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Timing and Duration of Flow in Ephemeral Streams of the
Sierra Vista Subwatershed of the Upper San Pedro Basin,
Cochise County, Southeastern Arizona

By Bruce Gungle

Abstract

Frequency, timing, and duration of streamflow were
monitored in 20 ephemeral-stream channels across the
Sierra Vista Subwatershed of the Upper San Pedro Basin,
southeastern Arizona, during an 18-month period. One
channel (Walnut Gulch) had Agricultural Research Service
streamflow-gaging stations in place. The sediments of the
remaining 19 ephemeral-stream channels were instrumented
with multiple temperature loggers along the channel lengths.
A hermograph-interpretation technique was developed in order
to determine frequency, timing, and duration of streamflow
in these channels. Streamflow onset was characterized
by exceedance of a critical minimum drop in temperature
within the channel sediments during any 15-minute interval,
whereas streamflow cessation was identified by the local
temperature minimum that immediately followed the critical
temperature drop. All data for the 18-month period from
December 1, 2000, to May 31, 2002, were analyzed in terms
of monsoon (June 1 to September 19) and nonmonsoon
(September 20 to May 31) periods. Nonmonsoon precipitation
during the 2000-2002 study period (excludes October and
November 2000) was 82 percent and 39 percent of the 30-year
average, respectively, whereas monsoon precipitation during
2001 was 99 percent of the 30-year average. Ephemeral
streamflow was detected at least once during the monitoring
period at 87 percent of the monitoring sites (45 of the 52 sites
that returned useful data; includes 4 streamflow-gaging
stations). The summer monsoon period accounted for 82
percent of all streamflow events by number and 71 percent
of all events by total streamflow duration. Nonmonsoon
streamflow events peaked in number, total streamflow
duration, and mean streamflow duration midway between
the Huachuca Mountains and the San Pedro River on the
west side of the subwatershed. These three streamflow
parameters dropped off sharply about 10 kilometers from the
mountain front. The number and total duration of nonmonsoon

streamflows on the east side of the subwatershed trended
downward with increased distance from the mountain fronts.
Monsoon streamflow events were more evenly distributed
across the subwatershed than nonmonsoon events, and the
number and duration of streamflows generally trended upward
with distance from the mountain fronts. Additional years

of data are needed to determine whether these patterns are
consistent year to year, or were due to randomness in the
spatial distribution of precipitation. Streamflows in three
ephemeral-stream channels were analyzed in detail. More than
two-thirds of the streamflow events detected in each of these
channels occurred at no more than one monitoring site along
the channel length. In only one of the three channels—Garden
Canyon—was a streamflow event detected at all logger sites
along its length. Five temperature loggers provided data from
urbanized areas, and these loggers detected streamflow more
than 50 percent more often and of a duration nearly three
times greater than did temperature loggers across the rural
parts of the subwatershed. Because historical records do

not indicate that more precipitation occurs in the urbanized
area than in the rural areas, the increased frequency of flow
detection in the urban area is attributed to an increase in runoff
from the impervious surfaces throughout the urbanized area.

Introduction

To better define recharge distributions in the Sierra Vista
Subwatershed of the Upper San Pedro Basin in southeastern
Arizona (fig. 1), an investigation of ephemeral-stream channel
flow was begun by the U.S. Geological Survey (USGS), in
cooperation with the Bureau of Land Management. This
investigation was to partly address water-resource concerns
identified by the Upper San Pedro Partnership. The partnership
comprises 20 agencies and organizations that are working
together to meet the water needs of the people living in the
Upper San Pedro Basin while protecting the San Pedro River.
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stage recorder in the Sierra Vista Subwatershed of the Upper San Pedro Basin, Arizona.



Streamflow duration is one of many parameters that
influence streamflow infiltration and recharge in ephemeral-
stream channels. This investigation primarily used temperature
loggers buried in the sediments of stream channels to provide
data that would indicate the onset, duration, cessation, and
location of flow in ephemeral-stream channels across the
Sierra Vista Subwatershed. Comparisons of normalized
streamflow data then determined the primary locations of
streamflow and recharge across the subwatershed.
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Purpose and Scope

This report provides the time and estimated duration
of streamflow for the 18 months from December 1, 2000,
through May 31, 2002, for 20 ephemeral-stream channels
in the Sierra Vista Subwatershed of the Upper San Pedro
Basin. With the exception of two stream channels, ephemeral
streamflow was estimated using a subsurface-temperature
method. Streamflow-gaging stations were used for three sites
on Walnut Gulch. On Greenbush Draw one gaging station was
used in addition to four temperature-logger sites.

The monitored drainages extended from Greenbush
Draw in the south, 1 km north of the international boundary
with Mexico, to Walnut Gulch near Tombstone in the north,
about 45 km north of the international boundary. Temperature
loggers were installed in 20 channels from the eastern
foot of the Huachuca Mountains on the west side of the
subwatershed, to the western foot of the Mule Mountains on
the east side (fig. 1). At least two temperature loggers were
installed in each of the channels. Fourteen of the channels
are west of the San Pedro River, originating in either the
Huachuca Mountains or the alluvial surface above the river.
The remaining six tributary channels are on the east side of
the subwatershed and originate in the south or west side of the
Mule Mountains, the Tombstone Hills, or the southern part of
the Dragoon Mountains.

Description of the Study Area

Elevations across the Sierra Vista Subwatershed range
from 1,163 m at the State Route 82 crossing of the San Pedro
River at Fairbank to 2,879 m at Miller Peak in the Huachuca
Mountains. The subwatershed is bounded on the west by the
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Huachuca Mountains (about 1,500 to 2,900 m altitude) and
the Mustang Mountains (about 1,200 to 2,000 m altitude)
and on the east by the Mule Mountains, the Tombstone

Hills, and the southern end of the Dragoon Mountains (about
1,500 to 2,250 m altitude). Much of the subwatershed from
the river terraces to the foot of the mountains lies between
1,200 and 1,500 m altitude. The subwatershed is drained by
the San Pedro River, an intermittent stream that enters the
subwatershed at the international boundary with Mexico and
exits about 45 km to the north near State Route 82 (fig. 1).
With the exception of the intermittent Babocomari River near
the northern (downstream) boundary of the subwatershed,

all the tributary streams across the floor of the subwatershed
are ephemeral.

Tributary streams along the west side of the subwatershed
generally flow east-northeastwardly, from the northeast-facing
Huachuca Mountains to the San Pedro River. Tributaries
draining the mountains on the east side of the subwatershed
trend westward, or west-northwestward. Greenbush Draw,
the major southern tributary, drains the southern extent of
the Mule Mountains and the north side of Sierra San Jose, in
Mexico, then turns northwestward and joins the San Pedro
River north of Palominas. Two channels included in the study
(Soldier Creek and Huachuca Canyon) are tributaries of the
Babocomari River (fig. 1).

Predevelopment water-table altitudes across the Sierra
Vista Subwatershed varied as a function of distance from
the mountain fronts and the San Pedro River. Correll and
others’ (1996; in Arizona Department of Water Resources,
2005) 1940 ground-water altitude map, which represents
predevelopment conditions, shows water levels dropping
off steeply eastward from the eastern edge of the Huachuca
Mountains, where the regional aquifer is thin, toward the
San Pedro River, where the aquifer is thicker. Although
water levels across much of the subwatershed have fallen
since 1940, particularly near urbanized areas, water levels
near the mountain fronts and along the San Pedro River have
remained largely unchanged (Arizona Department of Water
Resources, 2005).

Urbanized areas on the west side of the Sierra Vista
Subwatershed include the city of Sierra Vista and nearby
Fort Huachuca at the foot of the Huachuca Mountains, and
the town of Huachuca City north of the fort on the Babocomari
River drainage. Residential development has been rapid in
an unincorporated area southeast of Sierra Vista, from State
Route 92 to the San Pedro River, for at least the last 10 yr,
but the development generally is low in density and includes
little infrastructure such as sewer lines, paved streets, or a
large water distribution system (U.S. Census Bureau, 2004).
At the northeastern end of the subwatershed is the city of
Tombstone in the Tombstone Hills, and at the southeastern
end is the city of Bisbee in the Mule Mountains. The
unincorporated border community of Naco, about 12 km south
of Bisbee, sits adjacent to Greenbush Draw (fig. 1).
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Vegetation and Climate

Vegetation across the Sierra Vista Subwatershed includes
cottonwood-willow galleries and velvet mesquite bosques
close to the San Pedro and Babocomari Rivers, tamarisk in
places along the San Pedro River, scattered to dense mesquite
along the river terraces and in the ephemeral tributaries, and
grasslands and desert scrub across much of the basin floor.
Oak woodlands occur on the lower mountain slopes and
grade into pinyon-juniper forests with increasing altitude.
Mixed conifer forests occur at higher altitudes on the basin
perimeter (Hereford, 1993; U.S. Environmental Protection
Agency, 2005).

Precipitation generally is a function of altitude across
the subwatershed, with greater amounts occurring at the
higher elevations. The Huachuca Mountains receive the most
precipitation in the Upper San Pedro Basin (Pool and Coes,
1999). Annual precipitation in the basin is bimodal, with
about half coming in the summer rainy season, June through
September (the North American monsoon). About a third of
the nonmonsoon precipitation occurs during the winter months
from November to February (fig. 2).

Summer monsoon precipitation is produced principally
by air mass thunderstorms with a dominant moisture source in
the tropical eastern Pacific Ocean and the Gulf of California
(Adams and Comrie, 1999). As a result, summer rainfall
events are commonly intense and highly localized: 2 cm
of rain falling within 30 min can be expected every 2 yr,
as can 3 cm of rain falling within 60 min (Dunne and Leopold,
1978). Such events would be expected to generate similarly
intense, flashy streamflows in ephemeral-stream channels.
Winter rains are more typically broad-scale stratiform events,
although convective showers, generally of lower intensity
than summer thunderstorms, are not uncommon. Winter
storms originate in the Pacific Ocean from the subtropics
in the south to the Gulf of Alaska in the north, although
the southern source is more common during El Nifio years.

In general, winter rains are more likely to soak into the ground
than to run off in flashy discharge events.

Annual precipitation across the subwatershed
averaged 41.4 cm from 1956 to 2002 on the basis of
data from three stations: Coronado National Memorial
Headquarters (southwestern part of subwatershed in
Huachuca Mountains, 1,598 m altitude), Tombstone
(northeastern part of subwatershed, 1,405 m altitude), and
Y Lightning Ranch (west side of subwatershed, 1,399 m
altitude; fig. 1). Only the Tombstone record extends back
into the 19th century; precipitation at the Tombstone station
averaged 35.1 cm from 1897 to 2002. The slight decreasing
trend in summer precipitation at Tombstone during this
period is not statistically significant (p=0.12)'. Winter and
spring precipitation showed variability but no overall trend

! The p-value indicates the likelihood that a value will occur at random
given a normal distribution of random samples from the parent population.
Statistical significance in this case was set at p < 0.05.
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Figure 2. Monthly precipitation at three stations in the Sierra
Vista Subwatershed, Arizona, 2000, 2001, and 2002. A, Coronado
National Memorial Headquarters; B, Tombstone; C, Y Lightning
Ranch; D, 30-year standard deviations for the three stations.



at Tombstone from 1897 to 2002, including below average
amounts during the mid-century drought (mid-1940s to the
mid-1970s).

Precipitation during October does not fit into either the
monsoon or winter-spring precipitation periods, and is variable
(fig. 2D). In some years, significant precipitation can occur in
October when troughs traversing the region from west to east
draw tropical storms into the region. In other years October
can be dry. On the basis of the Tombstone record, October
precipitation may have an increasing trend, although this trend
also lacks statistical significance (p=0.051).

Methods of Investigation

Theory

The energy exchanged between objects due to a
difference in temperature is defined as heat (Serway, 1996).
Conduction (kinetic energy transfer at the molecular level in
non-moving solids and fluids) in a deep, uniform solid was
first described by Carslaw and Jaeger (1959), and can be
found in a number of more recent texts [for example, Jury and
others (1991) and Hillel (1998)]. In a dry stream channel, heat
moves downward into the sediments by conduction during the
day. At night, radiational cooling at the surface reverses the
direction of conductive heat flow, and the result is a quasi-
sinusoidal temperature waveform at and just below the surface,
and is approximated by

T(z,t)=T,, + Ae /" [sin(wt — 2/ D) (1)
where
T = the temperature (°C) at depth z (m) and t (s),
" . = the average temperature of the sediments
(assumed same for all depths),
A, = the amplitude of the thermal wave at the
surface (°C), and
D = the damping depth (m).

The damping depth is related to the thermal properties of
the soil and the frequency of the temperature fluctuations. At
the damping depth, the thermal wave amplitude has decreased
to 1/e of the surface amplitude, or approximately 0.37 times.
The term in brackets is the phase shift term where o is the
radial frequency (in radians); the phase shift at a given depth
will be equivalent to the travel time of the temperature peak to
that depth. For diurnal forcing where the period is one day,

w = 27(1/86,400s) = 7.27210°° / 5. )

Methods of Investigation

The term preceding the brackets in equation 1 describes
the amplitude of the thermal wave at depth:

A=A, 3)
where
A = the amplitude of the thermal wave (°C) at depth z.
The presence of -z in the numerator of the exponential term
in equations 1 and 3 indicates that the amplitude of the
temperature wave decreases with increasing depth.

