage being actual ground-water effluent, whereas undergravel flow had
originated as instream water and was only cooled by its passage through the
streanbed. The wundergravel flow therefore showed sone diurnal tenperature
vari ation.
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Figure 30. Conmon areas in which to expect tenperature-created nicrohabitat.
Reproduced from Bil by (1984).

In simlar work, Ozaki (1988) surveyed 21 km of Redwood Creek, northern
California, for cool pools. These pools, defined as areas that nmintain water
tenperatures nore than 3 °C (5.4 °F) lower than adjacent water, represented
l ess than 9% of the total pool population. Al of these pools were at |east
partially segregated from the |owflow channel by gravel bars and were
mai ntai ned at depressed tenperatures by either hillslope groundwater,
tributary inflow, or intergravel flow, wth the latter two being nost
i nportant. The tenperatures recorded were independent of the pool's depth or
volune, and thus felt to be dependent on inflow quantity and tenperature. Poo
wi dth-to-depth ratio seened to be related to the pool-mainstem tenperature
differential: the longer and narrower the pool, the cooler the pool. Mst
pool s exhibited some formof stratification in the sense that the deeper parts
were col der. However, nmost pools were not stratified in the sense that they
exhi bited a distinct therno-cline.

Bil by's and Ozaki's findings may be contrasted with those of Neel (1951)
who found anple evidence of true thermal stratification in the small,
headwat er streanms of Kentucky. Though sonme pools were found to be spring-fed,
ot hers showed decided stratification (up to 6 °F, 3.3 °C) at low flows. The
stratification Neel found was not the stratification of stagnation, but rather
that of segregation of thermally distinct flowing water. That is, at different
tines,

80



one mght find warmer water flowing across the top of the pool, or cooler
wat er flowi ng along the bottom (or even at internedi ate depths).

Neel found that water surface elevations in riffles were fairly
reliable indicators of thermal stratification in downstream pools, even very
shall ow ones. If the water surface elevation fell (slowy) below a specified
level, thermal stratification would be found. However, this was not true if
water |evels were fluctuating frequently. These fluctuati ons would conbat the
formation of thermal layers. This principle is nicely shown in Figure 31,
whi ch depicts the maxi num water tenperature as a function of depth and flow
for the Eel River. For exanple, an 8 cfs flow creates a thernocline at a
depth of 45 feet. Increasing the flow to 44 cfs lowers the thernocline to
10-12 feet. At 83 cfs there is no thermal stratification. This figure also
illustrates that stratification maintains a marginal habitat even on very hot
days. Thus, wunder <conditions of very limted water supply, it my be
preferable to actually reduce flows in order to protect cool-water refuges,
such as these California pools used by juvenile anadromous fish. At a
m ni mum care should be taken not to increase flows in the afternoon, thus
di sturbing the thermally segregated water.

Anderson and Myajim (1975) found that they <could |ower stream
tenperatures in constructed pools by 1 to 4 °F (0.6 to 2.2 °C), and that peak
tenperature (over 72 °F, 22.2 °C) duration could be shortened from 12 hours
inriffles above the pools to 1-2 hours in the pools (Figure 32).

Cool -water refuges in or near tributary nouths present nore of a
problem We know that thernmal segregation occurs sone distance downstream
from tributaries (or other point sources) even though the npdels assune
i nstantaneous and thorough mxing. At tines it nay be desirable to estinmate
this longitudinal mxing distance. One approximtion for rivers and streans
in which the depth is less than one tenth of the width is (MIhous, pers.
comm, adapted from Rut hven 1971):

L = 0.085 W
D( Ts n

where L = mixing length (feet) that assures the variation in
tenperature across a section arising froma point source interjection
does not exceed 10%

W= average streamwi dth (feet)

D =average stream depth (feet)

n = average Manning's n (roughness)

For exanpl e, suppose you had a river 100 feet wide, 5 feet deep, with an n
val ue of 0.06. The length to near conplete mxing would be:

L = 0.085 100° — 850
5{5/6) « 9. 06 3.82 * 0.06

= 3705 feet
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It is very inmportant to renenber that the roughness value is a function of
flow and can increase dramatically at low flows. Also, any channel bends or
other features will tend to shorten the m xing length. Consult an experienced
hydr ol ogi st when applying this fornul a.

An alternative nethod of estinmating the |ength of channel, from a side
channel , necessary for conplete mxing may be found in Hubbard et al. (1981).
It does not involve the use of Manning's n, and has been adapted as shown
her e:

L= 0.062v * wW
d2*s

where v = velocity (ft/sec)

w = width (ft)
d = depth (ft)
s = slope of water surface (ft/ft)



From sinple experinmental calculations, it would appear that this fornmula is
very conservative in its estimation for truly conplete nmixing by
overestimating the distance in small streans. For exanple, using the sane
situation as above with an average velocity of 3 ft per second and a 1%
gradi ent :

One mght hope that a reasonable answer nmay be bounded by these two
cal cul ation nmethods. As always, there is no substitute for field verification

Not only do stratifications, seepage, and thernmamlly segregated waters
produce neasurable tenperature differences, but also it is well docunented
that fish take advantage of them G bson (1979) used skin diving techniques to
observe salnmon parr noving into a spring seepage of 17 °C (62.6 °F) when the
main river tenperature rose above 22 °C (71.6 °F). They were physically
oriented towards the source of the cool water and showed no apparent
territorial behavior. Kaya et al. (1971) docunmented trout moving into the
nmout h of cool -water streans in a geothernally active area of Yell owstone Park.

Though the focus of the above studi es has been towards the areas of cool
water during times of otherwise high tenperatures, the other end of the
spectrum needs to be examined as well. During the wnter, ground-water
ef fluent, undergravel flow, tributary nouths, and other locally heated areas
can offer respite from very cold water with simlarly docunented
concentrations of fish (Kaya et al. 1971; Coutant et al. 1984).

It is unlikely that cost-effective nodels that can predict thernal
m crohabitats will be available for some tinme. About the best that can be done
is to take spot tenperature neasurenents at low flow to see if stratification,
ground-wat er seepage, or undergravel flows do occur and to what extent. You
need to be aware that such areas exist and that nobile aquatic organisns do
seek refuge in tinmes of thermal stress, both when anbient waters becone too
hot or too cold. It would be nice to deternmine the spatial and tenporal uses
of aquatic species in differing thermal mcrohabitats in the field. I am aware
of tenperature sensitive ultrasonic fish tags (Rochelle and Coutant 1973), but
unawar e of specific results of using such tags.

The nost effective and accurate way to nmake nicrothernmal neasurenents is
with a therm stor probe. Bare-legged wading may show where these areas are
| ocated; then wuse the probe to meke very localized and undisturbing
tenperature neasurenents. |If such a probe is not available, a conplete
i mersion thernmoneter should be used, with the instrument turned horizontally
such that its entire length is exposed to a constant tenperature (Neel 1951).

Though these mcrohabitats do exist, and offer the best refuge in tines
of tenperature extrenes, don't rely on their existence. Existing field data
suggest that they are too thinly spread (Bilby's 1.9% of total stream area
and Ozaki's 9% of all pools) to support a true fishery, though they may offer
hope for repopul a- on ater extrene events.



SI MULATI ON AND ANALYSI S TECHNI QUES

ALTERNATI VE PREDI CTI VE TECHNI QUES

In any given study, there may be reasons to choose anong alternative
tenperature nodels due to the objectives of the investigation as well as the
constraints involved. Anbng those alternatives are (1) nonitor tenperature
response to a range of flow and neteorological conditions, (2) use
regression-type nodels, (3) use process-oriented nodels, or (4) use sone
conbi nati on of the above.

Measurenment Only

It is always worth nentioning that certain tenperature nmanagenent
problems may lend thenselves to neasurement only. Existing data may be
sufficient in the sinplest cases to denobnstrate that there is or is not a
tenperature problem In nore conplicated cases for which the opportunity to
experiment exists (alternative flows for exanple), reliable tenperature
estimations nmay be obtained from interpolation or Ilimted extrapolation.
Thus, explicitly avoiding formal nmodeling is always an alternative. |If
sufficient flexibility exists in water mnagenment that flows may be
mani pul ated through the range of feasible alternatives, and the variability
in nmeteorological conditions is expected to be fully realized, a carefully
executed tenperature monitoring study should be possible. (Note that a
special case may be represented by relying on existing historical water
tenperature data.) The system s response could then be carefully interpolated
fromthe neasured data.

The dangers of such an approach, however, should be apparent in the
above wording. This assunes that it is only flow, or possibly reservoir
rel ease tenperature also, that are the managenment alternatives. Care should
be taken to not overly constrain the range of alternatives eval uated. Though
it may be reasonable to extrapolate above the range of nmeasured flows, it
woul d not be wise to extrapolate below that range because the rate at which
wat er approaches equilibrium is highly nonlinear at low flows. It is not
often that the full range of neteorological conditions can be expected to
occur. An analysis of the recurrence interval of daily maxinmm air
tenperatures, for exanple, may illustrate the expectancy of such conditions.
Because these opportunities are felt to be linmted, because changes in shade
or stream geonetry cannot be easily manipul ated, and because the range of
nmet eorol ogi cal conditions nay be inconplete, other techniques will often need
to be enpl oyed.

Regr essi on Model s

Regression-type nodels are very attractive in their sinplicity and
understandability. Data requirements are often nmnimal, and the relative
sensitivity of paraneters can be easily derived. Do not, however, fall prey
to reducing the number of ternms to just water tenperature and flow Always
exam ne other ternms (see below). The nodels as outlined by Theurer (1984) are
far nore



robust. The "zero |lateral flow heat transport" regression nodel is
theoretically the best nodel because its paraneters have been "transfornmed" to
the mathematical formused in the process-oriented sinulation nodels, but sone
experi ence has shown that the variance reduction in the estinates may not be
worth the trouble. It is especially prone to problens if the geographic
|l ocation of interest is below a reservoir or a "mjor" tributary that
represents a thermal discontinuity. The sinple multiple |inear regression may
be a reasonable alternative. Its first-order formis:

Tw = aO + al Ta + a2 WA + a3 Rh + a4 (S/SO + a5 Hsx + a6 Q
where Tw = tenperature of the water
Ta = temperature of the air
WA = wi nd speed
Rh = relative humdity
S/ SO = percent possible sun
Hsx = sol ar radiation
Q = discharge
The units may be any you choose, and the predicted tenperatures nmay be
m ni rum mean, or nmaxi num Second-order terns may be added if the data set is
| arge enough. Please consult a statistician for appropriate sanple sizes and
determ nation of which paraneters to retain in an analysis. Al ways exam ne the
standard error for each coefficient to see which terns to include in your
nodel and which to throw out. Beyond the sinple linear regression above,
ingenuity may be in order. For exanple, one application determ ned that the
difference in maxi num tenperature from predicted nean daily tenperature was
best estimted by a regression of the form (WmKi nmer, pers. comm):

AT =a+b* In(Q

where AT

max daily tenperature - nmean daily tenperature
a and b = enpirically derived coefficients

Q = nmean daily discharge

In = natural |og

Sone support for this fornulation my be found by renmenbering the form of the
rel ati onship between width and flow as well as between n and flow.

The SNTEMP nodel has a limted ability to fill in missing discharge
measur enents based on an average of known values from the sane tine periods.
It has a nuch nore sophisticated set of regression techniques for mssing
water tenperature values. In addition, water tenperature values nmay be
"snoot hed" to



handle outliers that my have resulted from grab-sanple data collection
met hods, lack of quality control, or malfunctioning equipnent. As with any
regressi on approaches, there cannot be any change to the system If a
reservoir has been constructed during the period of record used to fill or
snmoot h data, for exanple, two regressions would need to be devel oped, one to
describe the predam conditions and one for the postdam conditions.

