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INTRODUCTION

The wetted perimeter and flow relationships for selected riffle cross-
sections are a useful tool for deriving instream flow recommendations for
the rivers and streams of Montana. Wetted perimeter is the distance along
the bottom and sides of a chammel cross-section in contact with water
(Figure 1). As the flow in a stream channel increases, the wetted
perimeter also increases, but the rate of gain of wetted perimeter is not
constant throughout the entire range of flows. Starting at zero flow,
wetted perimeter increases rapidly for small increases in flow up to the
point where the stream channel nears its maximum width. Beyond this break
or inflection point, the increase of wetted perimeter is less rapid as
flow increases. An example of a wetted perimeter-flow relationship
showing a well-defined inflection point is given in Figure 2. The
instream flow recommendation is selected at or near this inflection point,

The MDFWP developed in 1980 a relatively simple wetted perimeter
predictive (WETP) computer model for use in its instream flow program.
This model eliminates the . relatively complex data collecting and
calibrating procedures associated with the hydraulic simulation computer
models in current use while providing more accurate and reliable wetted
perimeter predictions.

The WETP computer program was written by Dr. Dalton Burkhalter, aquatic
consultant, 1429 South Sth Avenue, Bozeman, Montana 59715. The program
is written in FORTRAN IV and is located at the computer center, Montana
State University, Bozeman. Direct all correspondence concerning the
program to Fred Nelson, Montana Department of Fish, Wildlife and Parks,
1400 South 19th Avenue, Bozeman, Montana 59715.
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Figure 2. An example of a relationship between wetted perimeter and
flow for a riffle cross-section.
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DERIVING RECOMMENDATIONS USING WETTED PERIMETER

When formulating flow recommendations for a waterway, the annual flow
cycle is generally divided into two separate perieds. They consist of a
relatively brief runoff or high flow period, when a large percentage of
the annual water yield passes through the chamnel, and a non-runoff or low
flow period, which is characterized by relatively stable base flows
maintained primarily by groundwater outflows. For headwater rivers and
streams, the high flow period generally includes the months of May, June
and July, while the remaining months encompass the low flow period,.

Method for the Iow Flow Period

The wetted perimeter inflection point method is presently the primary
method used by the MDFWP for deriving low flow recommendations for rivers
and streams. This method is primarily based on the assumption that the
food supply is a major factor influencing a stream’'s carrying capacity
(the numbers and pounds of fish that can be maintained indefinitely by the
aquatic habitat). The principal food of many of the juvenile and adult
game fish inhabiting the streams of Montana is agquatic invertebrates,
which are primarily produced in stream riffle areas. The method assumes
that the game fish carrying capacity is related to food production, which
in turn is related to the wetted perimeter in riffle areas. This method
is a slightly modified version of the Washington Method (Collings, 1972
and 1974). The Idaho Method (White and Cochnauer, 1975 and White, 1976)
is also based on a similar premise.

The plot of wetted perimeter versus flow for stream riffle cross-sections
generally shows two inflection points, the uppermost being the more
prominent. In the example (Figure 3), these inflection points occur at
approximate flows of 8 and 12 cfs. Beyond the upper inflection point,
large changes in flow cause only very small changes in wetted perimeter.
The area available for food production is considered near optimal beyond
this point. At flows below the upper inflection peint, the stream begins
to pull away from the riffle bottom until, at the lower inflection point,
the rate of loss of wetted perimeter begins to rapidly accelerate. Once
flows are reduced below the lower inflection point, the riffle bottom is
being exposed at an even greater rate, causing the area available for food
production to greatly diminish. The method is intended to establish a
threshold below which a stream’s food producing capacity begins to decline
(upper inflection point) and a threshold at which the loss is judged
unacceptable (lower inflection point),

The wetted perimeter-flow relationship may also provide an index of other
limiting factors that influence a stream's carrying capacity. One such
factor is cover. GCover, or shelter, has long been recognized as one of
the basic and essential components of fish habitat. Cover serves as a
means for aveiding predators and provides areas of moderate current speed
used as resting and holding areas by fish. It is well documented that
cover improvements typically increase the carrying capacity of streams,
especially for larger-size fish. Cover can be significantly influenced
by streamflow,
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In the headwater streams of Montana, overhanging and submerged bank
vegetation and undercut banks are often important components of cover,
The wetted perimeter-flow relatlionship for a stream channel may bear some
similarity to the relationship between bank cover and flew. At the upper
inflection point, the flow begins to pull away from the banks, decreasing
the amount of bank cover asscociated with water. At flows below the lower
inflection point, the water is sufficiently removed from the bank cover
to severely reduce its value as fish shelter.

Riffles also are used by many game fish species for spawning and the
rearing of their young. Thus, the protection of riffles insures that the
habitat required for these critical life functions is also protected.

Another important consideration that supports the keying of recommenda-
tions to riffles is the fact that riffles are the area of a stream most
affected by flow reductions. By providing a recommendation that wets a
large portion of the avalilable riffie area, we are, at the same time,
helping to protect both runs and pools - areas where adult fish normally
reside.