The maximum rate of temperature change by conduction
at depth z will occur at the time of the inflection point of the
thermal wave (z, ), which can be found by setting the second
derivative of equation 1 equal to O:

&’T ) dr* = —wAe®'” -sin(wt—2z/D)=0, (4

which becomes

sin(w—2/D)=0, Q)
or

wt—z/D=m, (62)

wt—z/D=2m. (6b)

Solving for ¢ in the case where temperature is decreasing
(equation 6a) gives

t, =(mr+z/D)w". (7)

The typical interval for ephemeral-streamflow
temperature logging is either 15 or 30 min. The largest
decrease in temperature over a 15-min logging interval can
thus be found by inserting t,,-7.5minand 7 _+7.5 min into
equation 1 for ¢, solving for 7 in each case, and taking the
difference.

At the advent of streamflow in an ephemeral-stream
channel, advection dominates the heat transport process.
The temperature peak moving down through the sediment is
described by Taniguchi and Sharma (1990):

Vy =V,00,/C, ®)
where

V., = the velocity of the temperature peak,
V= the mean macroscopic water velocity,

0 = the volume fraction of water (volume of water per

bulk volume, including water),

C, = the volumetric heat capacity of water, and
C = the volumetric heat capacity of the bulk sediment

(including water).
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In cases where streamflow continues for several days,
conduction again becomes significant (Constantz, Tyler, and
Kwicklis, 2003), and both advection and conduction must be
taken into account. In addition, the specific heat capacity of
water is several times greater than that of dry sediments, and
the heat capacity of the bulk sediment thus rises (linearly)
with increasing water content. As a result, the amplitude of the
diurnal temperature signal will be damped during periods of
multiday streamflow.

Application of Theory

Rorabaugh (1954) first proposed the use of temperature
methods as a means for estimating stream loss. At that time,
such measurements were impractical owing to equipment
limitations. Development of inexpensive temperature
probes coupled with the wide availability of computer data
storage and increased computational power have since
made it possible to put these theoretical concepts into
practice (Constantz and Stonestrom, 2003). In addition to
determination of streamflow timing and duration—the primary
focus of this report—temperature methods have been used
since the late 1980s to characterize surface water/ground water
interactions and streambed infiltration rates in Massachusetts,
New Jersey, Arizona, Indiana, Nevada, Colorado, California,
New Mexico, and Washington (Lapham, 1989; Jaynes, 1990;
Silliman and Booth, 1993; Constantz and others, 1994,
Constantz, 1998; Ronan and others, 1998; Allander, 2003;
Bartolino, 2003; Conlon and others, 2003; Constantz, Cox,
and others, 2003; Hoffmann and others, 2003); to estimate
depth, duration, timing, and rates of percolation in ephemeral
streams in New Mexico, California, Nevada, and Arizona
(Constantz and Thomas, 1996; Constantz and others, 2002;
Constantz, Tyler, and Kwicklis, 2003); to estimate seepage
losses into alluvium from an intermittent stream in Nevada
(Prudic and others, 2003); and to estimate streamflow beneath
an ephemeral stream in Nevada (Ronan and others, 1998).

Constantz and Thomas (1996, 1997) and Constantz and
others (2001) were the first to use temperature methods to
document streamflow timing in intermittent- and ephemeral-
stream channels. Visual inspection of thermographs revealed
series of days in which the amplitude of the temperature
signal was damped; these periods were interpreted as
having streamflow (Constantz and others, 2001). Prudic and
others (2003) used a similar method to estimate the onset
of streamflow on an intermittent creek in northern Nevada,
as did Stewart (2003) in two ephemeral-stream channels in
New Mexico and a third in Nevada.

Blasch and others (2004) used a moving standard-
deviation window method to estimate the onset and cessation
of streamflow in Rillito Creek in Tucson, Arizona. Points at

which the standard deviation increased beyond some threshold
value were interpreted as depicting the onset and cessation of
streamflow. Five parameters were required to design a moving
standard-deviation filter that minimized false negatives and
false positives. Blasch and others (2004) note that near the
surface the conductive thermal amplitude is larger than the
advective thermal amplitude, whereas at depth the converse
is true. They conclude that under some conditions, deeper
(0.75-1.00 m) temperature measurements may be optimal for
estimating streamflow timing. Lawler (2002) used the method
of Blasch and others to evaluate the extent of perennial,
intermittent, and ephemeral reaches of the San Pedro River.

Spatial and temporal patterns of ephemeral streamflow
in tributary streams of the San Pedro River in the Sierra Vista
Subwatershed are variable: flow duration in these streams
rarely exceeds 24 h and can be as brief as 15 min (or less).
Channel widths range from less than a meter to about 12 m.
Surface sediments in the stream channels include recent
fluvial deposits and (or) Pleistocene-Holocene terrace deposits
that vary from fine- to coarse-grained alluvium to gravels
and cobbles, and range in depth from zero to at least 10 m
(James Callegary, hydrologist, U.S. Geological Survey, written
commun., 2005). The underlying basin-fill deposits are as
much as 230 m thick and form the primary aquifer in the
Upper San Pedro Basin (fig. 3; Brown and others, 1966; Pool
and Coes, 1999).

Ephemeral-streamflow identification using the
temperature methods of Constantz and others (2001)
or Blasch and others (2004) was not appropriate for the
Sierra Vista Subwatershed. As Blasch and others (2004) note,
ephemeral streamflows of less than 24 h require a temporal
resolution greater than that available using the visual-
inspection method of Constantz and others (2001) in order
for estimates of streamflow duration to be of value. Because
the quasi-sinusoidal temperature signal is not damped for a
full 24-h cycle in short ephemeral streamflows, streamflow
may not be readily detected using visual-inspection criteria
focused on changes in multiday thermograph amplitudes.
While Constantz and others (2001) do not offer an analysis
of the temporal resolution of their method, it can be inferred
that the onset of streamflow occurs somewhere during the
approximately 12-h period between the temperature minimum
and maximum (or maximum and minimum) when the
thermograph amplitude first decreases, and that streamflow
ends days later during a 12-h period when the amplitude
increases (although commonly, the amplitude slowly increases
over several days). In the ephemeral-stream channels of the
Sierra Vista Subwatershed, streamflow can occur for 15 min
or less, and so it was advantageous to develop a streamflow-
detection method having a higher temporal resolution than the
visual-inspection method of Constantz and others (2001).
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Figure 3. Stratigraphic column of geologic units in the Sierra Vista Subwatershed,

Arizona (modified from Pool and Coes, 1999).

The setting of the Blasch and others (2004) study was a
single site on Rillito Creek with a surficial bed of 90 percent
fine- to coarse-grained alluvium approximately 10 m thick
and that is accessible by heavy equipment. The setting of
most of the ephemeral-stream channels in the Sierra Vista
Subwatershed is different from that of Rillito Creek.

Where highly permeable sediments exist in the subwatershed,
they are quite shallow and frequently underlain by clays at
depths less than the 0.75- to 1.0-m depth considered optimal
by Blasch and others (2004) for estimating streamflow timing.
Although the method of Blasch and others (2004) would
provide the temporal resolution required for the short-duration
streamflows of the Sierra Vista Subwatershed, the number (48)
and commonly remote locations of the temperature sites made
it cost prohibitive to use heavy equipment for temperature-
logger installation, and the clays and cobbles would have
made it exceptionally labor intensive if not infeasible to

install and then periodically download data from all 48 loggers
at depths greater than 0.75 m using pick and shovel.

In addition, the determination of 5 parameters at each site to
design the site-specific moving standard deviation window
would be time consuming for 48 separate locations.

Blasch and others (2002) found that the use of electrical-
resistance sensors, constructed from the same TidbiT
temperature loggers used in this study, required only shallow
burial, were more accurate at estimating streamflow timing,
and required less time for data interpretation than did available
temperature-based methods. Data analysis in this study was
well under way, however, before the conclusions of Blasch and
others (2002) became available.

A new thermograph-interpretation technique that utilized
a relatively shallow deployment of temperature loggers
(15-25 cm below streambed surface) was developed for this
investigation. This method uses the thermal signature of the
transition from a dry stream channel, dominated by conductive
heat transport, to a saturated stream channel, dominated by
advective heat transport to identify streamflow onset, and
the thermal signature of the transition back to conductive
heat transport to identify streamflow cessation. Because
streamflow in ephemeral streams of the Desert Southwest
is almost always colder than the preexisting streambed
temperature, the signature of streamflow onset is a sharp drop
in temperature. To be readily recognizable, however, the sharp
drop in temperature must exceed the maximum drop found at
the inflection point of the thermograph of the dry streambed.
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For the case?* where D=0.10 m, z=0.30 m, and A0:17°C,
the time of the inflection point (the most rapid drop in
temperature, 7, ) can be determined from equation 7 as
19.63 hr (at the surface the decreasing temperature-inflection
point occurs at 12.00 h, midway between dusk and dawn; the
sun is at the zenith at 00.00 h, the increasing temperature-
inflection point). Inserting the time of the inflection point, plus
and then minus 7.5 min, into equation 1, the maximum rate
of temperature change in the dry sediment can be calculated
for the 15-min period centered on the point of maximum
conductive temperature change: 0.06°C over 15 min. For
the thermal signature of the transition to advective heat
transport to be detectable in the thermograph, the change in
the temperature of the bulk sediment, AT, must exceed this
critical temperature drop, AT

crit”

AT > AT,

crit

— ephemeral streamflow . 9)

Note that equation 3 indicates that at shallower depths,
the amplitude of the thermograph will be larger, and because
o is constant, at shallower depths AT = must also increase.
Because the diurnal temperature signal is not truly sinusoidal
and nor are the channel sediments a homogeneous solid, AT
will vary somewhat from the theoretical values.

When streamflow ends, the sediments drain and dry much
more slowly than they were initially wetted. For example,
Hoffmann and others (2003) found that initial infiltration

*Hillel (1998) indicates that D commonly is within the top 10 cm of a dry
sediment.

rates in sandy Rillito Creek in Tucson, Arizona, were as high
as 3.5 mm per second (equivalent to a sustained rate of about
300 m per day), whereas drainage rates after the cessation
of streamflow were 0.46 m per day. As the sediments drain,
the primary stream-channel heat transport mechanism shifts
back from advection to conduction, and this shift is likewise
slower than it was from conduction to advection. As a result,
the thermal signature of the transition back to dry sediments
from streamflow is more subtle than was the reverse and is
complicated by the convection of latent heat away from the
sediments (evaporative cooling). Evaporative cooling of the
sediments begins when streamflow ends and thus in the right
conditions can further cool the bed sediments and provide a
low-temperature marker of streamflow cessation (fig. 4).
Evaporative cooling, however, is not always sufficient
to lead to a temperature minimum in the bed sediments.
In this report, streamflow cessation is nevertheless identified
by the local temperature minimum (7', ) that immediately
follows the sharp temperature drop, as this likely provides
the best mean estimate of streamflow cessation. When
streamflows occur during the evening and early nighttime
hours and dew points are relatively low, evaporative cooling
will be high and 7 will provide a fairly accurate estimate
of the time of streamflow cessation. During shallow daytime
streamflows when solar radiation can result in a significant
warming of the water, sediments can rapidly rewarm, and 7,
can be earlier than the true time of streamflow cessation.
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Figure 4. Thermograph and streamflow record from Greenbush Draw, Sierra Vista Subwatershed, Arizona.



During the late-night to predawn hours when cooling of the
atmospheric boundary layer can continue to cool the sediments
and delay the time of the temperature minimum, 7' can be
later than the true time of streamflow cessation.

To test the method of short term ephemeral-streamflow
detection outlined in the previous paragraphs, and to determine
at what depth streamflow was most readily determined by
using this method, three TidbiT temperature loggers were
buried 0.3, 0.7, and 1.0 m below the channel surface in
Greenbush Draw, 10 m downstream from USGS streamflow-
gaging station 09470520 (GDG, fig. 1). According to the
manufacturer, TidbiT loggers have a range of -5°C to 37°C,

a quantization error of 0.085°C, and an interchangeability

of 0.1°C. Fifteen to twenty centimeters of coarse sand and
cobbles overlies a clay layer of greater than 1 m depth at this
location (fig. 5). The timing and duration of streamflows at

the gaging station were used as controls and compared to the
thermograph for points where AT > AT

crit”

Figure 5. Temperature-method calibration site, Greenbush
Draw at State Route 92. The temperature logger site (1) is in the
foreground and the U.S. Geological Survey streamflow-gaging
station (2) is in the background.

Streamflow occurred 13 times during the summer
monsoon of 2002, and the logger at 0.3 m depth provided the
most readily interpretable data of the three logger depths—it
provided the largest difference between dry sediment
temperature and saturated (streamflow) sediment temperature,
was thus most sensitive to all streamflows, including
short repeat interval streamflows, and provided the closest
approximation of 7 to cessation of streamflow at the gaging
station (fig. 6).

Methods of Investigation 9

Various AT values were used to estimate the time of
temperature drop, time of the following local temperature
minimum, and elapsed time between the two, and these values
are compared to onset of streamflow, cessation of streamflow,
and duration of streamflow, respectively, as detected at
the Greenbush Draw gaging station from June 1 through
September 19, 2002 (table 1).

In order to most accurately detect streamflow, AT
must be set to a value that (1) maximizes correct streamflow
detections while minimizing false negative and false positive
streamflow detections, and (2) minimizes the time between
predicted and actual streamflow onset and cessation.

Using AT . values of 0.20°C, 0.25°C, and 0.30°C, 11 of

the 13 streamflows (85 percent) were correctly identified.

Use of 0.20°C for AT _ resulted in 69 percent false positive
detections. This decreased to 8 percent for both the 0.25°C and
the 0.30°C values. Thus, for purposes of streamflow detection,
AT . equal to 0.25°C and 0.30°C proved optimum.