There are also other nmethods for estimating mnissing water tenperature
val ues. One prom sing nethodology is the use of "harmonic" analysis. Though
there are several variations on this theme, they all work by fitting one or
nore sine waves to the known data. One technique that shows promise for
predicting daily water tenperatures from tenperatures taken on a |less than
daily time step (periodic or irregular) is contained in a paper by Glroy and
Steele (1972); also see Ward (1963). The nethod used need not be constrained
to any particular tine step. The basic formof the sine wave relationship is:

Tjp = M+ Asin(bj + C + ¢

where Tj = the streamtenperature on Julian day j (°C)
M= the overall nean tenperature for the time period of interest (°C

A = the anplitude of the sine wave (°C)

C = the phase angl e (degrees)

b = the fundarmental period of the sine wave; equal to (2 pi)/365 (or 336)
ej = the randomerror term (°C)

You may use this relationship and determine the best fit coefficients M A
and C through standard |east squares (or other) regression analysis. To do
so, however, the fornulation nmust be changed to:

Tp - M+ Al sin(bj) + A2 cos(bj)
where the paranmeters from above are then:
C = arctan(A2/ Al')
A = Al/cos(O

For sinplicity, however, just Ileave the equation in the second form
containing both the sin and cos functions.

It my often be profitable to use these fornmulations in conjunction
with one another. For exanple, it is usually easy to obtain at least air
tenperature data near the stream of interest; flow data nust be obtained or
estimated. All other nmeteorological data may then be lunped, in effect, into
the sine wave equation. Thus, the fornulation would becone:

Tj = A0 + Al Ta; + A2 In(Q) + A3 sin(bj) + A4 cos(bj)



which is very easy to deal with and generally produces good (R-squared val ues
>0.85; standard error <1.5 °C) correlations. This still requires scrutiny.
Continue to make sure which terns should or should not be in the equation.
Narrowing the time frane to times of rising or falling water tenperatures will
al ways hel p. This fornulation wll al nrost always underpredict water
tenperatures in the winter, and should, at a mnimum be constrained to
predi ct positive numbers.

It my be tenpting to use one of these regression techniques in place of
more process-oriented nmodels. But it is inperative to renmenmber that nodels
based on regression have mmjor limtations, due to their underlying
assunptions--they are valid only as long as the surrounding conditions do not
change. As with the direct observation nethod, regression nodels do not |end
thensel ves to extrapol ation outside of the range of hydrol ogic, neteorol ogic,
or stream geonmetry conditions rmeasured. Nor may they be translated
geographically upstream downstream or to other drainage basins wthout great
care. Theurer (1984) nmkes excellent use of the regression nodels to fill in
the inevitable missing tenperature data in |large network analyses, but he
applies a separate regression to each specific geographic location. Properly
devel oped process-oriented nodels |argely overcone these linmitations.

I and others also feel that nmeasures of standard error obtained from
regression analysis nodels are nore understated than for the process-oriented
model s, due to the substantial autocorrelation in both the observed and
predicted water tenperatures (MIllard et al. 1985). Hirtzel et al. (1982)
devel oped nmethods to better account for this high autocorrelation, but the
techni ques are perhaps too sophisticated to use on a regul ar basis.

Pl ease see the section on statistical nmodels for nore on this subject
and results other nodel ers have had

Segnent Mbdel s

The class of programs known as the segnent nodels are abbreviated
versions of the more conplete SNTEMP progranms. Currently, there are three
programs naking up the segment famly: SSTEMP for tenperature nodeling,
SSSHADE for shade estimation, and SSSOLAR for solar radiation estimation. This
cl ass of progranms has proven valuable for handling one to a few stream reaches
in a sinmple configuration for a limted nunber of time periods, and for
sensitivity analysis.

The stream segment nodels (Theurer 1984; Barthol ow 1988a,b,c) are quite
useful for sinplified nodeling and sensitivity analysis. Data input paraneters
may range from "back of the envelope" type calculations to detailed
m cr onet eor ol ogi cal field neasurenents, with corresponding degrees of
reliability. However, their use beconmes tedious and error prone as the nunber
of stream segments or time periods increases. Nonetheless, these segnment
nodel s may be used for a high percentage of tenperature nodeling applications.

Net wor k Model s

The SNTEMP nodel, though initially nore conplicated than the segnent
nodel s, will quickly negate that conplication when you are dealing with over



five stream segnments or 30 tinme periods or scenarios. Automated data filling
and snoothing, coupled with post-sinulation statistical evaluation, nakes
this truly a high-powered approach. Additional |linkages to nmicrohabitat
nodel s (Barthol ow and Waddl e 1986) add to its flexibility. It is primarily to
the network nodel that the foll owing sections are devot ed.

CALI| BRATI ON/ VALI DATI ON

It is worthwhile to review sone basic concepts related to the testing
and useful ness of all nodeling efforts, including tenperature nodeling. There
are several terns, often used indiscrimnately, that variously purport to
describe the process of ensuring that a sinulation nodel "works," be it
purely statistical, purely process-oriented, or (nobst |ikely) a conbination
of the two. There are both quantitative as well as qualitative neasures for
determ ning the overall useful ness of a nodel.

It is not ny purpose to debate the many definitions that have been used
for these terns in the past, but rather to supply operational definitions
useful to describe the overall processes involved, so that we will know when
we have a wuseful nodel. See the published guidelines by the Genera
Accounting O fice (1979) for mre in depth discussion of validation
definitions. What we are after is the answers to operational questions: How
good are these nodel s? How well do they represent natural systens? Can they
be wused for nmanagenent and regulatory decisionnmaking? Wat |level of
confidence can we place on the results? (Donigian 1983). (Also see an
i nteresting paper by Hankin et al. [1975].)

The terns used wll be better understood in the context of the
scientific method. This begins with a concise statenent of the problem and
study objectives. These are intimately tied to the decisions that need to be
made. Next, the problem is analyzed in a process consisting of observation
measurenent, sanpling, and experinentation. ®lution nethods are exani ned,
with the choice of techniques nade from a set of criteria. The solution is
evaluated with respect to reliability and sensitivity. If successful, the
results or decisions are inplenented (Reckhow and Chapra 1983).

"Calibration,” for our purposes, is defined as the process of
deternmining "proper"” values for an existing nodel's paranmeters. Note that |
said "existing" nmodel because | do not, at least initially, want to cover

nodel developrment. If the structure and function of a nodel have been shown
to be satisfactory for sone types of problenms in the past, we nmay only be
faced with choosing "proper" rates for describing how nuch one thing changes
with respect to something else, or supplying a nmeasurenent or estinmate for
ot her environnental values. Calibration should always constrain the val ues of
paranmeters to be within "reasonable" linmts. |f one mnmust deviate from the
reasonabl e, one will be forced to retreat to reformul ati on of the nodel

"Verification" is used to describe the testing that is done as part of
the calibration process. Verification is the process of testing the nodel's
out put (spatial and/or tenporal patterns) against "real world" neasurenents,
| ooking for congruence, or the "best fit," with what we have previously
observed. If we cannot supply paraneters that produce output that is
congruent with the



observed situation, then we nust assunme the nodel 1s to sone degree (theoreti-
cally) Inconsistent with the real world and hence retreat to the process of
nodel fornulation. This Inplies that we have a dynam c understanding of the
system being nodeled and that we are really in an experinental process (Lee
1973). Again, | wll not deal wth this issue; refer to an excellent
description of the nodel-building process called "invalidation" by Hoiling et
al. (1978), which is approached as finding the (confidence) limts of node

credibility, both under normal and extrene conditions.

There are several criteria that may constitute the verification process.
These criteria are not fixed and rigidly defined, but rather depend on the
obj ectives of the study. Accuracy is always the first criterion that comes to

m nd. Undoubtedly, one's trust in the application of a nodel will increase if
the nmodel is capable of faithfully reproducing the current or historica
situation. | wll also discuss certain statistical neasures of goodness-of-

fit. Calibration/verification nmay also serve in determning the nodel's
overall sensitivity to changes in paraneter values and may suggest additiona
data collection to replace estimated paraneters with neasured ones.

The term "validation" wll for the nonent be narrowy constrained to
describe the quantitative measures of goodness-of-fit between a paraneterized
model ' s out put and the observed system There are two primary ways in which
this my be done (Reckhow and Chapra 1983). The first is nost useful in
val i dating process-oriented sinmulation nodels; one nay calibrate a nodel for a
subset of the data, carry the parameters thus deternmned to the other data
subset and test the wunadjusted nodel's performance using goodness-of-fit
criteria (Figure 33). For exanple, you could calibrate a nopdel based on the
year 1985, then test it's performance for the years 1986 and 1987.°% The second
method is simlar and nost useful in regression-type nodels. In this nethod,
one may divide the entire data set into two relatively equal parts, each with
the full conplenent of variation. Both sets are then independently calibrated.
Parameters deternmined for the first data set nmay be conpared to paraneters
derived from the second data set wusing goodness-of-fit criteria. If not
significantly different, the nodels are confirmed (validated). Care needs to
be exercised here such that the two data sets are not really the sane due to
hi gh autocorrelation. You would not want to divide a daily tinme-step node
into every-other-day sets, whereas every-other-week would probably work out
well. Each day is usually highly correlated with the day before, whereas each
week is less likely to be correlated with the week before.# In fact, the nore different

STypically, the subset of the data used for calibration purposes has been a
subset in tinme; however, the possibility exists that a spatial subset may al so
be employed in the sense of using a paraneterized tenperature nodel from one
wat er shed to nei ghbori ng wat er sheds.

't has been shown that the maximum weekly average tenperature, conmputed from
runni ng 7-day averages, can be closely approxinated by a pure weekly tine step
within 1.4 °C (Ferraro et al. 1978). How general these results are, | don't
know.
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the two sets of data are, and the greater the variety of conditions from one
to the other, the nore confidence the nodeler should have in the predictive

capability of the nodel. In either case, upon successful confirmation, the
data subsets should be recombined and the paraneters re-estimated so that al
of the data can be used in the final calibration process. However, | would

stress that neither of these calibration/validation nmethods nust be used al
the time; the need, or lack thereof, is directly related to the objectives of
your study. If nodels of this type have been successfully validated in simlar
settings, you may limt yourself to calibration and verification only.

VWen faced with "new' data, previously calibrated nodels may exhibit
strange behavior. You may be asking the nodel to operate outside the "domain"
of its calibrated paranmeters. This is especially true for purely statistica
nodel s, and becones even less true for the very best process oriented nodels.
As used here, therefore, validation may be consi dered a conponent of the basic
scientific method, in which hypotheses are tested and either accepted or
rejected on the basis of predetermned, statistically rigorous, criteria
(Sanders 1985). It is worth nentioning that if the nodel (hypothesis) is not
rejected, it is not truly "valid," but rather it is "confirmed" or
"corroborated” in the sense that the hypothesis is conpatible with the current
evidence. No nodel is "valid" because no nodel is conpletely "true" (Reckhow
and Chapra 1983).

When properly validated, a nodel may be expected to adequately predict
future outconme from a set of specified input data if we can reasonably expect
the nodel's paraneters to exhibit a degree of constancy over a broad range of
space and time. It is inportant that we critically exam ne this aspect of
nodel i ng. A concrete exanple nmight involve a proposed change in a hydrol ogic

reginme. WIIl this change lead to subsequent changes in stream width and
riparian vegetation? WIIl altering the riparian vegetation change the
tenmperature of the groundwater? WII| constructing a reservoir increase the
ground-water inflow downstrean? If so, will a specific nodel, or nodeling

process, handl e that change?