The wetted perimeter inflection point method provides a range of flows
(between the lower and upper inflection points) from which a single
instream flow recommendation can be selected. Flows below the lower
inflecticon point are judged undesirable based on their probable impacts
on food production, bank cover and spawning and rearing habitats, while
flows exceeding the upper inflection point are considered to provide a
near optimal habitat for fish. The lower and upper inflection peoints are
believed to bracket those flows needed to maintain the low and high levels
of aguatic habitat potential. These flow levelg are defined as follows:

1. High level of Aquatic Habitat Potential - That flow regime which
will consistently produce abundant, healthy and thriving aquatic
populations. 1In the case of game fish species, these flows would
produce abundant game fish populations capable of sustaining a good
te excellent sport fishery for the size of stream involved., For
rare, threatened or endangered species, flows to accomplish the high
level of aquatic habitat maintenance would: 1) provide the high
population levels needed to ensure the continued existence of that
specles, or 2) provide the flow levels above those which would
adversely affect the species,

2. Low Level of Aquatic Habitat Potential - Flows to accomplish a low
level of aquatic habitat maintenance would provide for only a low
population of the species present. In the case of pgame fish
species, & poor sport fishery could still be provided, For rare,
threatened or endangered species, their populations would exist at
low or marginal levels. In some cases, this flow level would not
be sufficient to maintain certain species,

The final flow recommendation is selected from this range of flows by a
consensus of the fishery biologists who collected, summarized and analyzed
all relevant field data for the streams of interest. The biologist’'s
rating of the stream resource forms the basis of the flow selection
process, Factors considered in the sgvaluation include the level of
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recreational use, the exlsting level of envirommental degradation, water
availability and the magnitude and composition of existing fish popula-
tions. The fish population information, which 1is essential for all
streams, is a major consideration. A marginal or poor fishery would
likely justify a flow recommendation at or near the lower inflection point
unless other considerations, such as the presence of specles of special
concern {arctiec grayling and cutthroat trout, for example}, warrant a
higher flow. In general, only streams with exceptional resident fish
populations or those providing crucial spawning and/or rearing habitats
for migratory populations would be considered for a recommendation at or
near the upper inflection peint. The process of deriving the flow
recomeendation for the low flow period thus combines a field method
(wetted perimeter inflection peoint method) with a thorough evaluation by
a field biologist of the existing stream resource.

A publication of the MDFWP (lLeathe and Nelson, 1989) provides an up-to-
date synopsis of the history of the wetted perimeter inflection point.
method, examines its theoretical and experimental basis, identifies its
strengths and weaknesses as compared to other available methods, and
provides a justification for its wuse in Montana. Refer to this
publication to further explain the method.



DESCRIPTION OF THE WETP PROGRAM

The WETP program uses 2 to 10 sets of stage (water surface elevation)
measurements taken at different known discharges (flows) to establish a
rating curve. This curve has the equation, Q = p(S - zf)® where:

( = discharge

5 = stage height

zf = stage height at zevo flow
p = a constant

n = a constant exponent.

The relationship of measured points, if perfect, would plot as a straight
line on log-log paper with n equal to the slope of the line and p equal
to the discharge when (8 - zf) = 1. The actual line is determined by
lsast squares regression using the measured points, Once the stage-
discharge rating curve for each cross-section is determined, the stage at
a flow of interest can be predicted. This rating curve, when coupled with
the cross-sectional profile, is all that is needed to predict the wetted
perimeter at most flows of interest.

Stage Height at Zero Flow

The stage height at zero flow (zf) may be taken as the lowest elevation
in the cross-sectional profile for riffles but is more difficult to
determine for non-riffles, particularly pools, in which case the
procedures of Rantz (1982) should be consulted. The applicable portions
of that paper are included in Appendix A.

The zf value for a non-riffle cross-section can alsc be measured in the
field, 1t is the elevation of the thalweg (as referenced to the bench
mark elevation) at the downstream control, which is typically the head of
a riffle. The control is a channel feature that causes water to back up
in an upstream direction.

The value of zf is controlled by use of an option record {OPTS) in the
input data, If the option is set to one, zf is either set to a wvalue
supplied by the user or, in the absence of a supplied value, zf is
automatically set to the lowest elevation in the cross-sectional profile.
1f the user does not want zf to equal the lowest elevation im the cross-
sectional profile, the values for zf are entered on the XSEC records. The
option record must be the first entry in the dataz file and is illustrated
in Appendices B and C.

The option of setting zf to zerc by setting the option record te zero is
also available. All results for an earlier wversion of the WETP program
were obtained with zf automatically set to zero. Option zero is included
soiely Tor the purpose of comparing results. Because the program now
incorporates zf inte the calculations, the accuracy of the hydraulic
predictions for those flows of interest that are less than the lowest



measured calibration flow should improve over calculations previously made
with zf = O,

Stage-Discharee Data

The program should be run using three sets of stage-discharge data
collected at 2 high, intermediate and low flow. Additional data sets are
desirable, but not mandatory. The three measurements are made when runoff
1s receding (high flow), near the end of runoff (intermediate flow) and
during late summer-early fall (low flow). The high flow should be
congiderably less than the bankfull flow, while the low flow should
approximate the lowest flow that normally occurs during the summer-fall
field season. Sufficient spread between the highest and lowest calibra-
tion flows is needed for the program to compute a linear, sloping rating
curve,

The WETP program will run using two sets of stage-discharge data. This
practice is not recommended due to the potential for "two point"™ error.
At times, however, only two points are obtainable and must be used in the
derivation., Bovee and Milhous (1978) concluded that twe points can bhe
used effectively if done with care. To minimize "twe point" error, they
recommend that the calculations incorporate the stage at zero flow (zf)
and that the higher calibration flow be at least twice as high as the
lower one. They further concluded that the limit of reliability could be
approached with only two data points, provided strict limitations were
placed on the range of extrapolation. While the findings of the above
authors remove some of the uncertainty associated with the use of two-
peint rating curves, abiding by their recommendations does not guarantee
that "two-point® error will be eliminated in all cases.