On the basis of the 0.25°C and the 0.30°C optimum AT
values, the mean difference between the time of streamflow
onset at the gaging station and the time at which AT first
exceeded AT, was small (37 min) as was the standard
deviation (< 2 h). The mean difference between the time
of streamflow cessation and the time of the temperature
minimum following the initial temperature drop was very
small (4 min), but the standard deviation was large (nearly
4 h). Overall, the gaging station detected 13 events that
flowed a total of 4,110 min (68 h, 30 min), whereas the
temperature method detected 12 streamflows that flowed a
total of 5,310 min (88 h, 30 min). The temperature method
thus overestimated streamflow duration by about 30 percent.
This included one streamflow that was detected by the
temperature method but not by the gaging station and therefore
is considered a false positive. A sharp drop indicative of
streamflow onset will not occur in an otherwise dry streambed;
it is possible that a short duration, low-volume streamflow
could miss the gaging station orifice but then flow over the
temperature logger 10 m downstream. It is also possible that
one or both of the false negatives were a result of the reverse
situation: a low-volume streamflow recorded at the gaging
station missing the temperature logger site downstream.

In practice, there will be variability in the mean thermal-
wave amplitude and therefore in AT between and within
thermographs, primarily due to variations in burial depth
and subsequent scour or deposition. Seasonal differences
in the diurnal variation of air temperature as well as length
of daylight will also have an effect. Therefore, the relation
between a range of diurnal thermal-wave amplitudes and
the optimum A7 for those amplitudes was determined.

This was achieved by installing six TidbiT temperature
loggers at 10, 15, 20, 25, 30, and 35 cm below the surface
of the streambed in Greenbush Draw. Six streamflows were
subsequently recorded at the gaging station during the 2003
summer monsoon. The optimum AT . was determined for
each of the six loggers as with the three earlier loggers.
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Figure 6. Sensitivity of temperature loggers to streamflow at three depths, Greenbush Draw at State Route 92. The
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Table 1. Temperature-logger streamflow detection compared to streamflow detection at Greenbush Draw gaging station for the period June 1, 2002, to September 19, 2002

[The temperature sensor is 10 meters downstream from the gaging station and 30-33 centimeters below the surface. Values in bold are for the overall optimal temperature drop for streamflow detection
(after Gungle, 2003); N, Number; %, percent; Std. dev., standard deviation]

AT_. (degrees Celsius):
Streamflow detection 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10
Temperature-logger streamflow detection
Flows correctly identified N: 11 11 11 9 8 8 8 7 7 7 7 6 6 6 6 6 6 6 6
(of 13 possible) %: 85 85 85 69 62 62 62 54 54 54 54 46 46 46 46 46 46 46 46
False negative flow identification %: 15 15 15 31 38 38 38 46 46 46 46 54 54 54 54 54 54 54 54
(flows missed =+ total actual flows x 100)
False positive flow identification %: 69 8 8 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(false flow identifications + total flows
identified x 100)
Time of flow onset minus time of Mean: 37 37 37 33 6 6 2 -4 -4 -4 -4 -7 -7 -12 -15 -15 -15 -15 -15
temperature drop (minutes) Std. dev.: 110 110 110 78 40 40 44 45 45 45 45 48 48 46 44 44 44 44 44
Time of flow cessation minus time of local Mean: 4 4 4 2 -34 -34 -34 11 11 11 10.7 -32 -32 -32 -32 -32 -32 -32 -32
minimum temperature (minutes) Std. dev.: 232 232 232 251 243 243 243 224 224 224 224 212 212 212 212 212 212 212 212
Streamflow detection at Greenbush Draw gaging station
Duration of flow minus time from Mean: -33 -33 -33 -32 -39 -39 -36 15 15 15 15 -25 -25 -20 -18 -18 -18 -18 -18
temperature drop to local minimum Std. dev.: 231 231 231 204 222 222 220 185 185 185 185 166 166 170 169 169 169 169 169

temperature (minutes)
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The standard deviation, 6, a commonly used and easily
calculated measure of the spread of a data set, was used as
a surrogate for the amplitude of the conductive temperature
signal. The relation between AT and c should be of a form
similar to equation 3:

AT, C,
o = g, ei TG

(10)

where

o = the value of the standard deviation at the surface.

0

Solving for the unknown AT

crit’

AT

crit

=C/ In+C,, (11)
where

C, and C, are constants.

Once these two constants are determined, equation 11 can be
used to determine AT for any thermograph c.

Because the standard deviation is strongly affected by
extreme data points (used to advantage by Blasch and others,
2004, as the indicator of streamflow), a period of days when
the conductive temperature signal is relatively even and
uninterrupted is required for the determination of ¢. For the
summer monsoon of 2003 at Greenbush Draw, this period was
from September 4 to September 22, 2003. Consistent with
equations 1 and 3, the amplitude of the temperature signal in
the more shallow temperature loggers was higher (as indicated
by an increase in temperature variability characterized by a
larger value for ) and AT, . was likewise larger. The o versus
AT data were then plotted, and a natural log curve consistent
with equation 11 was fitted to the data (fig. 7; C,=0.40,
C,=0.47). Values from the curve were then used to create
a look-up table for thermograph data analysis. Once ¢ was
determined for a thermograph (or thermograph subset), the
look-up table provided the AT required to detect streamflow.
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Figure 7. Original and adjusted natural log fits for AT _ versus

standard deviation of temperature from Greenbush Draw at State
Route 92, monsoon 2003, for logger burial depths of 10, 15, 20, 25,
30, and 35 centimeters below streambed surface.

Thermograph data from the temperature loggers installed
throughout the Sierra Vista Subwatershed were then analyzed
using the following procedure:

1. Thermograph data from a given location were separated
into periods of similar streambed-temperature amplitudes.
Typically, annual data were broken into three periods,
October to January, February to May, and June to
September.

2. A subperiod of no less than a full week of relatively
constant mean temperature and amplitude was then
selected and the subperiod standard deviation, o,
determined.

3. The critical temperature change, AT,__, corresponding to
o, was determined from the look-up table developed using
equation 11.

4. The data were matched against the AT determined in 3
and any change in the temperature of the bulk sediment,
AT, over a 15-min period that exceeded AT . was
interpreted as streamflow onset, whereas the subsequent
temperature minimum was interpreted as the time of
streamflow cessation.

Early in the study, some loggers were set to log every
30 min. The 30-min data required larger AT _ values in a
separate look-up table in order to be correctly interpreted
(C,=0.36 and C,=0.51). By the end of the first 9 months of
data collection, nearly all loggers had been reset to log every
15 min.

Because a diurnal temperature minimum will occur
within about 24 h of any streamflow, the use of T as a
method to determine streamflow cessation is limited to
streamflows that last no more than 1 day. This method is
also less effective at identifying individual streamflows that
occur in rapid succession (within 24 h or less) than it is at
identifying more widely separated streamflows when the
streambed sediments have been able to dry and rewarm to
near prestreamflow temperatures. For both of these reasons,
streamflows that occurred during the frequent and heavy rains
of October and November 2000 were difficult to interpret
and are not included in this report. In addition, much of
the temperature logger network was not yet operational at
that time.

Installation of Temperature Loggers

Data stored in the Tidbit temperature loggers used in this
study are downloaded using an optical interface that accesses
the data through two small plastic nipples on the face of the
logger. To protect these interface nipples from detritus carried
along in ephemeral streamflows, each logger was housed in
a 10- to 15-cm-long piece of 4- or 5-cm-diameter polyvinyl
chloride (PVC) pipe. These in turn were tethered with 1 to 3 m
of cable to either a 1-m metal T-post installed in the channel
bottom, or to an in situ anchor such as a tree root, a small tree
trunk, or an existing fence post. Loggers were then buried in
the channel sediments (fig. 8).



Figure 8. Typical field deployment of temperature loggerin a
polyvinyl chloride (PVC) housing tethered to a small tree trunk
with airplane cable.

After early streamflows drew many loggers to the
surface, loggers were reburied and this time anchored in
place with weights. Sensors buried < 10 cm deep produced
excessively noisy data owing to the limited attenuation of the
conductive signal through the shallow sediment. This was
exacerbated in areas where tree branches, streambanks, or
physical structures produced periodic shading of the surface
above the logger. The resulting thermographs were generally
uninterpretable. Loggers were then reburied to depths of
15 to 25 cm. Although a uniform burial depth will not remove
all interthermograph amplitude and AT, variation, it will limit
the amount of variation to be expected from one location to the
next, and makes data processing more efficient. For the same
reason, it is best to install loggers where intermittent shading
from trees or structures will not occur.

A final concern was that in channels downstream from
impermeable surfaces, such as road crossings and parking
lots, runoff from modest precipitation events can be focused
and result in streamflows limited in linear extent and volume.

Monitoring Sites 13

Although such events are localized—not system wide—in
nature, loggers installed downstream from such surfaces will
nevertheless indicate streamflow, which can be misleading in
terms of streamflow extent. For example, two loggers that both
record streamflow downstream from road crossings separated
by 4 km of channel will imply that streamflow occurred over
the entire 4-km segment of channel, when in fact, streamflow
only occurred over a few tens to hundreds of meters. Because
these events represent small magnitude runoff from street
drainage rather than large magnitude streamflow events, they
give an inaccurate representation of what is occurring along
the length of the channel. This problem is resolved by moving
loggers upstream from areas of localized drainage.

Monitoring Sites

Temperature loggers were installed in 19 ephemeral-
stream channels across the subwatershed. Three gaging
stations in Walnut Gulch, operated by the Agricultural
Research Service, provided data for the 20th channel and are
included in the data set, as are data from the USGS gaging
station on Greenbush Draw at State Route 92. Although the
data are not used in this report, three USGS gaging stations
in the Huachuca Mountains and one USGS gaging station in
the Mule Mountains monitored streamflow from mountains
(fig. 1).

A greater number of large ephemeral-stream channel
systems occur on the west side of the subwatershed than on the
east. This is reflected in the distribution of temperature loggers
across the subwatershed; 14 ephemeral-stream channels
were monitored on the west side of the river, whereas 6 were
monitored on the east. Similarly, 37 loggers were deployed
on the west side and 16 on the east, amounting to 53 total
temperature loggers (fig. 1) of which 48 returned useful data.
In addition, all 4 gaging stations on ephemeral streams were
operational throughout most of the monitoring period for
a total of 52 monitoring sites across the subwatershed that
provided useful ephemeral-streamflow data.

Each ephemeral-stream channel reported on here
contained a minimum of two data points along the channel
length. In five channels, however, one logger did not provide
any useable data throughout the entire monitoring period (all
on the west side, 3 rural, 2 urban: Brown Wash south of State
Route 92, Ash Canyon Wash at Stone Ridge Road, Soldier
Creek at Irwin Road, Huachuca Canyon Wash at Backer Road,
and Coyote Wash at State Route 92). In the cases of Brown
Wash, Ash Canyon Wash, Soldier Creek, and Huachuca
Canyon Wash, where just two loggers were deployed, there
was thus only one useful data point, whereas in Coyote Wash,
two useful data points remained. Three loggers were deployed
in Coyote, Miller Canyon, and Woodcutters Washes, Wash 1,
Graveyard Gulch, and Government Draw; four loggers were
deployed in Garden and Ramsey Washes; and six loggers were
deployed along Greenbush Draw.
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Seven loggers were deployed in or immediately
downstream from urbanized areas (Huachuca Canyon Wash
at Backer Road, Soldier Creek at State Route 90 Bypass,
Woodcutters Wash at Seventh Street, Woodcutters Wash
at State Route 90 Bypass, Coyote Wash at State Route 92,
Garden Canyon Wash at State Route 92, and Miller Canyon
Wash at State Route 92) of which five provided useful
data. Six loggers were deployed within 1 km of the foot of
the Huachuca Mountains, and two loggers were deployed
within 1 km of the foot of the Mule Mountains. Four loggers
were within about 1 km of the San Pedro River (three west,
one east), and seven were within about 3 km of the river
(three west, four east; table 2).

Precipitation Patterns During the
Monitoring Period

Following the dry winter of 1999-2000, when
precipitation in the Sierra Vista Subwatershed was 15 percent
of the 30-yr average, annual precipitation was well above
average for 2000, owing in part to a wet summer season
(around 135 percent of average) but more importantly to a
series of large storms in October and early November of that
year (fig. 2). For the study period beginning December 2000,
nonmonsoon precipitation in 2000-2001 and 2001-2002 was
82 percent and 39 percent of the 30-yr average, respectively.
Monsoon precipitation during the study period (summer 2001)
was 99 percent of the 30-yr average.

Timing and Duration of Flow in
Ephemeral Streams

The duration and frequency of streamflow were expected
to vary as functions of distance from the mountains, and
thus logger data were separated into bins on the basis of the
distance of the logger site from the mountain front on either
side of the basin. In this report, “mountain front” refers to the
point along the foot of the mountains where basin sediments
contact the mountain block, and can be identified by a sharp
change in slope. On the west side of the subwatershed, the
Huachuca Mountain front approximates a straight line and
ephemeral-stream channels are relatively straight and parallel.
On the east side, the mountain front is highly irregular and
thus “distance from mountain front” refers to the approximate
stream distance from where a given stream exits the region of
steeper slope.

Data from the west side were entered into bins having
3-km widths beginning at the mountain front and ending at the
river. Data from the east side were entered into bins having
5-km widths beginning at the mountain front. The larger bin
width was needed for the east side because of the greater
length of some east side streams. Because the number of sites

within the bins varied, the data were normalized relative to the
largest number of data sites, N,, found in any one of the bins
for the given period being analyzed. N, can thus be considered
the virtual number of logger sites for each of the bins being
compared. The normalized values of the number and duration
of streamflows, V,, is thus calculated:

ATy =(N, /NI, (12)
where
N = the actual number of data sites in the given
A 7 bin, and
- the actual value (number or duration of
47 streamflows) in the given bin.