Al of the, above definitions are actually preceded by an unbrella of
overall nodel validation to be determned before a nodel application. This

definition gets nore at the qualitative issues of whether the nodel is
appropriate for the task at hand and whether it will successfully help us meke
nore accurate, tinmely, and ultimtely wuseful decisions. "Appropriateness”

refers to such things as the availability of estimates for nodel variables,
data collection needs and costs, whether the nodel is accepted acadenmically or
institutionally, whether the nodel is conpatible with other nodels that nust
be used (e.g., habitat nodels and reservoir release tenperature nodels), what
the limting assunptions are, and whether the nodel's output is truly rel evant
to the problenms at hand (Barthol ow 1976; Anbrose et al. 1981).

Goodness-of -fit criteria for tenperature nodeling nmay take several
forms. Sonme neasure, such as root mean square error, should be enpl oyed
as the primary statistical index (Chapra and Reckhow 1983):
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where Pi

prediction at tine/space

O

observed val ue at tine/space

n nunber of sanples

This nmeasure should be specifically directed toward the predictive val ues of
i nportance: nmean values, variability, or extreme values. It would be
i nappropriate to test a nodel's performance for predicting nean values if the
mexi mum values were the true performance neasure. Exanples of validation
criteria that have been used after a calibration to a mean bias error of 0 °C
are:

1. No nore than 10% of the simulated tenperatures are greater than 1
°C from nmeasured tenperatures.

2. No single simulated tenperature is greater than 1.5 °C from
measur ed tenperatures.

3. The nean of the absolute values of the observed m nus predicted
values is less than 0.5 °C.

4. There is no trend in spatial, tenporal, or "tenperature" error.

This last criterion needs further explanation. Since, in the case of SNTEM,
we are dealing with the prediction of stream tenperatures through both space
and tinme, we are using a nultidinmensional nobdel in a statistical sense. W
may be able to identify errors (prediction ninus observation) in any
di mensi on. Perhaps the best way to do this is to (1) plot error at single or
aggregate tinmes from upstream to downstream (2) plot error at single or
aggregate locations through a tine series, (3) plot error against observed
wat er tenperatures, or (4) plot error against input variables. If trends are
present, it is evidence of sone systematic error. In statistical terms, we
are |l ooking for honpscedastic residuals (Reckhow et al. 1986) (Figure 34).

Making error plots will serve not only to highlight "outlier" data
points, but also to provide information on the general shape of the
distribution. A "point cloud" wll indicate no trend (Figures 34b,e). A
sl oping band may indicate that there is a |linear bias in your nmodel. A curved
band indicates a nmore fundanental, nonlinear, problem Finally, a wedge-
shaped distribution indicates a systematic error that increases or decreases
with the value on the x-axis (Goodall 1983).

There are various other statistical techniques that have been advocated
to establish a goodness-of-fit relationship. As previously nentioned, the
nost comon nethod is regression analysis between the observed data and the
simulation values, testing the hypothesis of a zero intercept and a unit
slope. This is essentially the technique enployed by Theurer et al. (1984).
The principal drawback of this approach seems to be that it does not
determ ne that the variance of the two data sets is |less than sone tolerable
limt (R nguest 1986).
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overall tenporal error in a daily sinmulation. Regression indicates a mld, but

insignificant trend. However, there is a hint of a periodic (perhaps weekly)
trend. (C) Longitudinal error showing an increase in the nodel's bias in an
upstream direction. (D) Paraneter-by-paranmeter error. In this case, the
model 's bias was weakly (R®> = 0.1) associated with solar radiation. (E)
"Tenperature" error plot to determne if the nodel's bias is associated with
the absol ute tenperature observation (or prediction). (F) Relative error
(predicted/ observed) is another way to assess a sinmulation's quality.
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Wil e probably not inportant for data sets reflecting a nonth-long tine-step
it would seem that the nethod outlined by Ri nguest would be an inprovenent to
Theurer's approach

Anot her technique that has been advocated in the literature as a
"reliability index" for sinmulation nodels is that of Leggett and WIIlians
(1981). Gordon (1981) used sinilar neasures. This nethod conmputes a percent
deviation statistic that is supposed to nmeasure the overall reliability of a
nodel . This approach, however, inplies that we can tolerate |larger errors at
hi gher tenperatures because they are based on percent error (as in Figure
34f), which is obviously not the case

It is not clear to ne that many of the inprovenents advocated in the
literature are warranted in the face of observed data that clearly violate
the assumptions for the npst comonly wused statistical tests, such as
i ndependence of the observed data (autocorrelation) and neasurenment wi thout
bi as. The problem of autocorrelation is substantially increased when using
daily time-step sinmulations (yesterday's high tenperature influences today's
m ni mum which in turn influences today's average tenperature). In addition,
we know that there are errors in the estimation or neasurenent of nodel i nput
val ues, and errors in observed system response (water tenperature). Finally,
the errors usually do not have zero nean, normal distribution, and constant
variance. Thus, it is certainly incorrect to ascribe all differences between
predi cted and observed water tenperatures as nodel errors. In addition, the
i ssue of validating the SNTEMP nodel is clouded if the internal regression
nodel s have been used to fill or snpboth extensive data gaps.

Model users should be especially skeptical of the observed data when
maj or, unexplained differences between observed and sinulated val ues occur
(Theurer 1982; Donigian 1983). For exanple, Waddle (1987) repeatedly showed
that the SSTEMP nodel, in conjunction with a dose of skepticism was quite
capable of identifying errors in observed data.

In addition, there are, or should be, questions related to the
representativeness of observed tenperature data. |f "validation" tenperatures
are nmeasured 1 km below a reservoir, the neasurements will not provide nearly
as robust a neasure of validity as measurenents taken 30 km downstream (O
course the critical question really revolves around where the biologica
effects will be felt, but you get the idea.)

The whol e subject of nodel validation, especially for the type of npde
we are wusing, is a conplicated nmatter. For further study of these
confirmation issues, the anbitious reader is referred to Chapra and Reckhow
(1983), Reckhow and Chapra (1983), and Reckhow et al. (1986) for fairly
exhaustive treatment. The dubious reader may refer to an interesting paper
called "Statistical Analysis and the Illusion of Objectivity" by Berger and
Berry (1988).

The bottom line is that no matter how well you have "validated" your
nodel , enploynment of that nmodel with an informed skepticism of both the npde

and the observed data will inprove its use (Donigian 1983). | can say wth
little doubt that we are underestimating the prediction errors, but | do not
know how rmuch. This will have to remain the case until there is a well-

accepted validation
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met hodol ogy that can handl e "messy-data" simulation nodels. Use the root nean
squared error until those better nethods are devel oped. Then, during calibra-
tion, simultaneously attenpt to maximze the R value and mninmize the nean
error.

OTHER STREAM TEMPERATURE MODELS

Over the past several decades, nmany nodels have been assenbled to
describe and predict stream tenperatures. These npdels have taken several
forms and have specialized in different ways. In particular, there appear to
be two main categories of nodels: enpirical and physical-process-oriented
nmodel s. The enpirical npdels are thenselves of two fornms: regression and
stochastic/ descriptive. The process-oriented nodels are harder to classify
because they usually specialize in certain types of processes, such as dynamc
flow versus steady flow, nean daily versus hourly, and specific tenperature
versus equilibrium The followi ng sections will deal with each of these nmajor
types, but no true evaluation will be made

Physi cal - Process Mdel s

Steady-flow nmodels. All physical-process nodels are a variation on the
energy budget theme. That is, they attenpt to explain the changes in water
tenperature by calculating the gains and losses in thermal energy from
i ndi vidually described phenonena such as radiation, convection, conduction,
and evaporation. Early nmodels were necessarily crude due to lack of
appropriate instrunmentation; however, application to large rivers was
reasonably successful. In effect, it was hard to be wong in large rivers due
to the large heat storage capacity of that much water

Brown (1969) illustrates this point by conparing a streamwith a summer
flow of 1 cfs having a diurnal fluctuation of 11.1 °C (20 °F), with a 5, 000
cfs river having a diurnal fluctuation of only 1.1 °C (2 °F). Brown went on to
devel op nmore detail in his energy budget nodels to nobre accurately describe
tenperature phenomena in snmall streans, particularly with respect to the
effects of riparian shading. His work has l|largely been the basis for further
refinement in the art of tenperature nodeling (Hughes 1976; Currier and Hughes
1980). Mst of these nodels, however, should be linmted to reaches |less than
2,000 feet in length (Currier and Hughes 1980).

A very widely used and accepted nmodel for stream water quality nodeling
is QUAL-IIE. Though intended for up to 15 water quality constituents, QUAL-IIE
could be used exclusively for tenperature nodeling. The nodel can handle
slowly varying flow conditions and can sinulate diurnal tenperature, algal
production, and dissol ved oxygen. This nodel is reputedly inexpensive and easy
to apply, being inplenmented on nmicroconputers. The nodel, user's nmanual, and
techni cal assistance are available from the Environmental Protection Agency
(EPA) Center for Water Quality Mddeling in Athens, Georgia.
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Another alternative to the SNTEMP category of tenperature nodels is
TEMP- 84,5 devel oped and applied by the Forest Service (Ellis et al. 1980;
Beschta and Weatherred 1984). Though still a physical process nodel, it
differs from the Theurer-type nodels in several respects. First, it is
primarily intended to sinulate potential maxi num tenperatures resulting from
shade renoval in small nountain streams at low flow Because this is its
single focus, mnimal attention is given to many neteorol ogical paraneters,
such as cloud cover and w nd speed. Instead, the nodel contains nore
resolution in two areas: (1) the shade conponents include brush and logs in
addition to topographic and riparian vegetation, and (2) the heat flux wth
the streanbed is simulated through tine in detail. This is inportant because
this nodel sinulates essentially on a 15-nminute tine-step; solar radiation is
assuned to be absorbed by the substrate if the depth is less than 20 cm and
the particle size is greater than 25 cm Radiation is assuned to be absorbed
during the day and released at night. The nobdel has not been validated to
date. The npdel, user's mamnual, and technical assistance are available from
the Forest Service Witershed Systens Developnent Goup in Fort Coll ins,
Col or ado.

A nodel called STEADY is an alternative stream tenperature and

di ssol ved oxygen nodel. STEADY, as you mght imgine, is for steady flow
situations. It has strengths in handling conplex network structures, e.g.,
branches and |oops, that the Theurer nodel will not handle. However, the

i nput data nmust include the equilibrium water tenperatures, thus inplying
that at |east sone other tenperature nodel must be enployed as well.

The historical developnent of physical-process-nodel devel opnent and
application may be found in Edinger et al. (1974) and Carroll et al. (1983).
O her theoretical mathematical nodels have been outlined in the literature
(Raphael 1962; Nobel 1979), but in general offer no additional insight into
applied tenperature nodeling. The mmjor differences seem to be which heat
flux ternms are ignored, either explicitly or inplicitly, and how coefficients
were derived or estimated. One noteworthy exception is an interesting paper
that develops a graphical technique to estimate the average equilibrium
tenperatures about which the instantaneous tenperature oscillates (Krajewski
et al. 1982). A worthwhile research endeavor would be to conpare alternative
tenperature nodel fornulations and enpirical coefficients for consistency
anong nmodel s and to point out errors of comm ssion or onission.

Dynamic flow nodels. Though stream flow is seldom truly steady,
approximations to steady flow greatly sinplify the description of all
physi cal processes involved in tenperature and other water quality nodeling.
As long as the stream or river has small, nonotonic, changes in flow, we can
continue to use steady flow nodels. If, however, the flow changes are |arge
and erratic, we nust enploy nodels that can handl e dynamni c conditions. Jobson
and Keefer (1979) present an exanple of nodeling the thermal reginme of the
Chat t ahoochee River near Atlanta, Georgi a, in highly transient flow
situations. Mdeling the dynamic flow environnent was necessary because of
hydropul sation (due to power generation) from 15.4 cns to 215 cns within 10
to 20 m nutes.