Other Hydraulic Predictions

In addition to wetted perimeter (WETP), the program also predicts other
hydrauliec characteristics that may be useful in deriving flow recommenda-
tions. These are the mean depth (DBAR) in ft, mean velocity (VBAR) in
ft/sec, top width (WDTH) in ft, cross-sectional area (AREA) in ft?, stage
{(STGE) in ft, and maximum depth (DMAX) in ft,

A useful program option, termed the width-at-given-depth (WAGD) option,
will calculate for up to 10 given depths the width (in ft) and percentage
of the top width having depths greater than or equal to the given values.
The width and percentage of the longest, continuous segment having the
required depths is also listed for each flow of interest. This option is
illustrated in Appendices B and C.



FIELD DATA REQUIREMENTS

The required inputs to the WETP program for each cross-section are:

1.

Three sets of stage-discharge data measured at a high, intermediate
and low flow. The stage height at zevo flow (zf) is mandatory only
when non-riffles are modeled.

The cross-sectional profile, which consists of channel elevations
{vertical distances) and the horizontal distance of each elevation
meagurement from the headstake {zero point)}.

The following are needed te document field work:

1.

Slides or photegraphs of the study ares and cross-sections at the
time field data are collected,

Field notebooks containing all surveying data, notes and calcula-
tions recorded in a neat, consistent manner.
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FIELD METHODS

Eguipment

i.

2.

10,

11.

12,

i3.

14,

A self-leveling or automatic level such as a Wild NAK1.
25-ft, telescoping, fiberglass level rod.

50-500 ft canyon line or other measuring tape. Tape should be
calibrated to 0.1 ft.

Rebar cut in 30-inch pieces (stakes). Two stakes are needed per
cross-section.

Two clamps (modified vise grips with flat jaws).
Engineers field notebook.
Pencils.

Current meter and rod, stopwatch and beeper box. Gurley or Price AA
current meters are preferred.

Small sledge hammer.

Camera.

Fluorescent spray paint and flagging.

Forms for recording stream discharges and cross-sectional profiles.
A rod firtted with a porcelain, enameled, iron gage (Part No. 15405,
Leupold and Stevens, Inc., P. 0. Box 688, Beaverton, Cregon 97075)

for measuring water depths. A current meter rod can be substituted.

Machete and tree pruner for trimming vegetation.

Selecting Study Areas and Placing Cross-Sections

Follow these guidelines when selecting study areas and placing cross-
sections.

I,

It is best to locate study areas and stake cross-sections during low
water prior to the onset of runoff. A good time is the fall when
flows are low, most waters are easily waded, and riffles are readily
discernible. It will be difficult to select these sites during the
high water period when data collection begins.

The selected study area is normally located near the stream’s mouth.
The study area is not intended to represent the channel form and flow

regime that occur throughout the designated stream reach, which, in
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the case of the smaller streams, typically encompasses the entire
stream length between the headwaters and mouth. With this approach,
the veach boundaries serve merely to identify those junior watery
users who will be subject to the instream right or reservation, which
iz monitored at or meay the stream’s mouth. Should the flow at this
site £all below the granted instream flow, then all junior users
within the designated reach must cease withdrawing water until the
flow recovers. AllL upstream users are, thus, keying to a flow that
is measured on the lower stream., Having similar flow regimes and
channmel configurations st the upper and lower reach %cundarles are
net reguired with this approach.

Designating only one reach is generally unacceptable for the larger
waterways. Here, a limited number of reaches must be established
using reasonable and defensible boundaries, such as major tributary
inflows and dams. For example, the Madison River has four designated
reaches: 1) Yellowstone Park boundary - Hebgen Reservoir, 2) Hebgen
Dam - junction of the West Fork, 3} juncticn of the West Fork - Ennis
Resgeyveolr, and 4) Ennis Dam - mouth. Each reach may well encompass
areas having a similar flow regime and channel configuration,
aithough this is not a reach requirement. Again, the reach merely
identifies those junicr users who are subject to the granted instream
right or reservation.

Place the cross-sections in riffles {if the wetted perimeter
inflecticon point method is used to derive recommendations. Cross-
sections can be placed in a single riffle or a number of different
riffles. Cross-sections should describe the typical riffle habitats
within the stream segment being studied. Other critical habitat
types can alsc be used, depending on your chosen method,

For a particular riffle, the upper limit ls three cross-sections
placed at the riffle’s head, middle and tail. Fewer can be used if
the riffle is fairly uniform. To be safe, you may want to model two
or three separate riffles in each study area. We recommend using at
least three and preferably five riffle cross-sections when deriving
the wetted perimeter-flow relationship for each study area. The WETP
program accepts up to 10 cross-sections per study area.

Theoretically, one strategically placed cross-section could effec-
tively model the "typical” riffle habitat within a study area. More
cross-sections {up te 5) are recommended under the assumption that
this will result in a more accurate end product. The ability of the
biclogist to exercise good judgment is the crucial element when
placing cross-sections to model a stream’s riffle habitat.