Data thus normalized for the purposes of comparison
should not be mistaken for absolute values. The absolute
number and duration of streamflows occurring at each
monitoring site are listed in the appendix of this report.

Spatial Streamflow Patterns

Results of the thermograph data analysis indicate that
streamflow commonly occurs along much of the length of the
ephemeral-stream channels of the Sierra Vista Subwatershed
at some time in all but the driest years (figs. 9-16). This is
not to say that streamflow occurred along the entire length
of a channel during any one event or even any one season.
Rather, in the course of a year, streamflow occurs at most
points along most channels. During the 18-month monitoring
period, streamflow was detected at least once at all but 6 of
the 52 functional monitoring sites (88 percent), although 4 of
the 6 no-streamflow sites were not functioning during the
2001 monsoon. Streamflow occurred at at least 1 site in each
of the 20 channels during the study period; streamflow also
occurred at least once at every site along 16 of the 20 channels
(80 percent), although only rarely did streamflow occur at
more than one site in a given channel as a result of the same
precipitation event. Locations with more than 40 percent
uninterpretable or missing data over a given time period were
not included in the analysis of streamflow patterns.

During the 2000-2001 and 2001-2002 nonmonsoon
periods, streamflows peaked in number, total streamflow
duration, and mean streamflow duration (mean streamflow
duration = total streamflow duration/number of streamflows)
midway between the mountains and river on the west side of
the subwatershed, with the greatest number and duration of
streamflows occurring between 6 and 9 km from the Huachuca
Mountain front (figs. 11, 15, 17A, B). All three streamflow
parameters dropped off rapidly beyond 12 km from the
Huachuca Mountain front, with no streamflows observed
from 12 to 15 km during the 2000-2001 nonmonsoon period
(fig. 17A).
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Table 2. Approximate distances between ephemeral-stream monitoring sites and mountain fronts

[SPRNCA, San Pedro Riparian National Conservation Area; C, central; Mtns., Mountains; NE, northeastern; S, southern]

West-side monitoring sites

West-side monitoring sites—Continued

Distance Distance
east of (U)rbanized/ east of (U)rbanized/
Mountains (N)onurbanized Mountains  (N)onurbanized
Location (kilometers)  location Location (kilometers) location
Garden Canyon gaging station 0.0 N Wash 1, north arm 14.5 N
Huachuca Canyon gaging station 0.0 N Miller Canyon Wash at the SPRNCA 14.5 N
Huachuca Canyon Wash at Backer Rd. 0.0 U Ramsey Canyon Wash at the SPRNCA (RC4) 15.0 N
Hunter Canyon Wash at State Route 92 0.0 N Coyote Wash at Moson Rd. 16.0 N
Ramsey Canyon gaging station 0.0 N Garden Canyon Wash at the SPRNCA (GC4)  16.5 N
Stump Canyon at State Route 92 0.0 N Woodcutters Canyon Wash at Moson Rd. 17.0 N
Ash Canyon at Stone Ridge Rd. 0.0 N extension
Brown Canyon Wash at Coronado Memorial Rd. 0.0 N East-side monitoring sites
Ramsey Canyon Wash at Ramsey Rd. (RC1) 1.0 N Distance
Ash Canyon Wash at Coronado Memorial Rd. 1.0 N west of
Miller Canyon Wash at State Route 92 1.5 U i IV_Inuntams .
Location (kilometers) Mountain front
Carr Canyon Wash at State Route 92 2.0 N
Banning Creek gaging station 0.0 C Mule Mtns.
Soldier Creek Wash at Irwin Rd. 2.5 N
Banning Creek at State Route 80 0.0 C Mule Mtns.
Garden Canyon Wash at Fort Huachuca south 2.5 N
perimeter (GC1) ‘Wash 20 at State Route 80 4.0 NE Mule Mtns.
Huachuca Canyon Wash at Monitor Site Rd., 3.5 N Spring Wash at Foudy Rd. 4.0 C Mule Mns.
Fort Huachuca Banning Creek at Misty Ray Rd. 6.0 C Mule Mtns.
Ramsey Canyon Wash at State Route 92 (RC2) 3.5 N Greenbush Draw at Naco Highway (GD1) 8.5 S Mule Mtns.
Brown Canyon Wash at Hutchinson Rd. 4.0 N Wash 20 at High Knoll Rd. (south) 9.0 NE Mule Mtns.
Stump Canyon Wash at Deer Canyon Trail 4.0 N Wash 20 at High Knoll Rd. (north) 9.0 NE Mule Mtns.
Woodcutters Canyon Wash at 7th St. 4.5 U Spring Wash at railroad bridge north of 9.5 C Mule Mtns.
Hunter Canyon Wash at Hereford Rd. 5.0 N Hereford Rd.
Garden Canyon Wash at State Route 92 (GC2) 55 U Greenbush Draw east Ladd Ranch (GD2) 11.5 S Mule Mtns.
Soldier Creek Wash at State Route 90 Bypass 6.0 U Walnut Gulch, flume 6 16.5 Dragoon Mins.
Miller Canyon Wash at Moson Rd. 75 N Government Draw at State Route 80 16.5 Tombstone Hills/
NE Mule Mtns.
Coyote Wash at State Route 92 8.0 U
Greenbush Draw at railroad tracks (GD4) 17.5 S Mule Mtns.
Carr Canyon Wash at Moson Rd. 9.0 N
Government Draw on Cox Ranch 19.5 Tombstone Hills/
Woodcutters Canyon Wash at State Route 90 9.5 8] NE Mule Mtns
Bypass
Greenbush Draw at State Route 92 gaging 23.0 S Mule Mtns.
Ramsey Canyon Wash at La Donna Rd. (RC3) 10.0 N station (GDG)
Graveyard Gulch, middle arm 11.0 N Walnut Gulch, flume 1 24.0 Dragoon Mtns.
Graveyard Gulch, south arm 11.0 N Government Draw at High Knoll Rd. 24.0 Tombstone Hills/
Garden Canyon Wash at Moson Rd. (GC3) 11.0 N extension NE Mule Mtns.
Graveyard Gulch, north arm 13.0 N Greenbush Draw at Fox Hollow Rd. (GD6) 25.0 S Mule Mtns.
Coyote Wash at Dake Rd. 13.5 N Greenbush Draw tributary at Foudy Rd. (GD5) NA S Mule Mtns.
Wash 1, south arm 13.5 N Walnut Gulch, flume 11 (tributary) NA Dragoon Mtns.
Wash 1, middle arm 14.5 N Greenbush Dray tributary at Sand Wash (GD3) NA S Mule Mtns.
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Figure 9. Duration of ephemeral streamflow at temperature-logger sites in the Sierra Vista Subwatershed,
Arizona, west side, for the entire period of study, December 1, 2000, to May 31, 2002. For name, total-duration data,

and number of flows for each site, see explanation on page 18.
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Figure 10. Duration of ephemeral streamflow at temperature-logger sites and at selected streamflow-gaging
stations in the Sierra Vista Subwatershed, Arizona, east side, for the entire period of study, December 1, 2000, to
May 31, 2002. For name, total-duration data, and number of flows for each site, see explanation on page 18.
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Duration

of Flow
SLOPE WEST OF SAN PEDRO RIVER in Minutes
1. Ash Canyon at Stone Ridge . . .......ovuniiei i [ ]
2. Ash Canyon at Coronado Memorial Road ............................. 1,125
3. Brown Canyon at Coronado Memorial Road [ ]
4. Brown Canyon south of Arizona Route 92......................uue [ ]
5. Carr Canyon atArizonaRoute 92..............coiiiiiiiiiiiiiiinns 1,800
6. Carr Canyon atMosonRoad ......... ...t 1,125
7. Coyote Wash at Arizona Route 92...............oiiiiiiiiiininnnn. [ J
8. Coyote Wash atDake Road. ... 2,760
9. Coyote WashatMosonRoad ..............coviiiiiiiiiiiiinann. 15
10. Garden Canyon at Fort Huachuca perimeter 195
11. Garden Canyon at ArizonaRoute 92..............coiviiiiiiii.. 4,905
12. Garden Canyon atMosonRoad ............c..coiiiiiiiiiiiiiaann 300
13. Garden Canyon at the San Pedro Riparian National Conservation Area . . 675
14. Graveyard Gulch, Middle Arm ....... ...t 345
15. Graveyard Gulch, South Arm . ... ... .o [ J
16. Graveyard Gulch, North Arm ...... ... i, 0
17. Huachuca Creek at Backer Road [ J
18. Huachuca Creek at gravity station “field” 930
19. Hunter Canyon at Arizona Route 92.................cooiiiiiiaia.. 285
20. Hunter Canyon at Hereford Road ............... ...t 2,205
21. Miller Canyon at Arizona Route 92...............cooiiiiiiiiinn 990
22. Miller Canyon atMosonRoad . ..............cooiiiiiiiiiiiiiinns 1,110
23. Miller Canyon at the San Pedro Riparian National Conservation Area.. .. 450
24. Ramsey Canyon at Ramsey CanyonRoad ............................ 735
25. Ramsey Canyon at Arizona Route 92...............oooiiiiii.. 1,200
26. Ramsey Canyon atLaDonnaRoad...................ooiiiinnan. 3,045
27. Ramsey Canyon at the San Pedro Riparian National Conservation Area .. 1,380
28. Soldier Creek atlrwinRoad ..............ooiiiiiiiiiiiiii e [ J
29. Soldier Creek at Arizona Route 90 Bypass ...............ocvvuieenn.. 165
30. Stump Canyon at Arizona Route 92 [ ]
31. Stump Canyon atDeer Canyon Trail .............oooviiiiiiiii... 225
32. Wash 1, South Arm ... ..o 0
33. Wash 1, Middle Arm .. ... i [ J
34, Wash 1 North Arm .. ... o [ J
35. Woodcutters Wash at7th Street.................oiiiiiiiiii.. 7,290
36. Woodcutters Wash at Arizona Route 90 Bypass...................... 2,025
37. Woodcutters Wash at Moson Road (extension) 2,100

Timing and Duration of Flow in Ephemeral Streams, Sierra Vista Subwatershed, Southeastern Arizona

EXPLANATION FOR FIGURES 9 AND 10 (entire period of study)

DRAINAGE BASIN BOUNDARY

0

09471310 A

52 O

STREAMFLOW-GAGING STATION

28 @

TEMPERATURE LOGGER SITE—Height of cylinder indicates relative duration of ephemeral streamflow.
Actual minutes can be found in list below. Number identifies name of site location in list below

TEMPERATURE LOGGER SITE OR STREAMFLOW-GAGING STATION WITH NO FLOW—
Number identifies name of site location in list below

TEMPERATURE LOGGER SITE WITH BAD OR MISSING DATA—Number identifies name of site location in list below

NUMBERED LIST OF TEMPERATURE-LOGGER SITES AND STREAMFLOW-GAGING STATION WITH SELECTED FLOW DATA

Number
of Flows

4

© W W o w

=

Duration
of Flow

SLOPE EAST OF SAN PEDRO RIVER in Minutes
38. Banning Creek at U.S. Route 80................ 165
39. Banning Creek at Misty Ray Road .............. 990
40. Government Draw at U.S. Route 80. .. 495
41. Government Draw at CoxRanch............... 225
42. Government Draw at High Knoll Road

(extension). ..ot 5310
43. Greenbush Draw at Naco Highway............. [ ]
44. Greenbush Draw east of Ladds” house .......... 3,450
45. Greenbush Draw tributary, Sand Wash .......... 1,035
46. Greenbush Draw at railroad bridge ............. 0
47. Greenbush Draw streamflow-gaging

station (0947052). . ....oovvvie i 15
48. Greenbush Draw tributary at Foudy Road ........ )
49. Greenbush Draw at Fox Hollow Road ........... 2,400
50. Spring Wash at FoudyRoad ................... 420
51. Spring Wash at Hereford Road ................. 900
52. Walnut GulchFlume 6......................... 0
53. Walnut Gulch Flume 11........................ 7,478
54. Walnut GulchFlume 1......................... 615
55. Wash20atU.S.Route80...................... 1,470
56. Wash 20 at High Knoll Road, North Arm.......... [ ]
57. Wash 20 at High Knoll Road, South Arm......... 2,280

Number
of Flows

w B W N
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Figure 11. Duration of ephemeral streamflow at temperature-logger sites in the Sierra Vista Subwatershed,
Arizona, west side, 2000-2001 nonmonsoon (December 1, 2000, to May 31, 2001). For name, total-duration data, and
number of flows for each site, see explanation on page 22.
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Figure 12. Duration of ephemeral streamflow at temperature-logger sites and at selected streamflow-gaging
stations in the Sierra Vista Subwatershed, Arizona, east side, 2000-2001 nonmonsoon (December 1, 2000, to May
31,2001). For name, total-duration data, and number of flows for each site, see explanation on page 22.
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EXPLANATION FOR FIGURES 11 AND 12 (December 1, 2000, to May 31, 2001)
DRAINAGE BASIN BOUNDARY

D TEMPERATURE LOGGER SITE—Height of cylinder indicates relative duration of ephemeral streamflow.
1 Actual minutes can be found in list below. Number identifies name of site location in list below

09471310/\  STREAMFLOW-GAGING STATION

52 O TEMPERATURE LOGGER SITE OR STREAMFLOW-GAGING STATION WITH NO FLOW—
Number identifies name of site location in list below

