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Figure 10. General Land Office survey map of western PlanetValley, February 1916
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appear to have consistently remained restricted to the southern edge of the valley through
most of its length. This pattern has been in place since at least the extremely large flood on
January 19, 1916 which was reportedly 175,000 cfs (from Striped Canyon near Alamo).
Interestingly, the earliest available General Land Office Map from this area is based on
surveys performed between November 1915 and February 1916, thus bracketing the event,
The GLO map of the Planet Valley area is shown in Figure 10. Note the clear demarcation of
the low flow channel along the southern margin of the valley and the classification of the
remaining valley area to the north as the “high water channel”. Photographic comparisons
provided in Figure 9 illustrate the pace of the eventual abandonment of this portion of the
valley by all but tributary streamflows.

As the BWR approaches Havasu Canyon (discussed below) its historical tendency has
been to veer back toward the center of the valley. Near the entrance to the gorge, perennial
surface water reappears and a thick stand of large riparian trees is present. As is evident in
Figure 11 and in the geomorphic mapping, this area has been relatively thickly vegetated
since at least 1953, It is very likely that much of this particular stand of vegetation had been
repeatedly altered, if not largely destroyed by the extremely large flood events in the late
nineteenth and early twentieth centuries. The 1953 photos post-date a moderate flood in 1951
(August 29: 65,100 cfs at Alamo) (Figure 3) and the effects of this event are almost certainly
reflected in the variable density and age structure of the vegetation. The preceding largest
flood was in 1939 (September 6: 73,000 cfs at Planet) and it was followed by a long
sequence of low to moderate discharge events in the winter of 1940-1941. All of these events
are likely to have influenced the distribution of vegetation in this part of the valley.

Between 1953 and 1964, relatively large-scale agriculture began in Planet Valley and was
accompanied at first by some rather ineffective attempts to constrain the path of the river (see
Figure 9). A series of parallel berms was constructed across the valley bottom perpendicular
to flow. It is evident in the 1964 photos that this approach was largely failing and by as late
as 1972, the method was abandoned.

Planet Valley was subjected to protracted, high post-dam stream flow events in 1993 and
1995, Considerable lateral erosion resulted, but minimal to no vertical incision of the channel

is apparent. The channel remained restricted to the general position established by 1985. The
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Figure 11. Aerial photo comparison, Planet Valley (west end): 1953-1995
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extent of flooded area in Planet Valley was a mere fraction of the extent subjected to flooding

prior to dam construction.

Havasu Canyon - 4.5 miles.

Some of the most complicated fluvial geomorphology of the river is present in Havasu
Canyon. It begins at the narrow constriction at the west end of Planet Valley, where jagged
cliffs of the Bill Williams Mountains and the Buckskin Mountains jut prominently above the
relatively low lying terrain around Planet Valley. The beginning of the gorge is very near the
site of the old stream gage ““at Planet”. The gorge is characterized by an extremely tortuous
course with variable width. Complex assemblages of alluvial surfaces are present throughout

the reach.
Havasu Delta - 4 miles

The Havasu Delta reach has experienced the least dramatic change overall in the period
1953-1995. The primary change in this reach, as in Havasu Canyon, is an overall increase in
vegetation density (Figure 12). Near the end of the reach changes in vegetation density and in
the channel geomorphology have been tempered by the influence of changes in the level of
Lake Havasu. Note that in the 1953 photos and on Plate 1, Lake Havasu is near its maximum

level. In the 1995 photos the lake level is considerably lower.

DELINEATION OF ORDINARY LOW AND HIGH WATER MARKS

To aid the Arizona Navigable Stream Adjudication Commission in its evaluation of the Bill
Williams River, the ordinary low and high watermark boundaries were mapped for the Bill
Williams River. Several qualitative and quantitative procedures have been developed to
delineate high and low watermark boundaries. For this investigation, information gathered
from field checks, aerial photographs and topographic maps was utilized to delineate the low
and high watermark boundaries on the Bill Williams River, The time frame chosen for this
delineation is 1995, the date of the youngest set of aerial photographs of the Bill Williams
River area that we were able to obtain.

The ordinary low watermark, per ARS § 37-1101, is defined as “the line on the banks of a

watercourse created when the water recedes at its regularly recurring lowest stage in normal
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Figure 12. Aerial photo comparison, Havasu Delta Reach: 1953-1995
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years without reference to unusual droughts.” Though this definition is fairly straightforward
when used to describe rivers with a baseflow, ambiguity arises when applying such a definition
to the Bill Williams River because it is intermittent or ephemeral in the many of its reaches.
First, physical markers on the landscape left by low flows tend to be quickly erased by periodic
high flows. Second, even if there were a statistical definition of the ordinary low watermark
based on hydrological records, much of the Bill Williams River is not gaged. For these reasons,
we consider that low watermark boundaries exist only in the reaches in which there was water
at the time the most recent aerial photographs were taken. Along all of the Bill Williams
River, the low watermark boundaries were too close together to draw separately, so one line
was drawn. The approximate position of the low-flow channel along the river as of April
1995 is depicted in Plates 1 and 2 (Appendix A).