The WETP model assumes that the water surface elevations at the
water’s edge on the left bank (WEL) and right bank (WER) of a cross-
section are always equal at a requested flow. This is a valid
assumption because the water surface elevations at WEL and WER
generally remain within 0.1 ft of each other as the flow changes,
provided the water surface elevations at WEL and WER were matched
when the cross-section was established. Avoid placing cross-sections
in areas where this assumption is likely to be violated, such as
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sharp bends in rivers and multiple chamnels containing islands. If
cross~sections through these areas are unavoidable, you should
procesed with caution.

T

Place the headstake marking each cross-section well up on the bank.
Drive the headstake almost fiush with the ground and mark well. 1In
addition to marking the cross-section and providing a fixed reference
point for establishing elevations, the headstake is also your zero
reference point for measuring horizontal distances across the cross-
section. Headstakes for all the cross-sections within a study area
should be located on the same bank.

Another stake is driven on the bank opposite the headstake. Place
this stake so that the water surface elevations at the WEL and WER
of the established cross-section are egual or similar (within 0.05
ft). This will require the use of a level and level rod. This stake
ig used to mark the cross-section on the bank opposite the headstake
and also to attach the measuring tape when the channel profile is
measured, so should not be driven to ground level. Cross-sections,
when established, should be roughly perpendicular te the banks.
Eliminate all diagonal cross-sections.

6. Number the cross-sections consecutively from downstream to upstream
{the downstream-most cross-section is #1).

7. Measure the distances between cross-sections. This is an optional
measurement that might be useful in locating cross-sections during
return trips.

8. Remember, the WETP model is invalidated if channel changes occur in
the study area during data collection. For this reason, all field
measurements should be completed during the period beginning when
runoff is receding and ending with the onset of runoff the following

year. The stream channel is expected to be stable during this
period,
9. Over winter, headstakes can frost heave, changing their elevations.

This is an important reason for completing all field measurements
during the summer-fall period. However, this does not prevent you
from placing your headstakes and establishing your cross-sections in
fall and starting your measurements the following summer when runoff
is receding.

Establishing Bench Marks

Establish & bench mark at or near your study area. The bench mark is a
point that will not be disturbed or moved. A nail driven into the base
of a tree, a fixed spot on a bridge abutment and a survey stake driven
into the ground are examples of bench marks. Designating one of the
cross-sectional headstakes within a study area as the bench mark is an
acceptable practice, provided all field measurements are completed before
the onget of winter. Bench marks should be well marked in the field and
their locations described in your fileld notebook so they can be easily
located during return trips. All chamnel and water surface elevations are
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established relative to the bench mark, which is assigned an elevation of
100.00 or 10.00 fr. Use 10.00 ft whenever possible.

For streams having "heavy" vegetative cover, the use of a single bench
mark may not be practical. In this case, the individual headstakes can
serve as bench marks. For example, the headstake for cross-section #1
could serve as the bench mark for cross-sections #1 and 2, while the
headstake for cross-section #3 could serve as the bench mark for cross-
sections #3, 4 and 5., FEach headstake could alse serve as the bench mark
for that individual cross-section. While this is not the best surveying
technique, c¢ertain stream reaches may require its use, Be sure to
carefully record in your notebook which headstakes are used as bench marks
to avoid confusien and errors on return trips.

Remember, chamnel and water surface elevations for all cross-sections
within a study area do not have to be tied to a single bench mark for the
WETP program tc run properly. However, the use of a single bench mark
demonstrates good field technique.

Surveying Techniques

The reader is referred to Spence {1975) and Rovee and Milhous (1978) for
a discussion of the surveying techmiques used to measure cross-sectional
profiles and wateyv surface elevations. Both papers should be read by
those unfamiliar with the mechanics of surveying. All investigators must
receive field training before attempting any measurements,

It is important to be consistent and to use good technigque when collecting
and recording data. Record all data in your notebook and complete all
calculations while in the field, so that any surveying errors can be
detected and corrected. Remember, your field notebooks may be examined
in court or hearing proceedings. Good quality equipment such as an
automatic level is also an asset.

Measuring Water Surface Elevations (Stages)

Water surface elevations should be measured for each cross-section at
three different flows. If cross-sections are established prior to runoff
(this practice is recommended), you must return to the study area at least
three more times; when runoff is receding (high flow), near the end of
runoff (intermediate flow)} and during late summer or early fall (low
flow).

It is unnecessary to collect surface elevation measurements for all of the
cross-sections within a study area at the same flows. For example, if
another cross-section is added to the study area at a later date, the
calibration flows for thls new cross-section do not have te matech those
for the other cross-sections. It is alsc umnecessary to have the same
number of calibration flows for all of the cross-sections within a study
area.

Water surface elevations are measured at the water’'s edge directly
opposite the stake marking the cross-section on each bank., Visually line
up the pointe (WEL and WER) in the cross-section where surface elevations
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will be measured. The stretching of a tape across the cross-section is
unnecessary because the horizontal distances from the headstake to the
WEL and WER are not needed. Measure water surface elevations to the
nearest G.01 ££. The mechanies of this measurement are discussed in Bovee
and Milhous (1978). Once water surface elevations are calculated, repeat
the measursments to check for surveying errers. 1If all cross-sections are
tied to a single bench mark, water surface elevations should increase as
the cross-sections progress upstream.