SThere is now, | believe, a version for microconputers called TEMP- 86.
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The first challenge in such a situation is to nodel the routing of
dynami c flow. Such a nodel nust accurately describe the changes in velocity
throughout the length of the segnent (and thus travel time) that occur with
cyclic flows. Travel times varied from 23.31 to 7.7 hours in the 27.9 km
Chat t ahoochee reach nodeled. This case was also conplicated due to |arge
i nterchanges in water fromthe main channel into or out of several tributaries
as the stage changed in the main channel. Reverse flows were often observed
during rising stage conditions. They found good correlation between neasured
and predicted stage after inplementing a routine to vary several subreach
roughness values linearly as a function of stage, though data collection
requi renents were extensive. In addition, they found that the roughness val ues
seened to vary with tine at certain | ocations.

Model i ng of tenperature was acconplished next using input data much the
sane as any other physical-process-oriented nodel. The only difference was in
the form of the heat transport equation and the time-step involved. Signifi-
cantly nore conplicated descriptions of the solar radiation (to account for
hourly <changes in stream shading) were necessary. Dynami c tenperature
predi ctions were good (RMS errors of 0.32 °C and 0.20 °C, 0.6 °F and 0.4 °F)
for the two nonths studied). They denonstrated that hydropeaking could
increase the river tenperature inmmediately below the dam by as nmuch as 3 °C
(5.4 °F) alnost instantaneously, due to the greater release of epilimmionic
water at high flows. Oher water quality attributes, such as dissolved

oxygen), were expected to change dramatically also, but they did not neasure
this.

Twenty-ei ght kiloneters downstream these sane effects were attenuated
and to sone extent reversed. That is, large flushing flows were capable of
reducing stream tenperatures instead of raising them prior to the arrival of
the warnmer epilimionic waters. The interpretation of the thernmal effects of

hydr opeaki ng are conplicated because they depend on the tine of day and prior
rel ease schedul es.®

That these sanme conclusions can be reached nore sinply through
observation rather than dynam c nodeling has been shown by Waddle (1987).
Waddle limted the view to a specific tine of year, as did Jobson, but was
able to discern the general pattern of timng lags for tenperature rel eases
from a shallow reservoir at several points downstream and make linmted
recomendations for the timng and magnitude of flow releases necessary to
mtigate consequences on a downstream fish hatchery. Once again, much
additional data nust be collected to quantitatively support the concl usions.

CE- QUAL-RIV1 is a nodel specializing in time-varying, highly unsteady
flow and water quality assessnent. Data input requirenents are nore extensive
than steady-state counterparts. Both npdels, user's nmnuals, ad technica
assi st ance

5t is also interesting to note that what was described as a "light rain"
apparently resulted in an increase of 1.2 °C (2.2 °F) during a period of
ot herwi se steady flow.
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are available from the Corps of Engineers Wterways Experinment Station,
Vi cksburg, M ssissippi (U S. Corps of Engineers 1987).

In addition, it is worth noting that a nodel capable of sinulating
dynamic flow situations can be used equally well to sinmulate steady flow
events. An excellent paper by Laenen and Hansen (1985) describes just such an
application of Jobson's dynanic flow tenperature nodel. It is also an
application noteworthy for producing fair simulation results with a paucity
of input data, as well as an unusually good problem statenent and description
of objectives. It is unfortunate that these dynamic flow studies typically
cover only a few days tine, due largely to the quantity of input data
required (i.e., expense). It has been reported that conplete dynam c-fl ow,
dynam c- et eorol ogy nodels are highly accurate, but require equally conplete
i nput data sets (Jobson 1981). An exanple of such a nodel is the Branched
Lagrangi an Transport Model (BLTM devel oped by Jobson (1987).

A comparative study of a variety of solutions for dynam c heat flux and
transport nodels may be found in Gosink (1986).

Statistical Models

We covered regression nodels earlier, primarily enphasizing the filling
of missing data values. These enpirical nodels do not attenpt to explain heat
flux or heat transport, but rather describe (1) the relationship between one
or nore easily neasured neteorol ogical variables and water tenperature or (2)
the rel ationship between water tenperature and time of the year

The first nethod has been tried with varying degrees of success. Water
tenperatures generally mmc air tenperatures, but with a delay. The delay is
termed a "phase shift." Several authors have studied this phenonena. Moore
(1967) found disappointing results in attenpting to correlate air tenperature
and di scharge with water tenperature in Oregon streanms. Smith (1981) produced
acceptable results with standard errors of up to 2.65 °C (4.8 °F).

The second nethod is often called harnonic analysis. Such rel ationships
may be devel oped for any measurenment of tenperature: nonthly, daily, maxinmm
mean, etc. For exanple, several authors (Collins 1969; Steele 1978, 1983;
Smith 1981) used a variation on the single nodel

Tmax = a [ sin (bx +¢) ] + T
where Trmax = maxi mum tenperature for tinme x

a = anplitude, °C

b = constant, 0.0172 radi ans (0.987 degrees) per day

(@]
1

phase angl e, radians

x
1

Julian day
T = mean annual maxi num tenperature, °C
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Results of these investigations are predictable: (1) the water
tenperature data is usually assumed to be normally distributed; (2) the nodels
i nvari ably expl ain about 85% of the variance by using only the first harnonic;
(3) standard deviations increase in the summer, peaking about the tine of
sunmmer sol stice, and decrease in the winter near the tinme of winter solstice
(4) limted data sets provide about the sane statistical "explanatory" power
as conplete data sets, thus sone data collection efforts my be reduced; and
(5) care nust be taken if periods of frozen water are included.

Though statistical nmodel s may be usef ul in gener al stream
characterization studies, determning suitability for aquatic life (evaluating
success for a potential introduction or predicting presence/absence of a

species), they are generally of limted utility in determ ning the increnental
i npact on tenperatures due to any change in the water system (e.g., flows,
shade, reservoir, or construction) because any change in the stream geonetry
or hydrology (or neteorology) cannot be .a part of the nodel. At best, they
can identify that sone changes have occurred in a basin (Steele 1983). But
once man or nature changes the environnment of the stream the purely enpirica
nodels no |onger describe the results. In addition, even if one does apply

such a nodel, it is only representative of the single geographic |ocation for
which it was built; no translations are possible. For this reason Theurer's
confined use for these statistical nodels to data filling and snoothing is

very appealing.

The anmbitious reader may be interested in extensions to these nodels:
some append Mnte Carlo routines to deal with the remmining 15% of the
variance that the single harnonic nodels do not explain (Song and Chien 1977);
some attenpt to offer greater "predictive" ability using Kalman Filters (Chiu
and Isu 1978); and sonme are interested in trend analysis, given the
statistical problems of nonnormal distributions, mssing values, and serial
correlation (Hirsch et al. 1982). This last reference quotes another source
(p. 117) for sonething we need to be cogni zant of

No ... obvious indication advises the experinenter that a
paranmetric assunption has been violated. O course he may apply
ti me-consumng tests for normality or honobgeneity to the obtained
data, but such tests are rather unsatisfactory. They are unlikely
to detect any but the npbst extreme violations when sanples are
smal |, and they are alnpbst certain to detect the nost trivially
slight violations when sanples are | arge.

In summary, the purely statistical mnpdels lend thenselves well to
tenperature prediction when the stream geonetry and hydrol ogic conditions are
not expected to change dramatically and |ong periods of record are avail able.
Their developnent tine is relatively rapid. The process-oriented nodels are
better suited to exploration of system changes and alternative water
managenent solutions, but at the cost of nore intensive data collection, data
entry, and manual calibration. See Marceau et al. (1986) for a nore detailed
di scussion of these issues.
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SPECI AL CASES

Predi cting Tenperature Extrenes

Predicting daily tenperature extrenes is nore challenging than
predicting nean daily tenperatures. Nunerous issues come into play, sone
quite conplicated.

Both the SSTEMP and SNTEMP nodels suffer from the disadvantage of
untrustworthy maxi mum tenperature sinulations and predictions. The thrust of
the SNTEMP nodel devel opnent was nean daily tenperatures, and nean daily
tenperatures are what it does best and are the only output that has been
"validated." The nmaxinmum daily tenperature estimation was perhaps sonething
of an afterthought and suffers fromthe follow ng problens:

1. The calculations involved are thenselves enpirical, not theoretical
It is a mtter of getting an essentially instantaneous tenperature out of an
otherwi se daily average nodel. Theurer et al. (1984, pages 11-30 to 11-32),
discuss the derivation of a way to estimate the average afternoon air
tenperature, the mjor conponent of estimating the nmaxinmum daily water

t enper at ure. Regr essi on coefficients wer e det erni ned for “nor mal "
met eorol ogi cal conditions at 16 selected weather stations around the country.
Table 11-3 (in Theurer et al. 1984) shows the Rvalues, standard deviations,

and probable differences for each of the 16 stations and for all stations
conmbi ned. Each of these three statistics is noticeably poorer for al
stations conbined than for nost of the individual stations. This neans that
we are not sanpling fromthe same underlying distribution. This is evident in
the tabled regression coefficients (a0, al, a2, and a3), which are highly
vari able, often by an order of magnitude, as well as varying frompositive to
negati ve.

This could be inproved by performing this sane regression for only the
| ocal neteorology at each specific study area. There is a provision to
substitute your own a0 to a3 coefficients in the job control file. (See
Theurer et al. 1984, 111-80, record 7, fields 33 to 64.)

2. Correcting the regression coefficients, however, is not likely to
fully correct the maximum daily water tenperature calculations in areas
within about six hours travel tine from either reservoirs or nmgjor
tributaries with markedly different mixing tenperatures. The reason is that
SNTEMP doesn't "know' anything about upstream conditions in predicting
maxi mum t enperatures. The program extends the current reach's stream geonetry
"indefinitely" upstream to sinulate the conditions through which the water
must travel from solar noon (assunmed nean daily water tenperature) to solar
sunset (assunmed maxi mum daily water tenperature). This in itself is a mjor
limtation of the nodel, only partially corrected in the SSTEMP program More
finely subdividing the reaches may hel p correct this problem

3. The distance the nmodel |ooks upstream to find the water at solar
noon is a function of flow, w dth, and Manning's n, all of which are average
val ues. Many people have a feel for Manning's n values only by experience
with one of the National Ecology Research Center's hydraulic sinulation
model s, | F&4.  Such experience, however, nmay be msleading because the
Manning's n values in IFG4 are really not hydraulic retardance values at all
but rather act as velocity
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adj ustment factors—a nice name for a fudge factor. Manning's n val ues derived
froma water surface profile (WSP) type simulation are likely to be much nore
representative. Consultants from Wwodward Cl yde have told me that measurenents
of Manning's n from hydraulic sinulations can be "very inaccurate" conpared
with actual measurenents from tine-of-travel studies. The fact that n or
travel time both vary with discharge, especially at low flows, confounds the
si tuation.

Each of the above reasons taken independently, and certainly conbined,
means that one should always treat the maxinmum daily water tenperature
predictions from SNTEMP with care and should subject the predictions to
val i dati on.

Corrections for the coefficients and Manning's n should both help
Nei t her, however, will elimnate the problemwith "l ooking" upstream This is
an area for inprovenent in the prograns. |ndeed, Wodward Cl yde Consultants
have apparently nade proprietary inprovenents to the nmmxinmm tenperature
al gorithns by changing the way the nmodel "remenbers"” what is upstream Their
i nprovenents show better correspondence with observations (Voos, pers. comm).
Even with these changes though, the nopdels |eave sonmething to be desired.