280 TEMPERATURE LOGGER SITE WITH BAD OR MISSING DATA—Number identifies name of site location in list below

NUMBERED LIST OF TEMPERATURE-LOGGER SITES AND STREAMFLOW-GAGING STATION WITH SELECTED FLOW DATA

Duration Duration

of Flow Number of Flow Number
SLOPE WEST OF SAN PEDRO RIVER in Minutes  of Flows SLOPE EAST OF SAN PEDRO RIVER in Minutes  of Flows
1. Ash Canyon at Stone Ridge .............coooiiiiiiieiiiiiieeaaan, [ ] 38. Banning Creek at U.S. Route 80................ ([ ]
2. Ash Canyon at Coronado Memorial Road . ............................ 90 2 39. Banning Creek at Misty Ray Road . ............. [ ]
3. Brown Canyon at Coronado Memorial Road 600 1 40. Government Draw at U.S. Route 80 90 1
4. Brown Canyon south of Arizona Route 92.....................counee [ J 41. Government Draw at Cox Ranch............... 0 0
5. Carr Canyon at Arizona Route 92.............ooiiiiiiiiiiiin [ ] 42. Government Draw at High Knoll Road
6. Carr Canyon atMosonRoad ..............ooviiiiiiiiiiiiiiniinn o (EXtENSION) . ... 60 1
7. Coyote Wash at ArizonaRoute 92......... ...t [ ] 43. Greenbush Draw at Naco Highway............. 510 2
8. Coyote Wash atDake Road .......... ... 0 0 44. Greenbush Draw east of Ladds" house .......... [ ]
9. Coyote WashatMosonRoad ...t 0 0 45. Greenbush Draw tributary, Sand Wash.......... 0 0
10. Garden Canyon at Fort Huachuca perimeter [ ] 46. Greenbush Draw at railroad bridge ............. L
11. Garden Canyon at Arizona Route 92................coiiiiiiiiiiinn. 900 1 47. Greenbush Draw streamflow-gaging
12. Garden Canyon atMosonRoad ................oiiiiiiiiiiii.. 0 0 station (0347052). ..o 0 0
13. Garden Canyon at the San Pedro Riparian National Conservation Area . . 180 1 48. Greenbush Draw tributary at Foudy Road . ... ®
14. Graveyard Gulch, Middle Arm..........oiiiiiii i 30 1 49. Greenbush Draw at Fox Hollow Road ... o
15. Graveyard Gulch, South Arm........ ..o 0 0 50. Spring Wash at Foudy Road ... 0 0
16. Graveyard Gulch, North Arm.........oiiiii it 0 0 51. Spring Wash at Hereford Road ... 0 0
17. Huachuca Creek at Backer Road . .. ° 52. Walnut GulchFlume 6......................... 0 0
18. Huachuca Creek at gravity station “field" 600 1 53. Walnut Gulch Flume 11........................ 7,232 2
19. Hunter Canyon at Arizona Route 92 . .............cooviiiiiiinnannnn.. 0 0 54. Walnut Guleh Flume T i !
20. Hunter Canyon at Hereford Road ..................coooiiiiiiiinn... 300 2 85. Wash 208t US. Route 80 ..o 1380 2
21. Miller Canyon at Arizona Route 92..............oiiiiiiiiiiaan. [ 86. Wash 20 at High Knoll Road, North Arm ... 210 !
22. Miller Canyon at Moson Road ..............cooiviiiiiiiniiinannn. 360 1 §7. Wash 20 at High Knoll Road, South Arm......... 420 3
23. Miller Canyon at the San Pedro Riparian National Conservation Area . .. 0 0
24. Ramsey Canyon at Ramsey CanyonRoad ............................ [ J
25. Ramsey Canyon at ArizonaRoute 92....................ccoiiiinn.. [ J
26. Ramsey Canyon atLaDonnaRoad.............. ...t 1,080 3
27. Ramsey Canyon at the San Pedro Riparian National Conservation Area . . 0 0
28. Soldier Creek at Irwin Road . .........oovieiiiii i ([ ]
29. Soldier Creek at Arizona Route 90 Bypass . ..........ccovvievnann.... [
30. Stump Canyon at Arizona Route 92 [ ]
31. Stump Canyon at Deer Canyon Trail ..., [ ]
32. Wash 1, South Arm . ... e 0 0
33. Wash 1, Middle Arm . ... e 0 0
34 Wash TNorth Arm . ..o 0 0
35. Woodcutters Wash at7th Street. ...t 30 1
36. Woodcutters Wash at Arizona Route 90 Bypass...................... 780 1
37. Woodcutters Wash at Moson Road (extension) 180 1
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Figure 13. Duration of ephemeral streamflow at temperature-logger sites in the Sierra Vista Subwatershed,
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Arizona, west side, 2001 monsoon (June 1, 2001, to September 19, 2001). For name, total-duration data, and number
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Figure 14. Duration of ephemeral streamflow at temperature-logger sites and at selected streamflow-gaging

stations in the Sierra Vista Subwatershed, Arizona, east side, 2001 monsoon (June 1, 2001, to September 19, 2001).

For name, total-duration data, and number of flows for each site, see explanation on page 26.
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EXPLANATION FOR FIGURES 13 AND 14 (June 1, 2001, to September 19, 2001)
we=  DRAINAGE BASIN BOUNDARY

TEMPERATURE LOGGER SITE—Height of cylinder indicates relative duration of ephemeral streamflow.
36 Actual minutes can be found in list below. Number identifies name of site location in list below

09471310/\ " STREAMFLOW-GAGING STATION

52O TEMPERATURE LOGGER SITE OR STREAMFLOW-GAGING STATION WITH NO FLOW—
Number identifies name of site location in list below

e TEMPERATURE LOGGER SITE WITH BAD OR MISSING DATA—Number identifies name of site location in list below

NUMBERED LIST OF TEMPERATURE-LOGGER SITES AND STREAMFLOW-GAGING STATION WITH SELECTED FLOW DATA

Duration Duration

of Flow Number of Flow Number
SLOPE WEST OF SAN PEDRO RIVER in Minutes  of Flows SLOPE EAST OF SAN PEDRO RIVER in Minutes  of Flows
1. Ash Canyon at Stone Ridge ...........cooeiiiiiii s [ ] 38. Banning Creek atU.S.Route 80................ 165 2
2. Ash Canyon at Coronado Memorial Road ............................. 1,035 2 39. Banning Creek at Misty Ray Road .............. 750 2
3. Brown Canyon at Coronado Memorial Road .......................... 30 1 40. Government Draw at U.S. Route 80............. 405 3
4. Brown Canyon south of Arizona Route 92.....................ooeunt [ ] 41. Government Draw at Cox Ranch............... 225 3
5. Carr Canyon atArizonaRoute 92................coiiiiiiiiiinann.. 1,665 3 42. Government Draw at High Knoll Road
6. Carr CanyonatMosonRoad ......... ...t 300 5 (EXTENSION) . ..o 5,250 8
7. Coyote Wash at ArizonaRoute 92...............coiiiiiiiiiiiii... [ 43. Greenbush Draw at Naco Highway............. [ ]
8. Coyote Wash atDake Road .......... ...t 2,760 8 44, Greenbush Draw east of Ladds" house .......... 3,450 1"
9. Coyote Wash atMosonRoad ................coiiiiiiiiiiiiian..s [ ] 45. Greenbush Draw tributary, Sand Wash.......... 1,035 3
10. Garden Canyon at Fort Huachuca perimeter 195 5 46. Greenbush Draw at railroad bridge ............. 0 0
11. Garden Canyon at Arizona Route 92................oiiiiiiiinnnnn 3,195 8 47. Greenbush Draw streamflow-gaging
12. Garden Canyon atMosonRoad ...............oooiiiiiiiiiiiinnnn 300 6 station (0347052) ... 15 !
13. Garden Canyon at the San Pedro Riparian National Conservation Area ... 495 6 #8. Greenbush Draw tributary at Foudy Road .......... 1845 6
14. Graveyard Gulch, Middle Arm.........ooiiiiii i 315 3 49. Greenbush Draw at Fox Hollow Road ... 2,400 4
15. Graveyard Gulch, South Arm . ... i [ J 50. Spring Wash at Foudy Road ... 420 6
16. Graveyard Gulch, North Arm ... s [ J 51. Spring Wash at Hereford Road ... 900 !
17. Huachuca Creek at Backer Road ° 52. Walnut GulchFlume 6......................... 0 0
18. Huachuca Creek at gravity station “field” 330 9 53. Walnut GulchFlume 11........................ 246 4
19. Hunter Canyon at Arizona Route 92..............cooiiieiiniannnn.. 285 1 54. Walnut Guleh Flume T 510 4
20. Hunter Canyon at Hereford Road .................cooiiiiiiiinn... 1,905 10 5. Wash 20 atU.S. Route 80 L
21. Miller Canyon at Arizona Route 92..............oooiiiiiiiiiiiaann.. 990 3 86. Wash 20 at High Knoll Road, North Arm ............ b
22. Miller Canyon at Moson Road ..............coooiviiiiiiniiininn... 750 5 §7. Wash 20 at High Knoll Road, South Arm........ 1860 3
23. Miller Canyon at the San Pedro Riparian National Conservation Area . .. 450 3
24. Ramsey Canyon at Ramsey CanyonRoad ............................ 735 3
25. Ramsey Canyon at ArizonaRoute 92. ...t 1,200 8
26. Ramsey Canyon atLaDonnaRoad...................c.coiiiian... 1,605 6
21. Ramsey Canyon at the San Pedro Riparian National Conservation Area . . 1,260 4
28. Soldier Creek atlIrwinRoad ........ ..., [
29. Soldier Creek at Arizona Route 90 Bypass .............c.ccovevunenn.. 165 3
30. Stump Canyon at Arizona Route 92 [ ]
31. Stump Canyon atDeer Canyon Trail .............oooiiiiiiiiiinn.e, 225 2
32. Wash 1, South Arm . ... o [ ]
33. Wash 1, Middle Arm .. ...t [ J
34, Wash TNOMh Arm . ..o [ ]
35. Woodcutters Wash at7th Street ..., 7,260 16
36. Woodcutters Wash at Arizona Route 90 Bypass...................... 1,200 6
37. Woodcutters Wash at Moson Road (extension) 1,920 7
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Duration of ephemeral streamflow at temperature-logger sites in the Sierra Vista Subwatershed,

Arizona, west side, 2001-2002 nonmonsoon (September 20, 2001, to May 31, 2002). For name, total-duration data,

and number of flows for each site, see explanation on page 30.
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Figure 16. Duration of ephemeral streamflow at temperature-logger sites and at selected streamflow-gaging
stations in the Sierra Vista Subwatershed, Arizona, east side, 2001-2002 nonmonsoon (September 20, 2001, to May
31, 2002). For name, total-duration data, and number of flows for each site, see explanation on page 30.
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EXPLANATION FOR FIGURES 15 AND 16 (September 20, 2001, to May 31, 2002)
DRAINAGE BASIN BOUNDARY

n TEMPERATURE LOGGER SITE—Height of cylinder indicates relative duration of ephemeral streamflow.
6 Actual minutes can be found in list below. Number identifies name of site location in list below

09471310/\  STREAMFLOW-GAGING STATION

52 OO TEMPERATURE LOGGER SITE OR STREAMFLOW-GAGING STATION WITH NO FLOW—
Number identifies name of site location in list below