As previsusly discussed, the WETP model assumes that the water surface
elevations at WEL and WER are always equal at a selected flow of interest.
In 2 stream channel, the surface elevations at the WEL and WER of a cross-
section should remain fairly equal as the flow varies, provided the
elevations at WEL and WER were matched when the cross-section was
established. Consequently, it is necessary to measure the water surface
elevations at both WEL and WER during all return trips to wverify this
assumption. These two measurements should always be within approximately
6.1 ft of one another. For the larger waterways, a greater difference is
allowable. Average these two measurements to obtain the water surface
elevation that is entered on the coding sheets.

Measuring Stream Discharges

The flow through the study area must be measured each time water surface
elevations are determined. On the larger waterways, it is best to locate
study areas near USGS page stations te eliminate a discharge measurement,

Use standard USGS methods when measuring discharges. Publications of
Bovee and Milhous (1%978), Buchanan and Somers (1969), and Smoot and Novak
(1968) describe these methods and provide information on the maintenance
of current meters. Read these publications before attempting any dis-
charge measurements. Field training by USGS personnel is also mandatory,

Measuring Cross-Sectlonal Profiles

The channel profile has to be determined for each cross-section., Unlike
the measurement of water surface elevations, this has to be done only
once. It is best to measure profiles at the lowest calibration flow when
wading is easiest. For the unwadable, larger waterways that require the
use of a boat, profiles are best measured at the intermediate calibration
flow.

For wadable streams, a measuring tape 1s stretched across the c¢cross-
section with the zero point set on top of the headstake, Setting the
headstake at zero, while not mandatory, is a good practice that provides
consistency in your field technique. Never attach the tape directly to
the headstske. The tape is attached with a vise grip to a stake that is
driven behind the headstake. A vise grip can be attached directly to the
stake on the opposite bank to stretch and hold the tape in place.

Elevaticns are now measured between the headstake and water’'s edge using
vour level and level rod. Elevations are measured at major breaks in the
contour. The horizontal distance of each elevation measurement from the
headstake (zerc point) is also recorded. Elevations are also measured
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between the water's edge at the opposite bank and the opposite stake and
the horizontal distance from the headstake recorded for sach measurement.
Elevations of the exposed portions of instream rocks and boulders are also
measured in this manner. Measure elevations teo the nearest G.01 ft and
horizontal distances to the neavest 0.1 ft,

Be sure to collect profile measurements for points well above the water's
edge. It is a good practice, although not mandatory, to begln at the
headstake {distance of 0.0 ft) and end at the stake on the oppesite bank.
Remember, the highest elevations on both banks of the cross-sectlonal
profile must be substantially higher than the stage at the highest
calibration flow if predictions are to be made for flows of interest that
gxceed the highest calibration flow.

For small streams having a smooth bottom and little depth, the entire
profile can be surveyed using your level and level rod. For larger
streams, a different appreach invelving the measurement of water depths
is used to determine the profile of the segment of the cross-section that
contains water. Water depth is measured using a current meter rod or a
rod fitted with a percelain, enameled, iron gage. Do not use your level
rod. (Prolonged use of your level rod in water ruins the foot markings
on the rod.) Measure depths at all major breaks in the bottom contour.
Generally, 30 or more depth measurements are needed for streams and
creeks. Measure depths to the nearvest 0.05 ft (current meter rod) or
0.01 ftr {rod fitted with gage). For each depth measurement, record the
hoerizontal distance from the headstake {zero point). The bottom elevation
at each distance from the headstake is determined by subtracting the water
depth from the water surface elevation (average for WEL and WER). Fer
example, if the average water surface slevation is 9.26 ftr and at 10.2 ft
from the headstake the water depth is .40 fr, then the bottom elevation
at this distance is 8.86 ft (9.26 ft minus 0.40 f£t). Elevations for all
points covered by water are calculated in this manner.

For the unwadable, larger waterways, cross-sectional profiles are measured
using a boat, depth recorder and range finder. Graham and Penkal (1978)
describe this technique.

The WETP program will handle wertical banks. VWhen recerding these data,
the horizontal distance from the headstake to both the top and bottom of
the vertical will be the same, but the elevations will be different.

The program will not handle undercut banks. These data have to be
adjusted before being entered on the ceding sheets. The best method is
to treat undercuts as vertical banks. To accomplish this, the horizontal
distance from the headstake to the top of the undercut is substituted for
the horizontsl distance to the bottom of the undercut, creating a vertical
bank.

The program will handle islands, bars and multiple channels, provided the
water surface elevations at all the water’s edges in the cross-section
remain relatively equal as the total stream flow changes. Because this
is unlikely, these areas should be avoided when establishing cross-
sections.



OFFICE METHODS

WETE Data Formatb

An example describing the WETP format is given in Appendix B. Much of the
format is self-explanatory. Carefully examine this example and the
explanatory notations before entering your data on the coding sheets.

The five cross-sections in the example were located in riffles. The stage
height at zero flow (zf) was therefore set to the lowest elevation in the
cross-sectional profile for each.

A1l elevations in the example were keyved to a single bench mark, which was
assigned an elevation of 100.00 ft for illustration only. A bench mark
elevation of 10.00 fr would be more appropriate and should be used
whenever possible.