The bottom line is that if maxinmum tenperatures from SNTEMP prove
unsatisfactory with the incorporation of localized a0 to a3 coefficients, the
devel opnent of a regression nodel that includes the nean daily water
tenperature and appropriate neteorol ogical parameters in a fashion simlar to

the approach outlined in Theurer et al. (1984) is in order. Standard
statistical techniques for inclusion or exclusion of paraneters should be
done. Cccasionally, innovative approaches will be required, as nentioned in
the earlier section on filling missing water tenperature val ues.

Assessing Probability of Gccurrence

A common problem in predicting tenperature response arises in what may
be called a worst-case analysis. The problem may be generically characterized
as fol lows:

You are charged with deternmining the tenperature response of a stream as
a function of reservoir release. Maxinumdaily tenperature for the length of a
specified stream reach is the criterion; the 60-day period from July 15 to
August 15 is known, by inspection, to be the tinme of worst case conditions. In

I believe that an enpirical (regression) nodel would perform better than
SNTEMP in predicting maximm daily water tenperature, using the existing
programis prediction of mean daily water tenperature and site-specific
nmet eorol ogi cal parameters as independent variables. This nust of course be
couched in terms of the assunptions wunderlying any regression—that the
fundamental system properties have not changed. That is, no changes may be
made to the stream geonetry and the hydrol ogi c conditions sinulated nust be in
the bounds of neasured conditions. In addition, the predictions so generated
are valid only at the specific site for which neasurements have been made. W
have not tried this approach and therefore cannot attest to its reliability.
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this exanple, the reservoir release tenperature is not expected to vary, nor

will the stream geonmetry (e.g., shading, wdth) vary. The neteorol ogical
conditions (air tenperature, relative hunidity, solar radiation, w nd speed,
percent possible sun), however, will be naturally varying.

There are at l|east two specific managenent questions that could be
asked. First, what is the probability of exceeding a certain water
tenperature? For exanple, with a constant release of 25 cfs, how many days
during the 60-day period are we likely to exceed 20 °C (68 °F)? Second, what
flow is necessary to keep water tenperatures from exceeding a specified
threshold on any day within the 60-day period?

The first question is the nost demanding to answer. One nethod is to
gather and enter 30 years (the nmeteorol ogical standard for "normal") worth of
nmet eorol ogi cal data for that 60-day period, run the sinulation with the
calibrated nodel, and tabulate the water tenperature frequencies. Another
nmethod is to gather the nmeteorological data and develop joint frequency
di stributions for each paranmeter such that a Mnte Carlo type sinulation my
be devel oped (Richardson 1981). Both methods are costly to devel op, but my
be warranted in situations demandi ng a ri gorous answer.

The second question is probably nore tractable if one is willing to live
with a somewhat |ess accurate answer. First, refer to the sensitivity
anal ysis perfornmed during calibration to determ ne which paranmeters can be
safely ignored. For exanple, using the standards from Figures 3 and 4, we
m ght determ ne that averages for percent possible sun, solar radiation, and
wi nd speed are acceptable. (Alternatively, since maxi mum tenperatures are the
i ssue, one m ght use 100% possi ble sun and maxi num sol ar radi ation.) However,
air tenperature and relative humdity appear too sensitive and variable to
sinmply average. Inspection of the record shows that nean air tenperatures
commonly exceed 27 °C (80.6 °F), with occasional extremes of 32 °C (90 °F)
(Figures 35 and 36). Relative hunmidity for the sane period conmonly varies
from40% to 80% Sinple trials with the nodel show that |ow air tenperature
and | ow hum dity produce the |owest water tenperatures; high air tenperatures
and high humidity produce the highest water tenperatures; and the other
conbi nations (high air tenperature-low humidity, low air tenperature-high
hum dity) produce virtually identical wat er tenperatures. Furt her nore,
i nspection of the record also shows that the highest air tenperature never
occurs in conbination with high humdity, thus a purely "worst case" is
beyond reality. So what is a person to do?

A practical response would seem to be that, like the devel opment of
conditional probabilities, we performa regression or other fitting technique
between air tenperature and relative humdity. Air tenperature should be the
i ndependent variable because it is the nore sensitive of the two. Use this
relationship to estinmate the relative humdity that would occur with the
hi ghest (or 5% exceedence) recorded air tenperature. The standard error of
the estimate may be used to increase this humdity level if desired. Your
predictive analysis should then include the highest air tenperature and its
associated relative hunmdity.
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Temperature Duration For Poudre River
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Figure 35. Duration plot for 30 years of daily air tenperature from June 15 to
August 15. Thin |ines show the maxi num and mni ni mum t enperatures, the thick
line traces the nmean air tenperature. Each duration curve has been conputed
separately, i.e., any given nmean tenperature is not associated with its
correspondi ng maxi mum and ni ni num t enperatures. Curves are jagged due to the
resol ution of the original data.
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Figure 36. Duration plot for 30 years of nmean daily air tenmperature from June
15 to August 15. The thick line traces the nmean air tenperature exceed-ance
curve. The thin lines show the maxi mum and m ni num t enperatures given the
corresponding nmean. In other words, a variety of maxi mum and ni ni num
conditions may each produce the sanme nean tenperature. Curves are jagged due
to the resolution of the original data.
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The latter approach can then be used to answer the first question;
nanmely, what is the probability of exceeding a certain water tenperature? To
do so, work your way along the air tenperature exceedence curve, conputing
the associated relative humdities, holding the discharge constant, or for a
projected release, and conputing the water tenperature by using your nodel
For exanple, suppose you find that the 7% exceedence air tenperature (air
tenperatures this high or higher are found only 7% of the tinme) produces the
threshold water tenperature. Then it is reasonable to believe that the water
tenperatures thenselves will be exceeded 7% of the tine.

Note that this approach risks overlooking some conbinations of
nmet eor ol ogi cal parameters that could produce nore extreme water tenperatures.
It also ignores the cross-correlation between the neteorol ogical paraneters
for which we used averages. However, | feel that this heuristic approach is
satisfactory in the face of the nore detailed and costly sinulation of |ong
ti me-periods or Monte Carl o approaches.

The best exanple of investigating tenperature recurrence intervals, of
which I am aware, may be found in More's (1967) analysis of Oregon streans.
He developed a rating scale, from one to six, to characterize the nmaxi num
July and August water tenperatures based on the deviation of air tenperature
from normal for that time of year. For exanple, a scale value of one was
given to a nonth when its air tenperature departure from the long-term
average for that nonth was greater than -4 °F;, a two for -2 to -4 °F;, a three
for -2 to 0 °F; a four for 0 to +2 °F;, a five for +2 to +4 °F, and a six for
greater than +4 °F. These determ nations were subject to slight nodification
on the basis of that nonth's discharge being above or below average. Mbore
felt that this scale could be used to deduce the recurrence interval for peak
wat er tenperatures based alnpbst solely on air tenperature. Oher, nore
ri gorous, analysis techniques substantiated this rudi mentary approach, except
in spring-fed streans.

A related issue involves not the probability of exceeding a specified
tenperature threshold for a single occurrence (day), but rather the
probability of exceeding a threshold for a sequence of days. This has been
done for rainfall, but to ny know edge, has not been done for naxinum daily
tenperatures, either air or water. It has often been noted that "the | onger
the [dry] spell has lasted, the nore likely it is to l|ast another day"
(WIllianms 1952). The anmbitious practitioner is referred to a paper by Wiss
(1964) that outlines an approach to developing a Markov-chain probability
nodel to conpute the cunulative probability of a sequence of events with a
specified duration. One application, though actually related to toxic
chemicals, that l|ooks at the interrelated duration probabilities of river
flows, chemical discharges, and toxic kinetics nay be found in Hanmelink
(1979). We will need to be able to do these kinds of persistence analyses to
proceed with nore rigorous biological assessnents and predictions. Some tools
are being developed that may support forecasting of this sort. Though
prelimnary in nature, the Agricultural Research Service is developing a
computer program called CLIMATE to predict, on a site-specific basis, the
weat her sequences of precipitation, nmaxi mum and mnimum air tenperatures, and
solar radiation (D. A Wol hiser, U S. Departnent of Agriculture, Agricultura
Research Service, pers. comm).
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To end on a positive note, it has been shown that analysis of data for a
mere two-year tine-span |leads to the sane general distribution of equilibrium
water tenperatures as does a ten-year tinme-span (Hogan et al. 1973).
Presumably, this may nmean that we could consider a two-season data collection

effort comprehensive in the sense of giving us an appropriate mean and
standard deviation for water tenperatures. Knowi ng the standard deviation, one

could easily conpute the n-th exceedence val ue.
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APPENDI X A. DATA SOURCES

Hydr odat a/ Cl i mat edat a

US West Know edge Engi neering, Inc.
4380 South Syracuse Street

Denver, CO 80237

303-694- 4200

National Climatic Data Center
Federal Buil ding

Asheville, NC 28801-2696
704-259- 0682 or FTS 672-0682

U S. Forest Service Fire Data Center
3905 Vista Ave.

Boi se, | D 83705

208- 334- 9458 or FTS 554-9458.

WATSTORE NAWDEX

Chi ef of User Services

U.S. Ceol ogi cal Survey

421 National Center

Reston, VA 22092
703-648-5664 or FTS 648-5664
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Met eor ol ogi cal and
hydr ol ogi c data

Met eor ol ogi cal data

Met eor ol ogi cal data

Met eor ol ogi cal and
hydr ol ogi ¢ data



APPENDI X B. EQUI PMENT VENDCRS

Ben Meadows Conpany
3589 Broad Street
P. 0. Box 80589

Atl anta (Chanbl ee), GA 30366

404- 455- 0907

Climtronics
140 W I bur Pl ace
P. O. Box 480
Bohem a, NY 11716
516-567- 7300

Col e- Par ner

7425 North Oak Park Ave.
Chi cago, IL 60648
312-647- 7600

Davis I nstrunents
513 E. 36th Street
Balti nore, MD 21218
301-243-4301

Hydr ol ab Corp
P. 0. Box 50116
Austin, TX 78763
512- 255- 8841

| kelite Underwater Systens
50 West 33rd Street

P. O. Box 88100

I ndi anapolis, IN 46208
317-923-4523

Jim Gem Forestry Suppliers
205 West Rankin St.

P. 0. Box 8397

Jackson, Ms 39204

601- 354- 3565

Met One, Inc.

481 California Ave
Grants Pass, OR 97526
503-479-1248
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General forestry supply

Met eor ol ogi cal supplies

ASTM t her nonet ers

Ther nogr aphs

Ther nogr aphs

Wat er proof thernograph
housi ngs

General forestry
supplies

Met eor ol ogi cal supplies



Omi dat a

P. O. Box 348
Logan, UT 84
801-753-7760

Pi oneer & Co

9
321

mpany

216 Haddon Ave.

West nont, NJ
609- 854- 2424

08108

Ryan I nstrunments

P. 0. Box 599

Redrmond, WA 98073- 0599

206- 883- 7926

Thomas Sci en

Vine Street at Third

tific

P.O. Box 779
Phi | adel phia, PA
215-574- 4500

Weat hertroni
I nst runent at
Box 41039
Sacr anment o,

cs
ion

CA 95841

19105-0779
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Ther nogr aphs
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supplies



APPENDI X C. PROGRAM SNI PPETS

The follow ng three prograns have been included for their potenti al

OO0

0000000000000 O0O0OO0

useful ness in data synthesis. The first is a FORTRAN program t hat
can estimate hourly air or soil tenperatures given m nimum and
maxi mum t enperatures. The second is a BASIC programthat can
conpute dew point and relative hunmidity fromwet and dry bulb
tenperatures. The last is a Lotus 1-2-3 tenplate useful for
calculating the width versus flow relationship. Al should be
nodified to suit your unique purposes.