The ordinary high watermark is defined as “that line on the bank established by the
fluctuations of water and indicated by physical characteristics such as a clear, natural line
impressed on the bank, shelving, changes in the character of the soil, destruction of terrestrial
vegetation, the presence of litter and debris, or other appropriate means that consider the
characteristics of the surrounding areas.” (33 CFR, Part 328.(¢)). We mapped high watermark
boundaries using defined channel banks, channel surfaces cleared of vegetation, and changes
in vegetation type. Current high-water mark boundaries are most readily defined by the
extent of the river channel that was inundated by the 1995 flood. The high-flow channel or
channels are shown by the extent of map unit Yr in 1995 on Plates 1 and 2. Note that these
areas do not encompass the entire extent of the 1995 flood, but rather the channel areas that
were inundated. Thus, low terraces and bars that experienced shallow inundation in 1995 are

not included within the ordinary high-water marks.

CONCLUSIONS

The Bill Williams River and its principal tributaries, Big Sandy River and Santa Maria
River, form a large, rugged, and diverse watershed that drains most of west-central Arizona.
The BWR below the confluence of the Big Sandy and Santa Maria rivers consists of a series
of narrow bedrock gorges and much wider alluvial reaches. Completion of Alamo Dam in
1968 profoundly altered hydrology and geomorphology of the BWR. Natural flow conditions

on the BWR prior to 1968 were extremely variable. Sustained flows typically were moderate
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in the winter months and intermittent in the dry months, but days with no flow were rare. A
number of large floods occurred from 1891 to 1953, including the largest estimated peak
discharge for a basin of this size in the lower Colorado River basin. There is a progressive
decrease in flood peak discharge estimates from 1891 to 1968, however, which suggests that
the early flood discharges may have been systematically overestimated. Since the completion
of Alamo Dam, flood peak discharges have been much lower. Even during the extremely wet
winters of 1993 and 1995, peak discharges downstream of Alamo Dam never exceeded 7,000
cfs. Total flow volumes are similar in the pre-dam and post-dam record, however, and this
has resulted in much longer sustained flood flows. In addition, the number of days with no
flow has increased substantially.

The absence of large floods on the BWR since the completion of Alamo Dam has also
impacted the geomorphology of the river. Analysis of repeat aerial photography indicates
that the BWR has eroded laterally into low terraces along its banks since Alamo Dam was
completed. Most of this erosion occurred during prolonged periods of stream flow in 1980,
1993, and 1995. Because no moderately large floods have occurred since dam construction,
many of the pre-dam channel areas that were formerly devoid of vegetation now sustain
moderate to dense riparian vegetation. Changes have been most dramatic in the broad alluvial
reaches, which were occasionally entirely inundated by large floods prior to dam

construction,
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Appendix A

MAPS SHOWING CHANGES IN THE CHANNEL
GEOMORPHOLOGY OF THE BILL WILLIAMS RIVER,
ARIZONA 1953-95

by P. Kyle House

(MAPS IN POCKET)
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APPENDIX B
STAGE-DISCHARGE RATING CURVES FOR GAGES

~ INTHE BILL WILLIAMS RIVER BASIN

i

A stage-discharge rating curve is a grapﬁical plot that shows the relationship between

the monitored water level at a gaging station (the stage) and the corresponding flow rate (the -

discharge). The establishment of a reliable stage-discharge relationship is essential at all river
gauging stations when continuous-flow data are needed from the continuous stage record.!
While stage-rating curves most often are used to convert stage data to discharge values, the
curves also can be used to do the reverse. Stage;discharge rating curves are provided in this
report so that the Arizona Stream Navigability Commission may determine the water heights
that correspond to the discharge values given in earlier chapters. A brief description of the
meaning and use of stage-discharge rating curves, and examples of curves developed for the

Bill Williams River, are provided below.

The stage-discharge‘ relationship is dependent on the nature of the channel section and
the length of channel between the site of the gage and the cross-section where the discharge |
was rheasured. Channel conditions in natural rivers tend to chénge over time; hence, stage-
discharge relationships also tend to change over time, especially after flood flows. Typically
new discharge measurements are made throughout a range of stages on a regular basis by the
hydrologists responsible for maintaining USGS streamflow records. The hydrologists plot the
discharge measurements against the corresponding stage measurements on log-log graph
paper and draw a best-fit line through the points. Because the data are plotted on log-log
paper, the data points tend to' group in a more linear fashion that makes relationships more
épparent to the ﬁydrblogists. If the data were plotted on regular arithmetic graph paper, the
data points would group into a curve; hence, the name “rating curve” is given to the hand-

drawn line through the data points. Each time new measurements are collected, a new stage-

! Shaw, EM. (1988). Hydrology in Practice, Second Edition. London: Chapman and Hall,
539 p.
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discharge rating curve is created. That rating curve is then used until the next time new

~ discharge measurements are made.