Enter the WETP data on the coding sheets in the following manner:
1. Flows of interest (up tc 100 flows are accepted by the program)

Integers in cfs or with decimal points (not to exceed six
characters, including decimal peoint if used)

2z, Cross-sectional profile (up to 150 sets of measurements are accepted)

Digtances from headstake - nearest 0.1 ft
Channel elevations - nearest .01 ft

3. Stage-discharge data (2 to 10 sets of measurements are accepted)

Stages {(water surface elevations) - nearest 0.01 ft
Discharges (flows) - nearest 0.1 cfs

4, Stage height at zero flow (zf) {(one for each non-riffle cross-
section)

zf - nearest 0.0l ft

If the cross-sectional profile, stage-discharge and zf data are entered
as described above, decimal points are not needed. However, decimal
points can be used if desired.

Selecting Flows of Interest

You will be extrapolating data for flows of interest that are less than
the lowest measured calibration flow for a particular cross-sectien. The
extrapolation of data beyond the highest calibration flow is a 1less
desirable option because our main interest is to derive minimum flow
recommendations. Remember, the stage-discharge rating curve generally
flattens out at extremely high (above bankfull) and extremely low flows.
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At these flows, the predicted stages from the measursed rating curve are
guestionable and could lead to inaccurate hydraulie predictions.

Bovee and Milhous (1978) recommend the following limits when selecting
flows of interest:

i, Two point stage-discharge rating curve

Hydraulic predictions should not be made for flows that are less
than 0.77 times the minimum measured flow, nor for flows higher than
1.3 times the maximum measured flow.

2. Three point (or greater) stage-discharge rating curve

Hydraulic predictions should not be made for flows that are less
than 0.4 times the minimum measured flow, nor for flows higher than
2.5 times the maximum measuraed flow.

These are only guidelines, not hard and fast rules. Common sense, rather
than the strict adherence to a suggested guideline, should govern the
extent of your extrapclations.

WETP Data Qutput

The output for the input example in Appendix B iz given in Appendix C.
Carefully examine this output.

Detecting Errors

Practicing good technique when surveying cross-sections and measuring
filows will eliminate errers {(except data entry and coding errors) in your
WETP input and lead to reliable hydraulic predictions at the requested
flows of interest, Despite precautions, errors can go undetected.
However, most will become evident when you examine your printouts and do
the folleowing:

L. Check for data entry errors

Carefully proof the profile and stage-discharge data on the printouts
te detect errors made by the data entry people. Few printouts are
without these ervors. Format and recording errors on the coding
sheets are other major causes for errors in the profile and stage-
discharge data.

2. Check for srror messages

The wvast majority of error messages that cccasionally appear on the
printouts are the result of format errors on the coding sheets. In
general, these are easily corrected before the printout is sent to
the cooperator.

An error message will appear when predictions are requested for flows
of interest having stages that are higher than the highest elevations
in the cross-sectional profile. Additional profile measurements
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collected higher up on the banks will correct this preblem if deemed
necessary.

Examine the cross-sectional profiles

Look for sudden elevation decreases in the cross-sectional profiles.
For example, elevations that suddenly drop from 7.42 ft to 5.35 ft
then jump to 7.36 ft are suspect. Sudden elevation increases are
also suspect. These, however, could reflect large rocks within the
cross-sectional profile,

Examine the r* values

If the r? value for a stage-discharge rating curve is less than
approximately $.90, the cross-section should be eliminated from the
analysis. Low r’ values may be due to errors, so recheck the stage
and discharge measurements before eliminating these cross-sections.
A faulty discharge calculation may be the culprit. For those cross-
sections having only two sets of stage-discharge measurements
(remember, this practice is not recommended), r’ values are automati-
cally 1.000 and, consequently, of no use in assessing the reliability
cf the hydraulic predictions.

Near perfect r’ values (>0.96) are the norm. If your values are not
consistently 0.96 or higher, your surveving and discharge measuring
skills need improving.

Examine the stages

At each calibration flow, the measured stage {(water surface
elevation) should increase as the cress-sections progress upstrean,
provided all cross-sections are keyed to the same bench mark. If a
dacrease occurs (i.e., water is flowing uphill), errors are present.
For example, the stages for cross-sections 1, 2, 3, 4 and 5 at the
calibration flow of 23.8 cfs are 4.87, 5.23, 5.36, 6.53 and 5.96 ft,
respectively, All stages for cross-sections 4 and 5 need rechecking
to determine which cross-section is incorrect. If errors cannot be
found, eliminate the offending cross-sections. Allowing such errors
te go undetected in the field is indicative of shoddy technique.

For each cross-section, calculate the increase of the measured stage
between the low and intermediate calibration flows and the inter-
mediate and high calibration flows. Increases should be similar for
all riffle cross-sections., For example, if the stage between the low
and intermediate calibration flows fer riffle cross-sections 1, 2,
3, 4 and 5 increases by 0.31, 0.22, 0.20, 0.24 and 0.94 ft,
respectively, stage measurements for cross-section 5 should be
rechecked. If an error is not found, eliminate cross-section 5 from
the analysis,
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G, Compare the stages to the cross-sectional profile

For sach cross-section, compare the measured stages at the calibra-
tion filows to the elevations in the cross-sectional profile to see

if the stages and profile elevations ayre "in line.® For example, the
stages for a viffle cross-section in a small stream are arcund 4 ft
and the lower elevaticns In the profile are about 1 ft. The

magnitude of this difference (3 ft) Indicates ervors.
7. Examine the zf values

The 2zf value, taken as the lowest elevation in the cross-sectional
profile fer riffles, should generally increase as the riffle cross-
sections progress upstream, provided sll cross-sections are keyed to
the szme bench mark. If an upstream riffle cross-section has a zf
value that is significantly less than that of its downstream
neighbor, the accuracy of the profile is suspect. A rvecording or
data entry error is often responsible. For example, a profile
elevation of 4.94 fr is entered as .%4 ft, causing the zf value to
be excassively low.