SUBROUTI NE TEMP( T, TMX, TM\, HR, A, B, C, NDAY, APHI )

THI'S SUBROUTI NE CALCULATES THE TEMPERATURE FOR A SPECI FI C HOUR C
G VEN THE MAXI MUM AlR OR SO L TEMPERATURE.
IT 1S CORRECTED FROM
PARTON, WJ. AND J. A. LOGAN. 1981.
A MODEL FOR DI URNAL VARIATION IN SO L AND Al R TEMPERATURE
AGRI CULTURAL METEOROLOGY 23(1981)-.205-216
W TH ERRATA FROM REPRI NT PAGE 219

TMX = MAXI MUM TEMPERATURE

TWMN = M NI MUM TEMPERATURE

T = TEMPERATURE AT THE SPECI FI ED HOUR

HR = HOUR FOR WHI CH THE TEMPERATURE | S CALCULATED ( 0-24)

A = TIME LAG I N MAXI MUM TEMPERATURE AFTER NOON ( HR)

B = COEFFI Cl ENT THAT CONTROLS TEMPERATURE DECREASE AT NI GHT

C = TIME LAG FOR THE M NI MUM TEMPERATURE AFTER SUNRI SE ( HR)
NDAY= THE JULI AN DATE (1-365)

APHI = LATI TUDE ( RADI ANS)

CALCULATE DAY LENGTH ( ADY-HR) AND NI GHT LENGTH ( ANI - HR)

ADELT = .4014 * SIN(6.28 * (NDAY - 77.) / 365.)
TEML = 1. - (-TAN(APHI) * (ADELT)) ** 2
TEML = SQRT(TEM )

TEM2 = (- TAN(APHI) * TAN(ADELT))
AHOU = ATAN2( TEML, TEMR)

ADY = (AHOU / 3.14) * 24.

ANl = (24. - ADY)

(Conti nued)
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( Concl uded)

C DETERM NE | F THE HOUR | S DURI NG THE DAY OR NI GHT

BB - 12. - ADY/ 2. + C
BE - 12. + ADY / 2.
BT - HR

IF (BT .GE. BB .AND. BT .LE. BE) GOTO 3
C CALCULATE TEMPERATURE FOR A NI GHT TI ME HOUR

|F (BT .GT. BE) BBD - BT - BE

IF (BT .LT. BB) BBD - (24. - BE) + BT

DDY - ADY - C

TSN - (TMX - TMN) * SIN((3.14 * DDY) / (ADY + 2 * A)) + TMWN

T - TMN + (TSN - TMN) * EXP(-B * BBD / AN)
GOTO 4 C CALCULATE TEMPERATURE FOR A DAY
TI ME HOUR

3 BBD - BT - BB
T - (TMK - TMN) * SIN((3.14 * BBD) / (ADY + 2 * A)) + TMWN

4  CONTI NUE
RETURN
END
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1 REM PROGRAM HUM D. BAS -- COMPUTES DEW POl NT AND RELATI VE HUM DI TY
2 REM ADAPTED FROM Bl ackadar, A.K. 1983

3 REM USI NG HOME COMPUTERS TO STUDY THE WEATHER

4 REM WEATHERW SE, AUGUST 1983, P195

10 PRI NT "ENTER THE DRY- BULB TEMPERATURE"

20 INPUT T

30 PRI NT "ENTER THE WET- BULB TEMPERATURE"

40 INPUT T

50 PRINT "TYPE 'C OR'F TO | NDI CATE CELSI US OR FAHRENHEI T"
60 | NPUT U$

70 PRI NT "ENTER HEI GHT ABOVE SEA LEVEL I|N FEET"

80 I NPUT H

90 IF U - "C' ORU$ = "c" GOTO 120

100 T=(T-32) *5/ 9

110 TI = (Tl - 32) * 5/ 9

120 T = T + 273.15

130 TI = TI + 273.15

140 El - EXP(21.4 - 5351 / TI)

150 P - 1014 - (H / 2900) * 100

o~ 1l

160 E=E - P* (T - TlI) / 1555

170 D - 5351 / (21.4 - LOG(E))

180 D - D - 273.15

190 IF U$ - "C' OR U$ = "c" GOTO 210
200D=D* 9/ 5 + 32

210 E2 - EXP(21.4 - 5351 / T)
220 R = 100 * E/ E2
230 Q= .622 * E/ (P - .378 * E)

240 PRI NT

250 PRI NT " ANSVEERS"

260 PRI NT

270 IF U$ = "C" OR U$ = "c" GOTO 300

280 PRINT "DEWPONT =", D, " F."

290 GOTO 310

300 PRINT "DEWPONT = "; DO, " C"

310 PRINT "VAPOR PRESSURE = "; E, " MB."

320 PRI NT "SATURATI ON VAPOR PRESSURE - "; E2; " MB."
330 PRINT "RELATIVE HUMDI TY = "; R " PERCENT."

340 PRINT "SPECIFIC HUM DI TY = "; 1000 * @ " PARTS PER THOUSAND. "
350 END
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A B C 0 E F 6 H I
LOTUS 1-2-3 WDTH VS FLOW RELATI ONSHI P
POUDRE Rl VER FROM PAT NELSON S PHABSI M DATA
Martinez Park

Y X Predict ed
Q (cfs) Wdth(f @N(Wdth 8LN(Q W dt h
W £ )
2 27. 96 3.33 0. 69 Regression Qutput: 23. 75821
5 26. 54 3.28 1. 61 Const ant 3.0220 28.81073
10 30. 29 3.41 2.30 Std Err of Y Est 0.0854 33.33509
50 43. 68 3.78 3.91 R Squared 8.79665 46. 77238
100 52. 83 3. 97 4.61 No. of Observations 5R 54.11738
200 65. 33 4.18 5.30 Degrees of Freedom 7 62. 61582
300 69. 10 4.24 5.70 68. 19302
400 73.92 4.30 5.99 X Coefficient(s) 0.210435 72. 44884
500 78. 39 4.36 6.21 Std Err of Coef. 0.014803 75.93198

@AVE Predicted Wdth) = 51. 77594

[to be used in shade file]

A-term

B-term = X Coefficient

Thus, Predicted Wdth

Thus, Predicted Wdth
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APPENDI X D. ALTERNATI VE DATA FORVATS FROM THE HYDRODATA DATA BASE

Table D-1. Textual output file from Hydrodata (tm U. S. West Corporation) for
mean daily water tenperature (°C). Simlar tables are often available for
daily maxi num daily mninum and/or randominterval water tenperature. There
may al so be data on humidity (%, solar radiation (c/cnf), air temperature (°C
or °F), soil tenmperature (°C), wi nd speed (nph), as well as a variety of

water quality data. "Remarks" data files may al so be avail abl e.

08037000 ANCELI NA RI VER NR LUFKI N, TEX (DI SC)

LOCATI ON. -—Lat 31:27:26. Long 094:43:34, Hydrologic Unit 12020005.
DRAI NAGE AREA. -—1600.00 mi?  (4144.00 kn?).
GAGE. — Altitude of gage is 0164.72 ft (50 m.

1957

TEMPERATURE, WATER (DEG. C), WATER YEAR OCT 1956 TO SEP 1957
STATI STI C CCDE 30830

c Jan Feb Mar Apr May Jim Jul Aug Sep
2 10 11 13 16 19 24 27 29 28
2 9.4 11 13 18 22 24 27 29 28
3 8.9 12 13 21 22 23 28 29 28
1 12 11 14 18 22 22 28 29 27
4 11 15 15 18 20 23 28 29 27

23 17 15 11 16 13 16 19 23 29 28 27

23 18 17 11 15 11 18 19 24 28 27 26
19 16 16 11 16 9.4 18 21 26 28 27 24
19 12 12 15 11 10 16 21 26 32 28 24
0 18 13 11 13 17 13 16 -- 27 29 27 24

11 18 12 11 -- 17 14 18 23 27 29 27 23

17 19 12 12 6.7 14 16 - - 25 27 29 29 24
18 19 12 14 5 14 17 20 - - 27 30 - - 25
19 19 12 13 5 13 15 20 23 27 29 28 25
20 21 16 13 7.8 12 16 21 24 26 29 27 26
21 20 14 12 11 11 16 21 22 29 27 27

(Conti nued)
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Table D-I. (Concl uded)

DAY Cct Nov Dec Jan Feb  Mar Apr May  Jun  Jul Aug Sep

26 18 13 -- 8.9 13 14 22 25 26 27 28 22
27 16 8.3 -- - - 12 13 22 24 24 27 28 22
28 16 7.2 8.9 9.4 12 13 21 24 24 28 28 21
29 16 7.2 8.9 12 - - 13 20 24 26 28 28 21
30 19 7.2 7.8 10 -- 15 20 24 27 28 28 21
31 -- -- 8.3 10 -- 16 -- 24 -- 28 28 --

Tota 585 392 336 292 380 437 544 650 762 882 839 737

Mean 19 13 12 10 14 14 19 23 25 28 28 25
Max 23 18 17 15 17 18 23 26 28 32 29 28
Mn 16 7.2 7.2 5 11 9.4 13 19 22 26 27 21

W'R YR 1957 TOTAL 6835 MEAN 19 MAX 32 M N 5.0
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Table D-2. Textual output file fromdCinmatedata (tm U S. West Corporation)
for mximumdaily air tenmperature (°C or °F). Mninumdaily air tenperature
is usually also avail abl e.

St ati on GORE PASS RANCH Par anet er TMax
County JEFFERSON Record Cnt 7
State CO Coverage % 83
Id 3423 El evati on 7600. 00 M ssi ngD/ M 9/ O
Latitude 40:09: 00 Obser Tine 16000 hrs Begin Date 6 /1957
Longi tude 106:28:00 End Date 12 /1963
Dai | y Maxi mum Tenper at ure, in degrees Centigrade
1963 Jan Feb Mar Apr My Jun Jul  Aug Sep Cct Nov Dec Annual
1 -8 9 2 15 17 24 29 29 20 24 8 7
2 -7 6 3 10 17 19 29 24 22 24 12 3
3 -2 9 -2 5 20 20 27 22 24 23 12 2
4 0 12 0 12 22 24 26 20 -— 24 8 3
5 -5 8 -2 12 22 19 27 22 -— 23 8 5
6 -7 8 1 16 23 23 30 23 -— 21 13 3
7 -— 6 0 18 24 24 30 26 — 21 13 --
8 -— 11 3 14 23 23 29 24 21 23 10 - -
9 -2 6 6 14 19 16 22 — 24 21 11 3
10 1 0 5 11 22 21 21 --  -- 23 14 -1
11 -13 -5 3 12 22 23 23 24 -- 22 - - -6
12 -21 -4 1 17 17 25 21 23 -- 21 - - -7
13 -23 -1 0 19 19 28 26 26 26 17 11 -5
14 -13 1 5 20 20 28 27 27 19 18 16 -1
15 -4 2 6 16 21 23 26 28 23 19 14 -1
16 -2 1 0 9 19 16 29 23 23 21 11 -4
17 -2 4 6 14 21 19 29 17 23 21 -1 -4
18 -14 3 4 10 21 16 31 25 26 21 0 1
19 -6 7 4 5 17 22 31 27 25 18 2 - -
20 - - 7 6 10 20 25 32 23 23 15 3 - -
21 6 5 9 14 — 25 29 19 21 16 9 - -
22 0 4 11 11 22 26 24 23 23 18 2 - -
23 1 6 14 10 18 27 30 19 24 16 3 - -
24 4 9 12 11 18 26 31 26 22 12 2 4
25 -1 4 9 16 18 26 31 26 24 18 5 6
26 -6 8 13 18 19 27 27 24 27 19 4 1
27 -6 1 16 17 -— -— 27 25 -— 18 - - 0
28 1 2 13 10 --— 29 29 21 -— 18 - - - -
29 0 - 11 14 21 27 29 24 -— 18 — -1
30 5 — 16 17 24 28 31 24 -— 17 4 -3
31 7 —— 17 -- 17 - - -- 21 — 12 - - - -
Mean -4 5 6 13 20 23 28 24 -- 19 8 0 —
Max 7 12 17 20 24 29 32 29 — 24 16 7 --
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Table D-3. Part of a Lotus 1-2-3 (tn) worksheet created by Hydrodata Opti cal
Di sk Dat abase.