Figure B- 1 is’é’.n example of such a stage-discharge plot using a log-log scale created
for the Santa Cruz River at Tucson from data gathered during the 1955 to 1961 period.
“There is a great amount of scatter in the data points’ location; that is, the points do not cluster
close together. Such scatter often occurs in data collected ﬁom rivers with channels
composed of sandy, unconsolidated materials. Rivers with bedrock channels tend to have
flows that remain in a fixed location with a fixed channel geometry; therefore, their stage-
discharge points plot closer together. In contrast, channels in unconsolidated materials tend
to shift their locations and dimensions through such processes as scour and deposition within
‘the channel, and the formation and cut-off of channel meanders. Channel changes may occur
evéii asa hydrblogist fs takmg the discharge measurements (D. Uftkes, USGS-Water
Resources Division, Tucson, personal communication, 1996). The change in the slope of the
line drawn through the data points in Figure B-1 at the stage heigﬂt of about one foot
indicates that there was a change in the channel control governing the stagé-discharge :
relationship in this reach (i.e. there may have been a changé in the slope of the river banks).
_ In rivers where flood flows overfill the channels and spill onto floodplains, there may be
another break in the slope of the line at higher diséharges because the stage-discharge
relationship of the uritlﬁh—bank flow may be very different from the stage-discharge
relationship of the floodplain flow.

Once the hydrologist establishes a satisfactory rating curve, a rating table is compiled
from values of stage and discharge extracted from the rating curve. Table B-1 provides an
idealized version of the rating table used for the gage on the Bill Williams River below Alamo
. Dam for the period October 1, 1970, to Auguét 12, 1971. For this report, we assembled data
~ from historical rating curves and rating tables archived by the USGS offices in Phoenix,

: Tubson,l and Yuma, as well as from recently developed rating tables stored digitally by the
USGS offices in Tucson and Phoenix, and by the U.S. Fish and Wildlife Service office located
at the Bill Williams National Wildlife Refuge. Table B-2 lists the data available for the Bill
Williams River basin.
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Figure B-1. Stage-rating data for the Santa Cruz River at Tucson, Arizona.

Data points are plotted on a log-log scale.
Discharge measurements were gathered 1955-1961.
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Table B-1
Rating Table for Bill Williams River below Alamo Dam
. October 1, 1970 to August 12, 1971.
U.S.G.S. Station No. 09426000, Table No. 03

Gage : Gage : Gage :
Height D's(cc?;’)rge Helght D'sg:)'ge Height D'S(Z’f’;rge
(feet) (feet) (feet)
5.0 7.0 72 9.0 780
5.1 71 85 9.1 840
5.2 7.2 100 9.2 910
5.3 73 115 9.3 990
5.4 74 . 130 9.4 1080
5.5 0 7.5 150 9.5 1180
5.6 0.45 76 170 9.6 1290
57 1 7.7 195 9.7 1410
5.8 2 7.8 225 9.8 1540
59 3 7.9 255 9.9 ° 1680
6.0 5 8.0 290 10.0 1830
6.1 8 8.1 330 10.1 1990
6.2 12 8.2 370 10.2 2150
6.3 17 8.3 " 415 10.3 2310 -
6.4 22 8.4 460 10.4 2480 -
6.5 28 8.5 510 10.5 2650
6.5 35 8.6 560 10.6 2820
6.7 42 8.7 610 10.7 2990
6.8 50 8.8 665 10.8 3170
69 . 80 8.9 720 10.9 3350
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Table B-2. Time periods of stage-discharge rating data for gages in the Bill Williams River Basin.
[Dates listed below indicate the beginning date of the period for which each rating table was used.]

/ Bill Williams River | Big Sandy River | Santa Maria River
Rating Near Alamo Below Alamo Dam Near Parker At Planet Near Wikieup -Near Bagdad
No. #09426000 #09426620 #09426500 #09424450 . #09424900
1937-68 1968-95 . -1988-95 - 1929-46 1966-95 1967-85 & 1989-95

1. 10-1-56 4-9-68 10-1-84 09-3 0;46 * 4-18-66
2. 3-17-58 1-1-69 10-1-85 * *
3.| 3-22-54 to 8-1-64" 10-1-70 10-1-86 10-1-70 *
4.| 4-14-59 to 8-1-642 8-12-71 3-1-88 * *
5. 10-6-72 10-1-89 * 1-08-93 to present
6. 2-5-80 4-17-91 *
7. 3-3-80 4-15-92 3-18-83
8. 10-1-83 6-24-93 *
9. 10-1-92 3-30-94 to present *

10. 4-16-93 1-8-93 to present

11 2-16-95 to present

! Rating curve for this pen’dd was developed from measurements recorded by a supplemental gage.