280 TEMPERATURE LOGGER SITE WITH BAD OR MISSING DATA—Number identifies name of site location in list below

NUMBERED LIST OF TEMPERATURE-LOGGER SITES AND STREAMFLOW-GAGING STATION WITH SELECTED FLOW DATA

Duration Duration

of Flow Number of Flow Number
SLOPE WEST OF SAN PEDRO RIVER in Minutes  of Flows SLOPE EAST OF SAN PEDRO RIVER in Minutes  of Flows
1. Ash Canyon at Stone Ridge ...........cooeiiiiiii s [ ] 38. Banning Creek atU.S.Route 80................ 0 0
2. Ash Canyon at Coronado Memorial Road ............................. 0 0 39. Banning Creek at Misty Ray Road .............. 240 1
3. Brown Canyon at Coronado Memorial Road .......................... [ J 40. Government Draw at U.S. Route 80............. 0 0
4. Brown Canyon south of Arizona Route 92.....................ooeunt [ J 41. Government Draw at Cox Ranch............... 0 0
5. Carr Canyon atArizonaRoute 92................coiiiiiiiiiinann.. 135 1 42. Government Draw at High Knoll Road
6. Carr CanyonatMosonRoad ......... ...t 825 1 (EXTENSION) . ..o 0 0
7. Coyote Wash at ArizonaRoute 92...............coiiiiiiiiiiiii... [ 43. Greenbush Draw at Naco Highway............. L
8. Coyote Wash atDake Road .......... ...t 0 0 44. Greenbush Draw east of Ladds" house .......... 0 0
9. Coyote Wash atMosonRoad ................coiiiiiiiiiiiiian..s 0 0 45. Greenbush Draw tributary, Sand Wash.......... 0 0
10. Garden Canyon at Fort Huachuca perimeter 0 0 46. Greenbush Draw at railroad bridge ............. 0 0
11. Garden Canyon at Arizona Route 92................oiiiiiiiinnnnn 810 2 47. Greenbush Draw streamflow-gaging
12. Garden Canyon atMosonRoad ...............oooiiiiiiiiiiiinnnn 0 0 station (0347052)......ovv 0 0
13. Garden Canyon at the San Pedro Riparian National Conservation Area ... 0 0 #8. Greenbush Draw tributary at Foudy Road .......... ®
14. Graveyard Gulch, Middle Arm.........ooiiiiii i 0 0 49. Greenbush Draw at Fox Hollow Road ... 0 0
15. Graveyard Gulch, South Arm........ ... [ ] 50. Spring Wash at Foudy Road ... 0 0
16. Graveyard Gulch, North Arm.........oiiii it 0 0 51. Spring Wash at Hereford Road ... 0 0
17. Huachuca Creek at Backer Road ° 52. Walnut GulchFlume 6......................... 0 0
18. Huachuca Creek at gravity station “field” 0 0 53. Walnut GulchFlume 11........................ 0 0
19. Hunter Canyon at Arizona Route 92..............cooiiieiiniannnn.. 0 0 54. Walnut Guleh Flume T 0 0
20. Hunter Canyon at Hereford Road .................cooiiiiiiiinn... 0 0 85. Wash 208t US. Route 80, ..o ¢
21. Miller Canyon at Arizona Route 92..............oooiiiiiiiiiiiaann.. 0 0 86. Wash 20 at High Knoll Road, North Arm ............ ¢
22. Miller Canyon at Moson Road ..............coooiviiiiiiniiininn... 0 0 §7. Wash 20 at High Knoll Road, South Arm........ 0 0
23. Miller Canyon at the San Pedro Riparian National Conservation Area . .. 150 1
24. Ramsey Canyon at Ramsey CanyonRoad ............................ 0 0
25. Ramsey Canyon at ArizonaRoute 92. ...t 0 0
26. Ramsey Canyon atLaDonnaRoad...................c.coiiiian... 360 1
21. Ramsey Canyon at the San Pedro Riparian National Conservation Area . . 120 1
28. Soldier Creek atlIrwinRoad ........ ..., [
29. Soldier Creek at Arizona Route 90 Bypass .............c.ccovevunenn.. 0 0
30. Stump Canyon at Arizona Route 92 150 1
31. Stump Canyon atDeer Canyon Trail .............oooiiiiiiiiiinn.e, 0 0
32. Wash 1, South Arm . ... o 0 0
33. Wash 1, Middle Arm .. ..o [ ]
34, Wash 1 North Arm . ... [
35. Woodcutters Wash at7th Street......................coiiiiiinn 0 0
36. Woodcutters Wash at Arizona Route 90 Bypass...................... 45 1
37. Woodcutters Wash at Moson Road (extension) 0 1
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Figure 17. Total normalized streamflow duration, mean streamflow duration, and normalized number of streamflows,
Sierra Vista Subwatershed, Arizona, west side, for all periods of the study. A, 2000-2001 nonmonsoon period
(December 1, 2000, to May 31, 2001), B, 2001-2002 nonmonsoon period (September 20, 2001, to May 31, 2002), and

C, 2001 monsoon period (June 1, 2001, to September 20, 2001).
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East of the river, nonmonsoon ephemeral-streamflow
trended downward in both number and duration of streamflows
from the mountains to the river (figs. 12, 16, 18A, B). A large
total streamflow duration value of 7,232 min (120 h, 32 min)
recorded at Walnut Gulch Flume 11 (site number 53) is
responsible for the bulk of the anomalous streamflow duration
10 to 15 km from the mountain front during the 2000-2001
nonmonsoon period (figs. 12 and 18A). Low-permeability
surface bedrock in this vicinity could be responsible for
the extended streamflow duration that resulted from two

9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000

0
3,000

1,000
0
12,000
11,000
10,000
9,000
8,000
7,000
6,000
5,000
4,000
3,000
2,000
1,000
0

STREAMFLOW DURATION, IN MINUTES

Timing and Duration of Flow in Ephemeral Streams

streamflow frequencies.

A. 2000-2001 nonmonsoon period

I  TOTAL NORMALIZED STREAMFLOW DURATION

I NORMALIZED NUMBER OF STREAMFLOWS

MEAN STREAMFLOW DURATION

Numbers in parentheses (5) are the number of stations in each data
bin. Data bins are normalized by the maximum number of stations.

2,000 -

@) (4
— I
B. 2001-2002 nonmonsoon period i
- (2) N
(2) [ 4 (4) (5) N

C. 2001 monsoon period

0-5 5-10 10-15 15-20
DISTANCE WEST FROM NEAREST MOUNTAIN FRONT, IN KILOMETERS

20-25

36
32
28
24
20
16
12

Figure 18. Total normalized streamflow duration, mean streamflow duration, and normalized number of streamflows,

Sierra Vista Subwatershed, Arizona, east side, for all periods of the study. A, 2000-2001 nonmonsoon period (December 1,

January 2001 precipitation events. During the 2001-2002
nonmonsoon period, streamflow did not occur east of the

reflection of the long term trend in subwatershed ephemeral-
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2000, to May 31, 2001), B, 2001-2002 nonmonsoon period (September 20, 2001, to May 31, 2002), and C, 2001 monsoon period
(June 1, 2001, to September 20, 2001).
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river except for a single event on October 3, 2001, in Banning
Creek, about 6 km southwest of the Mule Mountains (figs. 16
and 18B). The nonmonsoon streamflow distribution could be a
function of precipitation distribution across the subwatershed

during these relatively dry nonmonsoon periods rather than a
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Streamflows during the 2001 summer monsoon (June 1
to September 19, 2001) were more evenly distributed across
the subwatershed than were nonmonsoon streamflows, with
only two active sites not experiencing streamflow, both on
the east side. The duration of streamflow on both sides of
the river generally trended higher with greater distance from
the mountain fronts with the exception of one bin on each
side. The number of streamflows was more variable than
streamflow duration with distance from the mountain fronts
on both sides of the subwatershed (figs. 13-14, 17C, 18C).
As with the nonmonsoon period, the monsoon streamflow-
duration trends likely reflect the distribution of monsoon
precipitation in 2001.

The channels monitored in urbanized areas are on the
west side of the subwatershed, and therefore rural drainages
used for comparison were also restricted to those found on the
west side. Note that the loggers at Huachuca Canyon Wash at
Backer Road and Coyote Wash at State Route 92 provided no
usable data, and thus there were five active urban data points.
The five urban loggers were from about 1.5 to 9.5 km from the
Huachuca Mountain front, and averaged about 6.0 km distant.
The rural loggers across the western part of the Sierra Vista
Subwatershed ranged from 0.0 to 17.0 km from the Huachuca
Mountain front and averaged about 7.5 km distant.

The total normalized streamflow duration and number
of streamflows in urbanized areas were consistently greater
than what occurred in rural areas across the west side of the
subwatershed during the study period. Urban streamflows
occurred more than 50 percent more often and were of a
total streamflow duration nearly three times that of rural
streamflows (fig. 19). The mean duration of rural streamflows
was roughly one-half of the mean duration of urbanized
streamflows during the 2000-2001 nonmonsoon and 2001
monsoon periods, and essentially the same as that for
urbanized streamflows during the 2001-2002 nonmonsoon
period. Precipitation in the Sierra Vista urbanized area as
characterized by the Sierra Vista 30-yr average of 35.6 cm,
was less than at more rural sites. For example, the 30-yr
average at Tombstone is 35.8 cm, at Y-Lightning Ranch it
is 38.8 cm, and at Coronado Memorial Headquarters it is
53.8 cm (National Oceanic and Atmospheric Administration,
2004). The greater number and duration of urban streamflows
were thus more likely a result of the large amount of
impermeable surfaces in the urbanized area rather than
functions of precipitation patterns.

Temporal Streamflow Patterns

To facilitate analysis of temporal streamflow patterns,
streamflow data were normalized to the largest number
of sites, N,, found in any of the three bins (fig. 20). Data
were not normalized to length of period; the 2000-2001
nonmonsoon period was 6 months, the 2001 monsoon period
was 3.7 months, and the 2001-2002 nonmonsoon period was
8.3 months. As would be expected for two dry winter seasons,
streamflows during the monsoon greatly exceeded streamflows
during the rest of the year, accounting for 82 percent of
the streamflows and 71 percent of the total streamflow
duration during the entire study period. As previously noted,

streamflow was detected at least once at every active logger
site on the west side of the subwatershed during the 2001
monsoon, and at all but two of the active sites on the east side.
The normalized data indicate that in comparison to
streamflows on the west side of the subwatershed, streamflows
on the east side were (1) 50 percent more common and more
than three times greater in total duration during the 2000-2001
nonmonsoon period, (2) slightly less common and shorter
in total duration during the 2001 monsoon, and (3) about
half as common and nearly an order of magnitude shorter in
duration during the 2001-2002 nonmonsoon period (fig. 21).
Although the total number of normalized streamflows in the
west side of the subwatershed is only slightly greater than in
the east side, the larger number of major ephemeral streams
on the west side results in a larger volume of streamflow and
potential recharge there. The better developed drainage system
on the west side also indicates that precipitation has been more
common on the west side than on the east throughout recent
geologic history.
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Figure 19. Comparison of normalized rural and urban
streamflows in the Sierra Vista Subwatershed, Arizona,
during 2000-2001 nonmonsoon, 2001 monsoon, and 2001-2002
nonmonsoon. A, Number of streamflows; B, Duration of
streamflows.
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Figure 21. Comparison of normalized streamflows in the Sierra

Vista Subwatershed, Arizona, west side and east side, by period.
A, Number of sreamflows; B, Duration of streamflows.

All streamflows detected across the entire Canyon Washes—and one from the east sidle—Greenbush
subwatershed during the 2000-2001 nonmonsoon period Draw—are discussed below. The three washes were more
were from a January and (or) April precipitation event
(figs. 15 and 20), and all streamflows detected during the
2001-2002 nonmonsoon period were from an October and
(or) February event (figs. 16 and 21). Streamflows detected
during the 2001 monsoon were much more varied in time

densely instrumented with temperature loggers than other
washes in the subwatershed because there was other existing
instrumentation along their reaches, including gaging stations
on all three washes, gravity stations used to measure total

and space than during the nonmonsoon periods owing to storage change (Garden and Ramsey Canyons), and boreholes
the localized and intense nature of precipitation from air used to estimate rates of infiltration on the basis of the
mass thunderstorms typical during the summer (figs. 13 and location of chloride fronts (Greenbush Draw; Coes and Pool,

14; appendix). 2005). Four temperature loggers and a streamflow-gaging

station upstream from the base of the Huachuca Mountains
Frequency of Streamflow in Three monitored streamflow in Garden Canyon Wash and likewise
Representative Channels in Ramsey Canyon Wash. Greenbush Draw monitoring

To provide a sense of typical streamflow frequency included four temperature loggers in Greenbush Draw, two

along the length of a single wash, two examples from loggers in separate tributary channels, and the Greenbush

the west side of the subwatershed—Garden and Ramsey Draw streamflow-gaging station at State Route 92.
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Garden Ca nyon Wash At the Garden Canyon Wash gaging station,
streamflow was recorded consistently throughout the entire
The Garden Canyon Wash gaging station (09470800) December 1, 2000, to May 31, 2002, monitoring period.
is in the Huachuca Mountains about 3.5 km southwest of the At GCl, significant data were missing during the 2000-2001
mountain front. Temperature loggers in downstream order nonmonsoon period (table 3). At GC2 and GC4, streamflow

was detected once during the 2000-2001 nonmonsoon

period, but no streamflow was detected at GC3 during this
period. During the 2001 monsoon period, June 1, 2001, to
September 19, 2001, streamflow was detected five times at

included GC1, about 2.5 km east of the Huachuca Mountain
front at the southern boundary of Fort Huachuca; GC2, about
5.5 km east of the mountain front at State Route 92; GC3,

about 11 km from the mountain front at Moson Road; and GCl, eight times at GC2, and six times at GC3 and GC4.
GC4, about 16.5 km from the mountain front in the San Pedro  During the 2001-2002 nonmonsoon period, streamflow was
Riparian National Conservation Area (SPRNCA) near detected twice at GC1. Streamflow was not detected at GC2,
the river. GC3, nor GC4.

Table 3. Dates and times of streamflows in Garden Canyon, December 1, 2000, to May 31, 2002

[Flows occurring at two or more locations are indicated by bold type. GC1, Garden Canyon at Fort Huachuca South Range; GC2, Garden Canyon at
State Route 92; GC3, Garden Canyon at Moson Road; GC4, Garden Canyon near the San Pedro River. Asterisk (*) denotes time on the following day]

Period 1 (12/01/00-05/31/01) Period 2 (06/01/01-09/19/01)

1/9/2001 4/5/2001 6/19/2001 6/25/2001 7/6/2001 1/1/2001 1/1/2001 17/16/2001
GCl 1630-1730
GC2 2025-1125% 1830-1945 1245-1400 0045-0115 1645-1800
GC3 1248-1318
GC4 1115-1415 1415-1515 1645-1800

Period 2 (06/01/01-09/19/01)—Continued

1/24/2001 1/25/2001 1/28/2001 8/5/2001 8/11/2001 8/13/2001 8/14/2001 8/15/2001
GC1 1600-1645 1615-1630 0245-0300
2215-2315
GC2 1630-0730* 2315-0715%*

GC3 1448-1518 1848-2018

GC4 2230-0000%* 1815-2045 1845-1945 1530-1630
Period 2 (06/01/01-09/19/01)—Continued Period 3 (09/20/01-05/31/02)
8/17/2001 8/20/2001 8/31/2001 9/12/2001 10/1/2001 2/3/2002
GCl1
GC2 1845-0745%* 2230-1130%* 0000-0630 0245-0945
GC3 1618-1648 1418-1518  0018*-0118*

GC4




Ramsey Canyon Wash

The Ramsey Canyon Wash gaging station (09470750) is
also in the Huachuca Mountains, 2 km west of the mountain
front. Temperature loggers in downstream order included
RCI1, at the Ramsey Road crossing of the wash and about
1 km east of the mountain front; RC2, about 3.5 km east of
the mountain front at State Route 92; RC3, about 0.5 km east
of Moson Road and 10 km east of the mountain front; and
RC4, in the SPRNCA, near the river, about 15 km east of the
mountain front.