ABBREVI ATED EXAMPLE OF HYDRODATA DATABASE PRI NTOUT

31 31 31 31 31 31

USGS USGS USGS USGS USGS USGS

06768000 06768000 06768000 06768000 06768000 06768000

31 31 31 31 31 31

047 047 047 047 047 047

PLATTE R PLATTE R PLATTE R PLATTE R PLATTE R PLATTE RI VER NEAR OVERTON
SW SW SW SW SW  Sw
404057 404057 404057 404057 404057 404057

0993224 0993224 0993224 0993224 0993224 0993224

00 00 00 00 00 00
999999 999999 999999 999999 999999 999999

999999 999999 999999 999999 999999 999999
999999 999999 999999 999999 999999 999999
57700 57700 57700 57700 57700 57700
52900 52900 52900 52900 52900 52900
-99999 -99999 -99999 -99999 -99999 -99999
2298. 830 2298. 830 2298. 830 2298. 830 2298. 830 2298. 830

1978 1979 1980 1981 1982 1983
1 1 1 1 1 1

1 1 1 1 1 1

10 10 10 10 10 10

10 10 10 10 10 10
10200101 10200101 10200101 10200101 10200101 10200101

34.50 25. 00 30. 00 31.50 21.10
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Table D-4. Textual output file from Hydrodata (tm U. S. West Corporation) for
streanflow (cfs). There may be many variations on streanflow statistics, such
as reservoir storage (af, nmg, kaf, ncf, or cfs-d) or level (ft), and river
stage (ft).

08066100 VWHI TE ROCK CREEK NR TRINITY, TEX.
LOCATI ON — Lat 31:03:06, Long 095:22:40, Hydrologic Unit 12030202
DRAI NAGE AREA -- 222.00 m 2 ( 574.98 knR)

GAGE -—Altitude of gage is 0124.30 ft (38 m

STREAMFLOW ( CFS), WATER YEAR OCT 1984 TO SEP 1985

MEAN

DAY Cct Nov Dec Jan Feb  Mar Apr  May Jun  Jul Aug Sep
1 0 131 33 900 38 894 43 38 9.7 41 1.1 0
2 0 146 26 928 33 1640 36 29 7.9 38 . 69 0
3 0 194 21 399 30 494 29 27 6.9 35 .48 0
4 0 115 18 474 31 155 25 18 6.0 33 .34 0
5 0 76 19 212 37 98 22 15 5.4 .31 .23 0
6 0 60 201 91 56 65 19 12 4.8 .27 .17 0
7 0 51 152 58 51 49 18 11 4.2 3.7 .10 0
8 6.9 45 48 43 38 41 17 9.8 3.7 6.7 .08 0
9 3.0 38 32 35 31 37 15 9.1 3.2 6.8 . 06 0
10 1.1 41 26 43 248 32 14 8.7 4.0 6.8 . 05 0
11 36 39 23 206 1660 30 14 9.5 4.5 5.3 .04 0
12 .84 35 21 83 2400 28 14 8.4 3.5 5.3 02 0
13 5.2 33 203 44 534 26 14 321 2.8 3.4 010 O
14 10 33 1020 35 127 26 13 3250 2.4 4.8 0 0
15 5.3 32 1280 33 83 27 13 2350 2.2 4.2 0 0
16 2.3 37 650 406 61 31 12 416 2.0 2.4 0 0
17 2.0 30 900 1590 49 29 12 88 1.8 3.9 0 0
18 0.81 63 356 2160 42 25 11 50 1.6 6.3 0 0
19 55 78 112 572 36 22 10 33 1.4 10 0 0
20 934 70 69 141 32 412 9.9 27 1.3 23 0 0
21 2720 47 50 81 31 1290 9.9 53 1.1 302 0 0
22 2680 35 39 57 30 1030 9.9 79 1.0 97 0 0
23 1390 30 32 48 326 164 11 54 .90 25 0 0
24 1250 28 27 46 1240 83 398 32 .80 15 0 0
25 2330 30 24 43 1260 57 2130 24 .72 10 0 0
26 1380 36 19 38 193 45 588 20 .65 7.7 0 0
27 388 312 21 36 157 42 202 18 .58 5.8 0 0
28 647 513 21 51 244 53 151 17 .53 4.6 0 0
29 4100 110 21 88 — 65 66 15 .49 3.5 0 0
30 2100 47 21 57 — 44 49 12 .45 2.7 0 0
31 319 — 186 43 — 39 — 11 — 1.8 0

Total 20331 2535 5671 9041 9098 7073 3976 7066 87 570 3.4 0
Mean 656 84 183 292 325 228 133 228 2.9 18 .11 0
Max 4100 513 1280 2160 2400 1640 2130 3250 9.7 302 1.1 0
M n 0 28 18 33 30 22 9.9 8.4 .45 .27 0 0
Ac-Ft 40326 5028 11248 17933 18046 14029 7886 14014 172 1130 6.7 0
WIR YR 1985 TOTAL 65450 MEAN 179 MAX 4100 MN O ACFT 129817
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APPENDI X E. SELECTED METEOROLOG CAL DATA FOR JULY

The following figures are taken from U.S. Departnment of Conmerce (1968)

Figure E-1. Normal daily average tenperature for July.
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Figure E-2. Mean relative hunmidity for July.
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Figure E-3. Mean percentage of possible sun for July.
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Figure E-4. Mean daily solar

MEAN DAI LY SOLAR RADI ATI ON (

radi ati on for July.

Langl eys) ~

AN I ==f
~INal_ R Fomt | T —
v/ ) k““"'.-.'i' N Q= S - :

& 7 e e vua o | o

: < ..'ﬁ?_',_"j o ;

7 - C 1A !
) [—y e, : U
7Y% % ! 4
200N F e N S ;
wio, H - i
I €AY Freany | W [
= e . !
P M T
R\ N e i e
W 7 fy
i %N
i i
bl = 5 o l--_é__ -.i
i, v T T
40 N[ ; -
RS e
' £ e !
/ ( i
., |
b - ~_ &l ! h
— = [ !
= o i
ey -\

b, [ ottt .

T ) OrEL ;
.-|‘-- i,_q-.l_ "_; v l S

g A frondies
FH -5 : %

i o -

L
I ST
P |
L L et |
= = =

L]
ev Lt or wer il

sra
2 e NOTE: A
= . Arrows fly ’ T~ g
=L =2 with wind,  [ERSbglii b
= —_—— — J - =




accretion rate, 73

accuracy of nodels, 6, 26, 27, 34,
48, 62, 63, 72, 90, 114

acute tenperatures, 23

ADDBEND program 14

adi abatic | apse rate, 36

advective heat flux, 70

air, vi, vii, viii, 1, 8, 10, 12,
13, 20, 21, 24, 35-37, 39-43,
46, 48, 50, 55, 65, 67, 69, 70,
73, 74, 76, 85-87, 99, 101
103-105, 110, 112, 114, 115,
123, 127, 129

anenoneter, 46

AVDEPTH, 14

azi muth of stream 27, 29

bank, stream vi,
71

basel ine conditions, 5

BASI C prograns, 42, 87, 89, 92,

battery power, 39, 62, 63

bends, stream 14, 83

bias in nodels, 13, 40, 62, 71, 93-
95, 108

bi weekly tinme step, 46

bottom of stream 14, 18, 20, 21
79, 81, 95, 102

brai ded channel, 14

27, 29, 30, 46,

123

calibration of nodels, iii, v, vii,
5, 39, 41, 44, 46, 50, 62, 65,
67-69, 71, 72, 89, 90, 91-93,

96, 100, 103, 107

clearcutting trees, vi, 22-25, 32,
107, 109, 110, 114

cliffs, 21

climate, 1, 35, 41, 45, 49, 74,
105, 109, 111, 114, 116, 118-
120

CLI MATEDATA, viii, 40, 120, 129

I NDEX

135

clinoneter,
cl ouds, 23,

65, 93,
conducti on,
convection,
correl ation,

Vi,
24,
95,
20,
12,

7,

26,
27,
97,

27, 30

35, 44-46, 50,
118

21, 96, 112

39, 46, 96

26, 36, 37, 53, 71,

75-77, 88, 90, 98, 100, 105, 114
curvilinear relations, 16
daily time step, vi, vii, viii, 6,

10-12, 14, 21, 24, 35, 36, 40,
41, 43, 53, 55, 56, 57, 59, 65,
72, 74, 85-87, 90, 94-96, 99,

101, 102, 104, 105, 111, 116-
118, 127, 129, 132, 134

danms, 1, 7, 41, 55, 56, 67, 75, 98,
111, 113, 116

day length, viii, 7, 26, 51, 52,
123

daylight, 26, 40

debris in stream 23, 62, 67

deci duous vegetation, 23, 26, 30, 32

declination, 52

densi tonmeter, 32, 113

density of vegetation,
32, 33, 67, 77, 113

depth, viii, 10, 12, 13, 18, 20,
21, 48, 56, 61, 75, 76, 77, 79-

vi, 26, 30,

81, 83, 89, 97, 108

dew, 35, 36, 43, 114, 123, 125

diel, vi, 21, 22

digital, 39, 44, 62, 63, 71

di scharge, iii, vi, 1, 14, 16-19,
23, 24, 26, 48, 53, 54, 67, 69,
70, 74, 76, 79, 86, 99, 102,
105

di stances, 12, 13, 65

diurnal temperatures, 1, 20, 21,
25, 46, 70, 72, 79, 96, 115,
123

duration analysis, vii, 37, 81
104, 105

dust coefficient, 44, 45, 50

dye, vi, 18, 19, 112



el evation, 7, 12, 13, 26, 35-37,
41, 42, 75, 76, 81, 114, 129
enpirical, 14, 16, 41, 76, 86, 96,
97, 99-102, 116

epi | i mionic tenperatures, 98

error, nodel, iii, vii, 6, 7, 13,
16, 18, 20, 21, 24, 43, 45, 46,
65, 68, 70-72, 75, 86-88, 92-99

estimates, paranmeter, 16, 18, 24,
26, 32, 41, 43, 45, 46, 50, 71
73, 74, 78, 83, 86, 87, 92, 101
113, 115, 119

evaporation rate, 39, 69, 96

extrenme cases, 23, 36, 54, 59, 79,
84, 90, 93, 100, 101, 103, 105

failure of equipnent, 23, 39, 48,
62, 63

filters, 100

flood, 1, 76

flow, iii, vi, vii, 1, 5, 6, 7, 8,
9, 10, 12-16, 18, 19, 21, 26,
27, 29, 36, 51, 53, 54, 65, 67-
71, 73-87, 96-103, 105, 108,
109, 111, 112, 114, 116-119,
123, 126