2 Rating curve for this period was developed from measurements recorded by both the supplemental gage and the main gage.
* These rating data are located at the U.S. Geological Survey’s national archive.
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We entered the data from the rating curves and rating tables into a computer spreadsheet.
Because it is common for a discharge of zero not to correspond to a stage of zero, we subtracted
- the stage that corresponds to zero flow from all of the stage values for a given record so that
water depth, not stage height, would be compared to discharge. We then plotted the data as
curves using an arithmetic scale, rather than as straight lines on a log-log écale, to make the
gfaphs easier to read. Figure B-2 illustrates how the stage-discharge relationships at different
gages on the Bill Williams River have changed over time. Figure B-3 provides enlargements of
the curves presented in Figure B-2 that better show the stage-discharge relationships for lower

stage heights.

The following is an example of how to extract information from the rating curves. Table 2
indicated that the Bill Williams River gage below Alamo Dam experienced a daily discharge mean
of 160 ;fs fbr the post-dam period of 1968 to 1995. Figure B4 contains an enlarged illustration
of the rating-curve used for the period October 1, 1970, to August 12, 1971. According to this
ratinvgr curve, a discharge of 160 cfs would have a corresponding water depth of approximately
2 feet.

The earliest rating tables we retrieved from the USGS date to the 1940’s and 1950°s.
Because of the multitude of channel changes that have occurred on the Bill Williams River, and
because of the effects of the Alamo Dam, the reader is advised not to use the 1950’s curves to
determine the water depths corresponding to earlier discharges presented in this report except to
get very rough estimates. Table B-3 provides a comparison of the estimated water depth and
discharge values extracted from the stage-rating curves of the gages at Planet, near Alamo, and

below Alamo Dam.
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Figure B-2. Stage-rating curves for three gages along the Bill Williams River.

A. Stage-rating curve for the Bill Williams River near Alamo.
------ RT No. 1. 10/1/56 to 3/16/58 RT No. 4. 4/14/59 to 8/1/64
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Stage Measured at Gage (feet) :
The stage values corresponding to zero flow were not available for these rating
curves. - Hence, water depths could not be provided.

B. Stage-rating curve for the Bill Williams River below Alamo Dam.
------ RT No. 3. 10/1/70 to 8/12/71 - RT No. 11. 2/16/85 to present
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Water Depth Measured at Gage (feet)
Zero flow occurred at a stage of 5.5 feet during the 10/1/70 to 8/12/71 period.
From 2/16/95 to present, zero flow occurred at a stage of 9.4 feet.
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Figure B-2. Stage-rating curves, continued.

C. Stage-rating curve for the Bill Williams River at Planet.
——2/24/44 to 9/30/46

8000 +

6000 —+

4000 -

2000 ~+

i b i

1 2 : 3

Water Depth Measured at Gage (feet)
Zero flow occurred at a stage of 3.5 feet during the 2/24/44 to 9/30/46 period.
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Figure B-3. Stage-rating curves for low discharges on the Bill Williams River.

A. Stage-rating curves for the Bill Williams River near Alamo.
------ RT No. 1. 10/1/56 to 3/16/58 ~———RT No. 4. 4/14/59 to 8/1/64
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The stage values comesponding to zero flow were not available for these rating
curves. Hence, water depths could not be provided.

B. Stage-rating curves for the Bill Williams River below Alamo Dam.
------ RT No. 3. 10/1/70 to 812171 RT No. 11. 2/16/95 to present
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Water Depth Measured at Gage (feet)
Zero flow occurred at a stage of 5.5 feet during the 10/1/70 to 8/12/71 period.
From 2/16/95 to present, zero flow occurred at a stage of 9.4 feet.
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Figure B-3. Stage-rating curves for low discharges, continued.

C. Stage-rating curves for the Biil Williams River at Planet.
| ——— 2/24/44 to 9/30/48
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Figure B-4. Stage-rating curve for the Bill Williams River

below Alamo Dam: Low discharges for the
10/1/70 to 8/12/71 period.
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Table B-3. Comparison of stage-rating values for three gages along the

Bill Williams River.

10 21 0.3 0.65 1.55 0.04
100 3.1 1.85 1.7 3.05 0.5
1000 45 3.55 3.85 6.4 1.5
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