Streamflow occurred consistently throughout
the December 1, 2000, to May 31, 2002, period at the
Ramsey Canyon Wash gaging station. At RC1 and
RC3, significant amounts of data were either missing or
uninterpretable during the 2000-2001 nonmonsoon period
(table 4). Three streamflows were detected at RC2 and no
streamflows were detected at RC4 during this period. During
the 2001 monsoon period, two streamflows were detected
at RCI1, eight at RC2, six at RC3, and four at RC4. Like
streamflows in Garden Canyon Wash, streamflows in Ramsey
Canyon Wash were rare during the 2001-2002 nonmonsoon
period—no streamflows were detected at RC1 nor RC2, and
just one streamflow was detected at RC3 and RC4.

Greenbush Draw

Temperature loggers in downstream order along
Greenbush Draw included GD1 at Naco Highway, about
8.5 km from the Mule Mountain front; GD2, 11.5 km from
the mountain front; GD4, about 17.5 km from the mountain
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front; and GD6, east of Fox Hollow Road, north of State Route
92 and about 25 km from the mountain front. The Greenbush
Draw gaging station (09470520; GDG) is at State Route 92,
about 23 km from the Mule Mountains between GD4 and
GD6. Two additional loggers are in tributary streams in the
Greenbush Draw watershed. GD3, in Sand Wash, is about

0.5 km upstream from the mouth of Sand Wash between GD2
and GD4. GDS5, in a tributary drainage at Foudy Road, is north
of State Route 92 and about 5.0 km from the mouth of the
tributary, about 0.5 km downstream of GD6 and about 3 km
east from the San Pedro River.

The only Greenbush Draw site for which data were
available during the 2000-2001 nonmonsoon period was GD1;
two flows occurred during this time (table 5). During the
2001 monsoon and the 2001-2002 nonmonsoon, GD1 did
not record interpretable data. GD2 detected streamflow
11 times during the 2001 monsoon, GD4 did not detect any
streamflow, the gaging station (GDG) detected 1 streamflow,
and GD6 detected four streamflows. No site in the Greenbush
Draw drainage detected streamflow during the 2001-2002
nonmonsoon. GD4 did not detect any streamflow during
any of the three time periods; it is possible that ranch
improvements observed in this area had re-routed the main
drainage so that any streamflows that did occur bypassed
GD4. The two loggers on Greenbush Draw tributary washes,
GD3 and GDS5, were not functioning during the 2000-2001
nonmonsoon and did not record any streamflow during the
2001-2002 nonmonsoon. During the 2001 monsoon, GD3
recorded three streamflows and GD5 recorded six.

Table 4. Dates and times of streamflows in Ramsey Canyon, December 1, 2000, to May 31, 2002

[Flows occurring at two or more locations are in bold. RC1, Ramsey Canyon at Ramsey Road; RC2, Ramsey Canyon at State Route 92; RC3, Ramsey Canyon
east of Moson Road; RC4, Ramsey Canyon near the San Pedro River. Asterisk (*) denotes time on the following day]

Period 1 (12/01/00-05/31/01)

Period 2 (6/01/01-09/19/01)

1/8/2001 1/9/2001 4/6/2001 6/20/2001 6/25/2001 1/1/2001 7/8/2001 1/25/2001 1/28/2001
RC1 missing data missing data missing data 1615-1645  2200-0800*
RC2  baddata bad data bad data 1700-1800 1615-1645  2200-2345
1730-1745
RC3  2358-0058* 1728-0828* 0128-0328 1245-1345  1330-1500
RC4 2000-0815*
Period 2 (6/01/01-09/19/01)—Continued Period 3 (9/20/01-05/31/02)
8/5/2001 8/13/2001 8/16/2001 8/17/2001 8/20/2001 9/12/2001 9/13/2001 10/3/2001
RCl1 2200-2215
RC2 1800-1945  1900-0915* 1245-1300  2330-0145*
RC3  1745-2045 0445-0800  1630-0815* 1830-0030*
RC4  1800-2045 0415-0900 2215-2330 1815-2015
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Table 5. Dates and times of streamflows in Greenbush Draw, December 1, 2000, to May 31, 2002.

[Flows occuring at two or more locations are in bold. GD1, Greenbush Draw at Naco Highway; GD2, Greenbush Draw at Ladd Ranch, further east; GD4,
Greenbush Draw near railroad; GDG-Greenbush Draw gaging station at State Route 92 (09470520); GDS5, Greenbush Draw west of Fox Hollow Road. Asterisk

(*) denotes time on the following day]

Period 1(12/01/00-05/31/01) Period 2 (06/01/01-09/19/01)

1/9/2001 4/6/2001 7/9/2001 7/10/2001 7/13/2001 7/18/2001 7/21/2001 7/24/2001 1/25/2001
GD1 1106-1206  0206-0936 bad data bad data bad data bad data bad data bad data bad data
0400-0645
GD2  missing data missing data ~ 2130-2330  1500-1515  2100-2130 1815-0700* 2000-2215  0015-0615
GD4  missing data missing data
GDG
GD5  missing data missing data 1500-1730  2000-0115%*
Period 2 (06/01/01-09/19/01)—Continued Period 3 (09/20/01-05/31/02)
1/28/2001 8/5/2001 8/11/2001 8/12/2001 8/14/2001 9/12/2001 9/14/2001 3/1/2002
GDl1 bad data bad data bad data bad data bad data bad data bad data bad data (6/21/01-05/03/02)
GD2 1730-0900* 2100-0015* 0215-0730  0130-0830
GD4
GDG 0830-0845 1515-1530 (false positive)
GD5  1630-0845* 1700-0900*

These drainage-specific data follow the overall
subwatershed patterns of frequency and duration for both
the nonmonsoon and monsoon periods as discussed in the
section titled “Spatial Flow Patterns.” In the two cases for the
west part of the subwatershed, streamflow is most frequent
midway between the mountains and the river during the
nonmonsoon periods and close to the mountains and the river
during the 2001 monsoon. During the monsoon, streamflows
in Greenbush Draw followed the same pattern as streamflows
in the western washes. Owing to limited data during the
2000-2001 nonmonsoon and the lack of streamflows in the
2001-2002 nonmonsoon, however, streamflow data during
nonmonsoon periods was inconclusive. The channel-specific
data also highlight the fact that streamflow occurs at least once
a year along most reaches of the ephemeral-stream channels in
the Sierra Vista Subwatershed, and that during the 18-month
monitoring period, most instances of streamflow occurred
during the summer monsoon.

Variability of Streamflow in Three
Representative Channels

Of the 23 events detected along Garden Canyon Wash,
19 were detected at only 1 of the 4 sites (83 percent), 3 were
detected at 2 sites (13 percent), and only 1, on July 25, 2001,
was detected at all 4 temperature logger sites (4 percent;
table 3). The Ramsey Canyon Wash data (table 4) are
similar to the Garden Canyon Wash data. Of 18 streamflows

detected at the 4 logger sites, 12 were detected at only 1 site
(67 percent), 5 were detected at 2 sites (28 percent) and

only 1, on August 5, 2001, was detected at 3 sites (6 percent).
No single streamflow was detected at all 4 sites.

On the east side of the subwatershed, the data from
Greenbush Draw were even more variable (table 5).

Seventeen events were detected by the 4 temperature loggers
and the 1 gaging station installed along the drainage.

Sixteen of the 17 events were detected at only 1 of

the 5 sites (94 percent). The remaining event, on July 21, 2001,
was detected at 2 sites (6 percent), GD2 and GD5. These were
the farthest upstream and downstream sites, respectively, that
were functioning at this time. Streamflow was not recorded

at the intervening sites, GD4 and GDG, which indicates that
these were temporally coincident yet isolated streamflow
events. Likewise, whereas 6 of the 9 streamflows that occurred
at the Greenbush Draw tributary sites (GD3 and GDS)

were coincident with other Greenbush Draw streamflows,
none were coincident with streamflows recorded at loggers
downstream from the mouth of either tributary. Thus, these too
were isolated streamflow events.

Streamflow distribution in the ephemeral-stream channels
of the Sierra Vista Subwatershed of the Upper San Pedro
Basin was much less consistent than might be expected.

The majority of streamflows were recorded at a single
location along the channel, and only one of the three channels
reviewed in detail—Garden Canyon—had a streamflow that
was detected along its entire length. In general, it appears
that rather than originating in the mountains and continuing



out some distance into the basin, ephemeral streamflow in

the subwatershed is localized in origin in all but the heaviest
and (or) widespread precipitation events. Ephemeral-stream
channels of the Sierra Vista Subwatershed thus appear to serve
more frequently as focal points for local runoff—and thus
recharge—than as a means of riverward conveyance.

Summary and Conclusions

Investigation of the duration and frequency of ephemeral
streamflows of less than 24-h duration in the Sierra Vista
Subwatershed of the Upper San Pedro Basin indicates
that ephemeral streamflow is well distributed across the
subwatershed, with most sites having at least one incidence of
streamflow every year. Streamflows during the nonmonsoon
period on the west side of the subwatershed were most
common midway between the river and the mountains. On
the east side, nonmonsoon streamflows were somewhat
more common closer to the mountain front; during the 2001
summer monsoon, the pattern of streamflow frequency and
duration across the subwatershed generally increased farther
from, rather than closer to, the mountain fronts. Streamflow
distribution thus appears to be a function of the distribution
of precipitation. The exception is where streamflow occurs
in urbanized areas: streamflows were over 50 percent more
frequent and nearly three times longer in overall duration in
urbanized areas of the subwatershed than they were in rural
areas. Washes on the east side of the subwatershed appear to
flow about as often as those on the west. Because there are
fewer major washes on the east side of the subwatershed,
however, the volume of precipitation available for channel
infiltration is likely much lower on the east side than on the
west.

Monsoon streamflows are much more varied in time
and space than are nonmonsoon streamflows, a result of the
localized and intense nature of precipitation from the air mass
thunderstorms typical during the summer. All nonmonsoon
streamflows during the study period were due to just four
precipitation events, whereas during the single monsoon
period, over 30 individual streamflow events occurred in just
the Garden Canyon, Ramsey Canyon, and Greenbush Draw
channels alone.

Most streamflows in any one channel of the subwatershed
at any time of the year are localized events, beginning and
ending within a limited reach of the stream channel; it is
uncommon for streamflows of less than 24-h duration that
begin in the mountains to reach the river as streamflow.
Ephemeral-stream channels of the Sierra Vista Subwatershed
appear to serve more commonly as focal points for local
runoff than as a means of conveyance of drainage basin runoff
to the San Pedro River. Thus, the location of recharge in most
years is driven by the location of localized precipitation events
across the subwatershed and possibly could be approximated
using a precipitation-gage network.

References Cited 39

A second and longer multiyear study using the electrical
resistance sensors pioneered by Blasch and others (2002)
would help to refine many of the conclusions found in this
report. In particular, such a study would determine whether the
spatial streamflow patterns observed in the ephemeral-stream
channels of this study are consistent from year to year, or vary
owing to the vagaries of precipitation or other factors. A more
comprehensive network of loggers immediately downstream
from urbanized areas would provide a more precise value for
the amount of enhanced discharge (and potential recharge) that
occurs owing to the large areas of impervious surface found in
the urbanized Sierra Vista area. The addition of even a modest
subwatershed-wide precipitation-gage network would be of
much value in establishing a correlation between precipitation
events and localized streamflow events. A longer study would
also be more likely to include a nonmonsoon period of average
or above average precipitation, which was not available for
this study.
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Appendix




Appendix—Temperature-logger data, by location and period

[When over 40 percent of the data at a given location are bad or missing, the data are not included in the data set used for analysis for that period and the values are shown in red; locations in italics did not pro-
vide any useful data throughout the entire monitoring period; UTM-E: Universal Transverse Mercator, East, Zone 12; UTM-N: Universal Transverse Mercator, North, Zone 12; SPRNCA: San Pedro Riparian
National Conservation Area]

December 1, 2000, to May 31, 2002 (entire study period)