fluorescein dye, 18

fluoroneter, 18

flushing, 98

flux, heat, 12, 13, 20, 21, 39, 46,
74, 97, 99

f orebay, 67

forecast, 35, 105

gage, 18, 53, 55, 67, 127, 131

geol ogical, 53, 55, 57, 112-115, 120
geonetry, stream iii, v, 6, 12, 73,

85, 88, 100-103
geot hernal areas, 48, 84, 113

goodness-of-fit, iii, 90, 92, 93,
116

gradient, stream 8, 10, 12, 13, 19-
21, 48, 84

ground, vi, viii, 10, 13, 20, 21, 24,

36, 41, 48-51, 70, 71, 76, 79,
84, 92, 111
ground reflectivity, 48, 50

ground tenperature, vi, 8, 10, 20,
21, 48

groundwater, 12, 23, 24, 48, 50,
51, 53-55, 70, 71, 73, 80, 92

habitat, stream iii, 6, 13, 18,
54, 79, 81, 92, 108-111, 114,
115, 117, 118

HABTAT program 14

HAQF data file, 14

harmoni ¢ nodels, 75, 76, 87,
99, 100, 117

headwater, 7, 36, 65, 80, 114

HEC program 78

hei ght of vegetation, vi, 27, 30,
41, 43, 46, 47, 125

hi storical conditions, 53, 55, 85,
90, 97

hourly tinme step, vi, 21, 25, 35,
39, 41, 63, 96, 98, 109, 118,
123

hum dity, vi, vii, 8, 10, 13, 36,
41-44, 55, 86, 103, 105, 114,
123, 125, 127, 133

hydraulic, 16, 18, 101,

102
HYDRODATA dat a base, v,

viii, 53,55, 120,
127, 130, 131
hydrol ogy, iii, v, 12,

51, 77, 78, 88, 92,
100, 102, 111, 113,

115, 120, 127, 131
hydr opeaki ng, 98

ice, iii, 21, 51, 68, 74, 76
110, 114

i mpoundnent, 18, 75, 76, 109,
113, 117

inflow, 7, 8, 10, 12, 48, 53, 54,
75, 77, 80, 92

instrumentation, iv, 39, 62, 96,
107, 122

intergravel flow, 80

irrigation, 53, 55, 70, 71

Jul i an days, 87, 99, 123



Lagrangi an net hods, 99, 112

| apse rate, vi, 36, 37

LARM nodel , 78, 111

| at ent heat, 74

|ateral flow, 7,
79, 86

| atitudes, viii
45, 52, 57,

| eaf, 51

| et hal tenperatures, 23

| evel plane, 26, 36, 39, 41-43, 46,

50, 67, 70, 77, 78, 81, 89, 103,

125, 131

light, 18, 21, 26, 30, 34, 51, 98,
108, 112, 116, 119

| ocal conditions, viii
36, 43, 48, 63, 101

| og, 14, 71, 86, 125

| ogarithmc, 34, 119

logs in stream 21, 22, 97

| ongi tude, 57, 79, 81, 94,

| osing stream 53, 54

Lotus 1-2-3, viii, 14,
130

18, 48, 55, 71,

24, 26, 27, 44,
123, 129

6, 26, 35,
114

129

123, 126,

Manni ng's n, 14, 16,
101, 102

map, 13, 18, 27, 114

maxi num t enperature, vi, viii, 6-8,
10-12, 14, 21, 23-25, 30, 36,
40, 41, 43, 56, 57, 59, 61, 65,
68, 70-72, 74-76, 81, 85, 86,
90, 93, 97, 99, 101-105, 123,
127, 129

mean tenperature, vi, vii, viii, 2,
5-8, 10-12, 18, 20, 24, 33, 35,
39-41, 43, 48, 50, 53, 56, 57,

19, 81, 83,

59, 61, 65, 67, 69, 70, 73, 75,
86, 87, 92, 93, 95, 96, 99, 101-
104, 106, 110, 112, 118, 127-
129, 131, 133, 134

medi an conditions, 10, 36

nmet eorol ogy, iii, v, vi, 12, 34,

35, 37-40, 43, 46, 48, 73, 74,
85, 87, 88, 97, 99-103, 105,
112, 113, 118, 120-123, 132

m croclimte, 41

m crohabitat, vii, 6, 74, 80, 84,
89
m crothermal habitats, 54, 79, 84

m ni mrum t enperature, 6, 10, 18, 21,
23, 25, 36, 39-41, 56, 57, 59,

137

61, 65, 70-72, 75, 81, 86, 88, 95
104, 105, 123, 127, 129

m ssi ng val ues, 46, 56, 86-88, 99
100, 102

m xi ng equation, 55, 67, 69, 79
81, 83, 84, 101

monitor, vii, 7, 66, 67, 85, 107

Monte Carl o method, 100, 103, 105

month, 2, 6, 35, 36, 39, 40, 41
46, 53, 58, 59, 61, 63, 76, 94,
95, 98, 99, 105, 108, 112, 118,
119

NAWDEX data base, 53, 120

normal conditions, vii, 24, 35, 36
75, 90, 95, 101, 103, 105, 118
132

optim zati on nmethods, 78

oxygen, 77, 96-98, 107, 108

paraneter, iii, vi, viii, 6-8, 10-

12, 13, 20, 23, 26, 27, 31, 35,
37, 39, 41, 43, 46, 48, 50, 76,
103,

85, 86-90, 92, 94, 97, 102,
105, 129

percent possible sun, 8, 10, 36,
44- 46, 86, 103

per manganate, 18

PHABSI M net hod, 13, 14, 18, 53,
114, 126

pl ani netering, 44

pool , vii, 14, 16, 79-82, 83, 84,
107, 115

priority, iii, vii, 6, 65, 66

probability, 65, 101, 102, 103,
105, 116, 119

profile, tenperature, vii, 16, 25,
48, 65, 67, 77, 82, 102, 112,

115
psychroneter, 42
psychrononeter, 41
pyranograph, 43, 44
pyranoneter, 43
pyrgeoneter, 43
pyrhel i ometer, 34, 43
pyrradi oneter, 43



radi ation, vi, vii, viii, 10, 12,
20, 21, 24, 27, 28, 32, 34, 35,
39, 43, 44-46, 48, 50, 55, 86,
88, 94, 96-98, 103, 105, 113,
114, 116, 118, 127, 134

random 14, 27, 87, 94, 127

reconnai ssance, 70

reflectivity, viii, 48, 50, 51

regression techniques, iii, 14, 16,
24, 39, 65, 85-88, 90, 93-96,

99, 101-103, 126,
reservoir, iii, 1, 5, 7, 36, 43, 53,
54, 65, 67, 71, 74-78, 85-87,
92, 95, 98, 100, 101, 102, 103,
107, 109, 111, 115, 119, 131
residuals, error, 93, 111
resolution, 63, 71, 97, 104
retrieval, data, 56, 61
rhodam ne dye, 18
ri pari an vegetation, vi, 7, 13, 21

23, 24, 26-28, 31, 46, 92, 96,

97, 108, 113, 115, 118
RMS error, 20, 98
roughness, streanbed, 8, 10, 14,
16, 46, 48, 81, 83, 98
routing, 18, 98, 112
Rut hven equation, 81, 116

sanples, 27, 32, 59, 62, 63, 86,
87, 89, 93, 100, 101, 108, 111

saturation, 20, 33, 125

scopi ng, 5

screeni ng, 21, 30, 32

seeps and springs, 79

segnent, stream 7, 10, 13, 14, 18,
26, 27, 32, 65, 88, 89, 98,
107, 108

SELECT nodel, 32, 53, 69, 74, 78

sensitivity analysis, iii, v, vi,
viii, 6-8, 10-12, 13, 20, 21
26, 39, 41, 54, 65, 84, 85, 88,
89, 90, 103, 110, 116

shade, riparian, vi, 7, 8,
21-27, 30-34, 40, 69, 70,
85, 88, 96-98, 100, 103
114, 115, 117, 126

shadow, 26, 34, 43, 44, 69

Si ne wave, 40, 75, 77, 87

sinuosity, stream 13

site selection, 65

10,
75,
107,

138

SNTEMP nodel , iii, vi, viii, 1, 5,
7, 10, 11, 13, 14, 16, 19, 20,
26, 43, 45, 50, 51, 53, 54, 71
74, 78, 86, 88, 93, 95, 97, 101
102

soil, 46, 48, 51, 71, 109, 113, 115,
117, 123, 127

solar, vi, vii, viii, 10, 12, 20,
21, 24, 28, 28, 32, 43-46, 48,
50, 55, 86, 88, 94, 97, 98, 101
103, 105, 107-109, 114, 116,
118, 127, 134

solar radiation, vi, vii, viii, 10
12, 20, 21, 24, 28, 32, 35, 43-
46, 48, 50, 55, 86, 88, 94, 97,
98, 103, 105, 114, 116, 127, 134

sol ari neter, 34
springs and seeps, 36, 48, 54, 56,
70, 75, 76, 80, 84, 105

SSSHADE program 24, 26, 88, 107

SSSOLAR program 24, 43, 44, 50,
88, 107, 108

SSTEMP program 88, 95, 101, 108

staff gage, ix, 18, 53

statisti cal met hods, 37, 88-90,
92, 93, 95, 99, 100, 102, 108,
112, 116

STEADY nodel, iii, 16, 78, 96-99

stochastic nodels, 96, 116, 117

STORET data base, viii, 55, 61

stratification, tenperature, 65,

67, 70, 76, 77, 80-82, 84, 119

streanbed, 14, 16, 19-22, 67, 79,

97

substrate, 12, 24, 97

sumer, 12, 51, 69, 74-76, 96, 100

sun, vii, 8, 10, 21, 23, 26, 27,
32-34, 36, 43-46, 52, 86, 103,
133

sunlight, 32-34, 45, 67

sunshi ne, 34, 35, 45, 118

theft, equipnent, 63

thermal gradient, 8, 10, 19-21

therm stor, 62, 84

t hernocl i ne, 80, 81

t her nograph, vii, viii, 39, 62, 63,
64, 70, 121, 122

thernmoneter, 39, 41, 68-70, 84,
107, 115, 121, 122



time, vi, vii, viii, 6, 8, 10, 12,
13, 16-19, 22, 26, 30, 34, 35,
39-41, 43-46, 48, 50, 52, 53,
55, 56, 62, 63, 65, 67, 70-74,
76-79, 84, 86-90, 92, 93, 95,
97-102, 105, 106, 108, 112,
114, 123, 124, 129

t opogr aphy, vi, 13, 21, 24-28, 30,
34, 35, 43, 46, 48, 50, 97

toxic, 18, 105

transect, vii, 18, 32, 53, 68

transport, 13, 86, 98, 99, 110, 112

travel time, vi, 8, 10, 13, 16-19,
98, 101, 102, 108, 112

tributary, 53, 55, 67, 73, 79-81
84, 86

undergravel flow, 79, 84

units of neasure, vi, 10, 14-16,
39, 44, 62, 63, 68, 71, 86

USGS, viii, 27, 54-57, 59, 107,
109, 110, 112, 117, 130

val i dati on of npdel s,
5, 62, 89-93, 95,
114, 116, 117

vandal i sm of equi pnent, 62, 63

vari ance of results, 7, 39, 86, 93,
95, 100

vegetation, vi, 13, 21, 23, 24,
26- 28, 30-32, 34, 37, 43, 46,

vV, Vii,
110,

iii,
102,

51, 92, 97, 108, 115, 118

verification of nodels, iii, 37,
41, 43, 48, 62, 67, 73, 84, 89,
90, 92, 107

WASP model , 77

wavel engt h, 20

weekly tine step, 6, 23, 35, 63,
90, 94, 118

WESTEX nodel, 78

width, wvi, 7, 8, 10, 13-15, 21,
23, 26, 30, 32, 33, 76, 80,
81, 83, 86, 92, 101, 1083, 123,
126

139

wind, vi, vii, 8, 10, 12, 34-36,
43, 46-48, 55, 75, 76, 86, 97,
103, 127, 134

wi nter conditions, 23-25, 36, 39,
43, 59, 74-76, 84, 88, 100

WORRS program 77, 78

WSP program 16, 102

year, vi, vii, 1, 23, 25, 26, 30,
35, 36, 41, 43-45, 48, 50, 55-

60, 63, 65, 70, 74, 75, 76, 90,
94, 98, 99, 103-106, 113, 118,
127, 131