8. Compare measurements to predictions

Include the flow at which you measured cross-sectional profiles as
one of your requested flows of interest. At this flow, your field
measurements will include the top width (WDTH), maximum depth (DMAX)
and stage {STGE) for each cross-section. On the printout, compare
these measured values to the predictions. If the measured and
predicted walues are diseimilar, ervors are pregent.

3. Compare predictions for all crogss-sections

Compare the hydraulic predictions for all riffle cross-sections at
one of the lower flows of interest to zee 1f the predictions are
similar, For example, at a flow of 5.0 cfs the predicted wetted
pevimeters for riffle cross-sections 1, 2, 3, 4 and 5 are 4.23,
19.74, 18.62, 16.72 and 23.49 ft, respectively. The value for cross-
section 1 is out of line with the others and, consequently, is
suspect.

Plotting Werted Perimeter-Flow Relationships

The computed wetted perimeters for all riffle cross-sections at each flow
of interest are averaged and the flow recommendation is szelected from the
plot of average wetted perimeter versus flow., Average wetted perimeters
are listed in the far right column on the printouts.

As a general guideline when plotting wetted perimeter-flow relaticnships
for mountain streams, the flows on the x axis should extend a little
beyond the stream’s average anmual flow. Because the inflection points
typically fall well below the average annual flow, extending the plot far
beyond this point is unnecessary. The limit of the lower flow is a
Jjudgment decision based on how comfortable you are with your data
extrapolations,
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You may have to change the scale on your plots a numbexr of times to better
define the inflection points. Do not be concerned if a lower inflection
point is not discernible on your final plot. If it is not evident, simply
state so in the narrative. The uppermost point, which is far more useful
when deriving most recommendations, is typically well-defined for riffles
and easily located on the plots. A department computer program that
calculates changes in slope on the wetted perimeter-flow curves is
available zo aid in selecting inflection points if needed.

If the upper inflection point flow on the composite plot is, in your
judgment, too high relative to water availability, you should plot the
individual wetted perimeter-flow relationships comprising the composite
to see i1f any single relationship is overly influencing the composite.
This could be the cause of a "high" recommendation. You may choose to
remove the offending cross-section from the composite.

As a general guideline, upper inflection point flows for mountain streams
equal, on average, about 40% of the average annual flow. The percentage
can vary considerably for individual streams, commonly ranging between 25
and 75%.
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OTHER USES FOR THE WETP QUTPUT

The wetted perimeter inflection point method, as previously described, is
the primary method the MDFWP is presently using to derive instream flow
recommendations for the waterways of Montana. The WETF program and output
can also be used in other ways for deriving recommendations. Some of
these uses are discussed in the following examples.

Passage of Mirratory Trout

Many streams provide important spawning and rearing habitats for migratory
salmonids. Sufficient stream £lows are needed not only to maintain
spawning and rearing habitats, but also to pass adults through shallow
viffle areas and other natural barrievs while moving to their upstream
spawning sites.

Trout passage criteria relating to stream depth have been developed in
Oregon and Colorade (Table 1). These criteria, when used in conjunction
with the WETP output for critical riffles, can be used to derive minimum
passage flows. For example, passage criteria developed by the Colorado
Division of Wildlife for streams 20 ft and wider indicate that the minimum
average depth needed to pass trout through viffles is 0.53-0.6 fr. The
cutput for the Tobacco River (Table 2) shows that the average depth for
all five riffle cross-sections exceeds 0.5 ft, the approximate minimum
average depth required for passage, at a flow of 120 cfs. A flow of at
least 120 cfs is therefore recommended during the spawning perioed to
facilitate the passage of adult trout to upsiream spawning areas.

Table 1. Trout passage criteria (from Wesche and Rechard, 1980).

Minimum Average Where

Species Scurce Depth (ft) Depth (£t) Developed
Large Trout Thompson 0.6 - Oregon
220 inches 1872
Other Trout Thompszon 0.4 .- Oregon
<20 inches 1872
Trout Colo. Div, - - 6.5-0.86 Colorado
{on streams of Wild. across

20 £t ox 15974 riffles

greater)
Trout Colo, Div, - 0.2-0.4 Colorado
{on streams of Wild. aACYoss

10-20 £t 1976 rviffles

wide)
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Table 2. Average depths for five rifflie c¢ross-sections in the Tobacco
River, Montana, at selected flows of interest. Average depths
were derived using the WETP computer program.