Logger serial . .
Total time (minutes): 787635

number or Distance to
gaging-station Subwatershed mountain front Number Flow duration Bad or missing data  No-flow duration
Temperature logger location number UTM-E UTM-N side (kilometers)  of flows (minutes) (minutes) (minutes)
Ash at Coronado Memorial Road 374907 575468 3471417 w 1.0 4 1125 0 786510
Ash at Stone Ridge Road 377819 573786 3472174 w 0.0 0 0 787635 0
Brown south of State Route 92 374964 587143 3510923 w 4.0 4 975 715020 71640
Brown at Coronado Memorial Road 377790 575457 3470074 \% 0.0 2 630 363315 423690
Carr at Moson Road 377810 577045 3482620 4 9.0 6 1125 173295 613215
Carr at State Route 92 374875 570646 3479835 w 2.0 4 1800 262065 523770
Coyote at Dake Road 377791 575363 3492599 4 13.5 8 2760 0 784875
Coyote at Moson Road 375014 576974 3495068 w 16.0 1 15 122580 665040
Coyote at State Route 92 375008 570600 3489810 w 8.0 0 0 787635 0
Garden at fort perimeter 375011 567973 3484602 w 2.5 5 195 257955 529485
Garden at Moson Road 377823 577019 3486848 w 11.0 6 300 0 787335
Garden at State Route 92 377805 570649 3486091 w 5.5 11 4905 0 782730
Garden at the SPRNCA 374913 581599 3489438 w 16.5 7 675 0 786960
Graveyard: middle arm 374929 570531 3495223 \% 11.0 4 345 0 787290
Graveyard: north arm 377812 571973 3497533 w 13.0 0 0 216405 571230
Graveyard: south arm 374917 571185 3494485 w 11.0 0 0 434430 353205
Huachuca at Backer' 377826 560026 3491136 w 0.0 15 14310 103125 670200
Huachuca Ft. Huachuca west range 375005 560875 3495497 w 35 10 930 0 786705
Hunter at Hereford Road 377811 575562 3478262 w 5.0 12 2205 0 785430
Hunter at State Route 92 374860 572147 3474619 w 0.0 1 285 0 787350
Miller at Moson Road 377797 577051 3480770 w 7.5 6 1110 0 786525
Miller at State Route 92 377806 572217 3477133 4 1.5 3 990 196208 590437
Miller at the SPRNCA 374919 582624 3484892 w 14.5 4 600 0 787035
Ramsey at La Donna Road 375006 577432 3484132 w 10.0 10 3045 0 784590
Ramsey at Ramsey Canyon Road 377809 568382 3481436 w 1.0 3 735 252495 534405
Ramsey at State Route 92 377814 570623 3482449 w 35 8 1200 252614 533821
Ramsey at the SPRNCA 377824 582146 3485966 w 15.0 5 1380 0 786255
Soldier at Irwin Road 395921 563822 3490323 w 2.5 0 0 683175 104460
Soldier at State Route 90 Bypass 375012 566151 3492758 w 6.0 3 165 242565 544905
Stump at Deer Canyon Trail 377794 576688 3474742 w 4.0 2 225 154635 632775
Stump at State Route 92 374934 572350 3473913 w 0.0 6 2640 331140 453855
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Temperature-logger data, by location and period—Continued

Logger serial

December 1, 2000, to May 31, 2002 (entire study period)

Total time (minutes): 787635

number or Distance to
gaging-station Subwatershed mountain front Number Flow duration Bad or missing data  No-flow duration
Temperature logger location number UTM-E UTM-N side (kilometers)  of flows (minutes) (minutes) (minutes)
Wash 1: middle arm 374905 571513 3498773 W 14.5 3 330 411030 376275
Wash 1: north arm 374926 570445 3501312 w 14.5 0 0 547515 240120
Wash 1: south arm 374904 571156 3499849 W 13.5 0 0 216240 571395
Woodcutters at 7th Street 375010 567145 3489464 w 4.5 17 7290 0 780345
Woodcutters at Moson Road extension 377788 576871 3496422 w 17.0 8 2100 0 785535
Woodcutters at State Route 90 Bypass 377793 570592 3492064 w 9.5 8 2025 24510 761100
Banning at Misty Ray Road 377796 587010 3485981 E 6.0 3 990 262065 524685
Banning at State Route 80 377822 593387 3486458 E 0.0 2 165 115170 672300
Government at Cox Ranch 374910 587476 3495798 E 19.5 3 225 0 787410
Government at High Knoll Road 374877 583559 3494870 E 24.0 9 5310 0 782325
Government at State Route 80 377799 590175 3497342 E 16.5 4 495 0 787140
Greenbush at Fox Hollow Road 377820 586866 3473143 E 25.0 4 2400 298785 486450
Greenbush at Naco Highway 377815 601336 3467873 E 8.5 6 510 455295 331830
Greenbush at railroad 377825 583335 3497578 E 17.5 0 0 298950 488685
Greenbush east of Ladd’s house 375015 597680 3468580 E 11.5 11 3450 298860 485325
Greenbush at Foudy Road (tributary) 374866 591544 3475585 E NA 6 1845 477840 307950
Greenbush-Sand Wash (tributary) 377818 595612 3469331 E NA 3 1035 298890 487710
Greenbush Draw gaging station 9470520 588246 3472150 E 23.0 1 15 0 787605
Spring at Foudy Road 374854 591543 3476262 E 4.0 6 420 0 787215
Spring at Hereford Road 374925 586069 3477241 E 9.5 1 900 0 786735
Wash 20 at High Knoll Road: north 374923 583516 3492363 E 9.0 2 405 360255 426975
Wash 20 at High Knoll Road: south 374927 583731 3491601 E 9.0 6 2280 0 785355
Wash 20 at State Route 80 374868 592387 3492999 E 4.0 4 1470 291090 495075
Walnut Gulch flume 1 1 580271 3510740 E 24.0 5 615 0 787020
Walnut Gulch flume 11 (tributary) 11 595258 3512230 E NA 6 7478 0 780157
Walnut Gulch flume 6 6 589524 3510221 E 16.5 0 0 0 787635
Babocomari (lower) gaging station 9471400 573309 3507475 w NA 3 699810 0 87825
Babocomari (upper) gaging station 9471380 556701 3499814 w NA 3 699810 0 87825
Garden Canyon gaging station 9470800 562009 3482184 w 0.0 3 699810 0 87825
Huachuca Canyon gaging station 9471310 558181 3487180 w 0.0 3 650578 49232 87825
Ramsey Canyon gaging station 9470500 565932 3479375 w 0.0 3 699810 0 87825
Banning Creek gaging station 9470500 594450 3485829 E 0.0 3 235170 99960 452505
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Temperature-logger data, by location and period—Continued

December 1, 2000, to May 31, 2001 June 1, 2001, to September 19, 2001 September 20, 2001, to May 31, 2002
(2000-2001 nonmonsoon) (2001 monsoon) (2001-2002 nonmonsoon)
Total time (minutes): 262065 Total time (minutes): 159825 Total time (minutes): 365745
Bad or Bad or Bad or

Flow missing No-flow Flow missing No-flow Flow missing No-flow

Number of duration data duration  Number of duration data duration  Number of duration data duration

Temperature logger location flows  (minutes) (minutes) (minutes) flows  (minutes) (minutes) (minutes) flows  (minutes) (minutes) (minutes)
Ash at Coronado Mem. Rd. 2 90 0 261975 2 1035 0 158790 0 0 0 365745
Ash at Stone Ridge 0 0 262065 0 0 0 159825 0 0 0 365745 0
Brown south of Sttate Route 92 0 0 262065 0 4 975 98235 60615 0 0 354720 11025
Brown at Coronado Memorial Road 1 600 0 261465 1 30 49890 109905 0 0 313425 52320
Carr at Moson Rd. 0 0 146851 115214 5 300 26444 133081 1 825 0 364920
Carr at State Route 92 0 0 262065 0 3 1665 0 158160 1 135 0 365610
Coyote at Dake Road 0 0 0 262065 8 2760 0 157065 0 0 0 365745
Coyote at Moson Road 0 0 0 262065 1 15 106995 52815 0 0 15585 350160
Coyote at State Route 92 0 0 262065 0 0 0 159825 0 0 0 365745 0
Garden at fort perimeter 0 0 247090 14975 5 195 10865 148765 0 0 0 365745
Garden at Moson Rd. 0 0 0 262065 6 300 0 159525 0 0 0 365745
Garden at State Route 92 1 900 0 261165 8 3195 0 156630 2 810 0 364935
Garden at the SPRNCA 1 180 0 261885 6 495 0 159330 0 0 0 365745
Graveyard: middle arm 1 30 0 262035 3 315 0 159510 0 0 0 365745
Graveyard: north arm 0 0 23490 238575 0 0 159825 0 0 0 33090 332655
Graveyard: south arm 0 0 0 262065 0 0 107190 52635 0 0 327240 38505
Huachuca at Backer! NA NA 0 262065 6 600 103125 56100 9 13710 0 352035
Huachuca at GS Field 1 600 0 261465 9 330 0 159495 0 0 0 365745
Hunter at Hereford Rd. 2 300 0 261765 10 1905 0 157920 0 0 0 365745
Hunter at State Route 92 0 0 0 262065 1 285 0 159540 0 0 0 365745
Miller at Moson Rd. 1 360 0 261705 5 750 0 159075 0 0 0 365745
Miller at State Route 92 0 0 188475 73590 3 990 7733 151102 0 0 0 365745
Miller at the SPRNCA 0 0 0 262065 3 450 0 159375 1 150 0 365595
Ramsey at La Donna Rd. 3 1080 0 260985 6 1605 0 158220 1 360 0 365385
Ramsey at Ramsey Canyon Rd. 0 0 252495 9570 3 735 0 159090 0 0 0 365745
Ramsey at State Route 92 0 0 252614 9451 8 1200 0 158625 0 0 0 365745
Ramsey at the SPRNCA 0 0 0 262065 4 1260 0 158565 1 120 0 365625
Soldier at Irwin Rd. 0 0 262065 0 0 0 159810 15 0 0 261300 104445
Soldier at State Route 90 Bypass 0 0 214530 47535 3 165 28035 131625 0 0 0 365745
Stump at Deer Canyon Tr. 0 0 146852 115213 2 225 7783 151817 0 0 0 365745
Stump at State Route 92 0 0 262065 0 5 2490 69075 88260 1 150 0 365595
Wash 1: middle arm 0 0 0 262065 3 330 106545 52950 0 0 304485 61260

(=]
(=}

Wash 1: north arm 0 0 23385 238680 159825 0 0 0 364305 1440

RUOZIIY UI8)SLAYIN0S ‘PAYSIa}eM(NS BISIA BLIAIS ‘sweang [erswayd] ul moj4 jo uoneing pue Buiwng



Temperature-logger data, by location and period—Continued

December 1, 2000, to May 31, 2001 June 1, 2001, to September 19, 2001 September 20, 2001, to May 31, 2002
(2000-2001 nonmonsoon) (2001 monsoon) (2001-2002 nonmonsoon)
Total time (minutes): 262065 Total time (minutes): 159825 Total time (minutes): 365745
Bad or Bad or Bad or

Flow missing No-flow Flow missing No-flow Flow missing No-flow

Number of duration data duration  Number of duration data duration  Number of duration data duration

Temperature logger location flows  (minutes) (minutes) (minutes) flows  (minutes) (minutes) (minutes) flows  (minutes) (minutes) (minutes)
Wash 1: south arm 0 0 23415 238650 0 0 159825 0 0 0 33000 332745
Woodcutters at 7th St. 1 30 0 262035 16 7260 0 152565 0 0 0 365745
Woodcutters at Moson Rd. (ext.) 1 180 0 261885 7 1920 0 157905 0 0 0 365745
Woodcutters at State Route 90 Bypass 1 780 0 261285 6 1200 24510 134115 1 45 0 365700
Banning at Misty Ray Rd. 0 0 262065 0 2 750 0 159075 1 240 0 365610
Banning at State Route 80 NA NA 115170 146895 2 165 0 159660 0 0 0 365745
Government at Cox Ranch 0 0 0 262065 3 225 0 159600 0 0 0 365745
Government at High Knoll Rd. 1 60 0 262005 8 5250 0 154575 0 0 0 365745
Government at State Route 80 1 90 0 261975 3 405 0 159420 0 0 0 365745
Greenbush at Fox Hollow Rd. 0 0 262065 0 4 2400 36720 120705 0 0 0 365745
Greenbush at Naco Highway 2 510 0 261555 4 0 130425 29400 0 0 324870 40875
Greenbush at railroad tracks 0 0 262065 0 0 0 36885 122940 0 0 0 365745
Greenbush east of Ladds house 0 0 262065 0 11 3450 36795 119580 0 0 0 365745
Greenbush tributary at Foudy Rd. 0 0 252645 9420 6 1845 0 157980 0 0 225195 140550
Greenbush tributary: Sand Wash 0 0 262065 0 3 1035 36825 121965 0 0 0 365745
Greenbush gaging station 0 0 0 262065 1 15 0 159810 20 0? 0 365730
Spring at Foudy Rd. 0 0 0 262065 6 420 0 159405 0 0 0 365745
Spring at Hereford Rd. 0 0 262065 1 900 0 158925 0 0 0 365745
Wash 20 at High Knoll Rd: north 1 270 49695 212100 1 135 109755 49935 0 0 200805 164940
Wash 20 at High Knoll Rd: south 3 420 0 261645 3 1860 0 157965 0 0 0 365745
Wash 20 at State Route 80 2 1380 0 260685 2 90 91320 68415 0 0 199770 165975
Walnut Gulch flume 1 1 45 0 262020 4 570 0 159255 0 0 0 365745
Walnut Gulch flume 11 2 7232 0 254833 4 246 0 159579 0 0 0 365745
Walnut Gulch flume 6 0 0 0 262065 0 0 0 159825 0 0 0 365745
Lower Babo gaging station 1 262065 0 0 1 159825 0 0 1 277920 0 87825
Upper Babo gaging station 1 262065 0 0 1 159825 0 0 1 277920 0 87825
Garden Canyon gaging station 1 262065 0 0 1 159825 0 0 1 277920 0 87825
Huachuca Canyon gaging station 1 257235 4830 0 1 115423 44402 0 1 277920 0 87825
Ramsey Canyon gaging station 1 262065 0 0 1 159825 0 0 1 277920 0 87825
Banning Creek gaging station 1 134100 99960 28005 1 95715 0 64110 1 5355 0 360390

!Construction at the Huachuca Canyon at Backer Road site caused anomalous temperature data (human caused flow); no data from this site were used for analysis.

20On the basis of weather records, a 15-min flow recorded at Greenbush Draw gaging station on March 1, 2002, is considered a false positive.
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