Average Depth (ft)

Flow " Riffle Riffle Riffle Riffle
{cfs) Thes #2 cs #3 cs #4 cs #5
100 44 .65 .79 .68 47
110 .49 .69 .85 .72 .52
120 .54 .73 .91 .75 .57

The minimum depth criteria developed in Oregon could also be used in
conjunction with the WAGD option of the WETP program to derive passage
recommendations. For this evaluation, criteria are developed requiring
at least a certain percentage of the top width of a cross-section to have
water depths greater than or equal te the minimum needed for fish passage.
In Oregon, at least 25% of the top width and a continuous portion equaling
at least 10% of the top width are used (Thompson, 1972). The flow that
satisfies these criteria for all cross-sections is recommended,

Goose Nesting Requirement

The malntenance ofwadequﬁte flows around islands selected by Canada geese
for nesting 13 e essary te insure that the nests are protected from
mammalian pre atorﬁ Under low flows, predators have easy access to the
islands and can significantly reduce goose production. The security of
the islands is a primary factor in their selection as nest sites by geese.
This security is provided by adequate side channel flows, which are a
function of depth, width, and velocity. Because wetted perimeter is a
function of both width and depth, its relationship to discharge may be the
best indicator of the minimum flows that are needed to maintain secure
nesting islands.

The wetted perimeter inflection peint method is applied to the shallowest
area of the side channel bordering each nesting island. A wetted
perimeter-side channel discharge curve is generated for each cross-section
and the inflection point determined. A curve correlating the side channel
flow to the total river flow is also derived during the field season.
From these curyes, the total river discharge that would provide the
inflection point flew in each side channel is determined. The final
recommendation is derived by averaging the recommendations for each island
or choosing the.yivér flow that would maintain at least the inflection
point flow around all the islands being sampled in the study area. The
latter method is’p%eﬁerred.

Minimum depth and width criteria could also be developed and used in
conjunction with the WAGD option of the WETP program to formulate flow
recommendations for nesting.
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Maintenance of Spawning and Rearing Habitats in Side Channels

Side chanmnels provide important and sometimes critical spawning and
rearing habitats for many cold- and warm-water fish species. The
maintenance of these habitats depends on adeguate side channel flows.

The wetted perimeter inflectlon point method, when applied to the riffle
areas of criviecal side channels, will provide & measure of the side
channel flow that is needed to maintain the spawning and rearing habitats
at acceptable levels, When this side channel recommendation is used in
conjunction with a curve correlating the side chammel flow to the total
river flow, the total river flow that would maintain adequate side channel
flow can be determined.

This method is applied to a series of side channels and the final
recommendation derived by averaging the recommendations for each or
choosing the river flow that would maintain at least the inflection point
flow in all the sampled side channels. The latter method is again

preferred.

Recreational Floating Reguirement

Minimum stream depth and width criteria have been developed for various
types of boating craft by the Cooperative Instream Flow Service Group of
the .3. Fish and Wildlife Service {(Hyra, 1978). These are listed in
Table 3.

Table 3. Required stream width and depth for various recreation craft.

Recreation Craft Required Depth (ft) Reguired Width {ft)
Canoe-kayak 0.5 4
Drift boat, row boat-raft 1.0 6
Tube 1.0 4
Power boat 3.0 6
Szil boat 3.6 25

These criteria are minimal and would not provide a satisfactory experience
if the entire river was at this level. However, if the required depths
and widths are maintained in riffles and other shallow areas, then these
minimun conditions will only be encountered a short time during the float
and the remainder of the trip will be over water of greater depths.

Cross-sections are placed in the shallowest area aleng the waterway. The
WAGD option of the WETP program ls used to determine the flow that will
satisfy the minimum criteria for the craft of interest. For example, if
deriving a recommendation for power boats, the flow providing depths
= 3.0 ft for at least a 6.0 ft, continuous length of top width is
recommended. When a sevies of cross-sectlons are used, the rvesults for
each cross-section are analyzed separately and the flow satisfying the
eriteria for all cross-sections is recommended.

24



i |

This analysis can be expanded using additional criteria. For example, in
addition to the above criteria for power boats, it can also be required
that a certain percentage of the top width, such as 25%, has depths
z 3.0 ft. PRemember, you will have to justify all criteria used in vyour
analysis,
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FINAL CONSIDEEATIONS

Be sure to compare your instream flow recommendations te water avail-
ability. For gaged streams, many summary flow statistics, such as the
mean and median monthly flows of record, are avallable for comparison.
Fer ungaged streams, Instantaneous flow measurements collected by various
state and federal agencles and simulated data are useful. The primary
purpose iz to determine if the recommendation is reasonable when compared
te water availability. It 4s also desirable, for future planmning, to
define the period in which water in excess of the recommendation is
available for consumptive uses and to gquantify this excess.

It is common for the low flow recommendations for many of the headwater
rivers and streams to egual or exceed the normal water availability for
the months of November through March. This is the winter period when the
natural flows are lowest for the year. These naturally occurring low
flows, when coupled with the adverse effects of surface and anchor ice
formation and the resulting scouring of the channel at ice-out, can impact
the fishery. Consequently, water depletions during the winter have the
potential to be extremely harmful to the already stressed fish popula-
tions. For headwater rivers and streams, it is generally accepted that
little or no water should be removed during the critical winter peried if
fish populations are to be maintained at existing levels.

The recommendations derived from the wetted perimeter inflection point
method only apply to the low flow or non-runoff months. For the high flow
oy runeff period, flow recommendations should be based on those flows
judged necessary for flushing bottom sediments and maintaining the
existing channel morphelogy. This method, termed the dominant discharge/
chamnel morphology concept {(Montana Department of Fish and Game, 1979},
requires at least ten years of continuous USCGS gage records for deriving
high flow recommendations, so cannot be applied to most streams.
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APPENDIX A

Calculation of stage height at zero flow (zf) from Rantz (1982)
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APPENDIX C

Example of WETP data output
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