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ABSTRACT

The water budget of Sonoita Creek watershed has been estimated on a monthly
and annual basis but not for individual storm events. An attempt is made here to
predict surface runoff from individual storm events. Because of the many factors that
affect storm discharge and the spatial heterogeneity of the watershed and the storm
events, a distributed model is applied to estimate event runoff. KINEROS2, a model
developed at a similar watershed, was selected for this task.
The paucity of historical data was a major complication during model
calibration. A method was developed to estimate the return period of the events on
record. The estimated event return periods were then used with published rainfall
frequency data to determine the duration of the historical precipitation events.
Once calibrated, the model was put to use to forecast discharge in the creek at
three locations from storms of various depths, intensities, and locations.
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1. OVERVIEW OF SONOITA CREEK HYDROLOGY AND RESEARCH
REVIEW
1.1 Introduction
Previous studies on the surface water characteristics of the Sonoita Creek
watershed have quantified the components of the water balance of the basin on a
monthly, seasonal, or annual basis. These figures were based on historical data and on

the application of basic equations and models for single processes in the water cycle of
the basin. Two examples of this previous work are closely examined in chapter one.
Several other supporting papers are also referenced. However, very little work has been
done to examine the short-term fate of storm waters that are added to the watershed
during events that persist for durations on the order of about an hour to a few days. Very
little historical data is available on short time scales too, and the available precipitation

data is lacking in the necessary spatial information to identify which events on record
were widespread and which events were highly localized. It is the goal of this research to
implement distributed modeling to estimate the short-term runoff from individual storm
events over the Sonoita Creek watershed.

In order to evaluate the storm event response of the basin, a distributed model will
be employed. The model chosen is KINEROS2, which has been developed by the USDA

and the most recent developments in the model have come from studies on Walnut
Gulch, another watershed in the same region as Sonoita Creek (USDA 1998). There are
many factors to consider in the definition of model parameters. These factors include the
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density of the finite elements used to represent the basin, what processes are incorporated
into the model, and the methods used to estimate the spatial dimensions and the
hydrologic parameters of the model elements. Model calibration is a difficult task in this
case, due to the near total lack of historical data at the same resolution as the model input
and output. A method is developed here to use runoff data and storm frequency and
duration information to estimate the duration of the storm events on record. Chapter two
identifies which parameters and processes are important for the modeling of Sonoita
Creek and discusses the level of model element density necessary to accurately represent
the watershed. Chapter three examines the KINEROS2 model itself as well as the
methods used to quantify the parameters and dimensions of the model elements. Chapter
three also documents the development of calibration data from historical and published
data.
Model input consists of synthetic storms with spatially distributed depth, uniform
intensity, and were of various durations, extent, and intensity. Model output are
summarized by hydrographs from three locations for each of the input storms. A few
major storm events are included among the input events. The method used for the
synthesis of input storms is found in chapter three, chapter four discusses and evaluates
the results of the development and application of the model. Model output data is plotted
in the appendix.
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1.2. Geographical Description

Sonoita Creek drains a 265 square mile basin located in southern Arizona. The
basin is centered 15 miles northeast of Nogales near the Arizona-Sonora border. The
mouth of the creek empties into the Santa Cruz River near Rio Rico, Arizona. The Santa

Cruz River continues to the north past Tucson 45 miles downstream. Much of the
watershed is mountainous and includes the southern slopes and ridges of the Santa Rita

Mountains. Many of the tributaries to Sonoita Creek cut steep-walled canyons into the
mountains that rim the watershed and are conducive to flash flooding. Elevations range
from 3400 feet at the outlet to 9500 feet at Mt Wrightson the summit of the Santa Cruz

Mountains.

Nogales

Figure 1.1. Location of Sonoita Creek Watershed

15

Most of the watershed can be classified as semi-arid and features a wide variety of
xeric vegetation. The lowest portions feature a sparse cover of Sonoran desert scrub
consisting of some low growing brush, ocotillo, cholla and prickly pear, agave, mesquite,
paloverde, and saguaro. Much of the watershed can be classified as upper Sonoran
grassland with a broken overstory of mesquite. Many of the higher ridges and drainages
grow woodlands of various oak species and juniper while even higher up on the steep
ridges of the Santa Cruz Mountains there are dense chaparral thickets of manzanita, with
emory and live oak and an overstory of pine. Sonoita Creek and some of the major
tributaries support riparian vegetation including sycamore, cottonwood, ash, walnut, and

in the more ephermal areas, dense mesquite thickets.
Soils in the watershed can be divided into two groups. One occurs on the
mountains and ridges. Soils in these areas are typically shallow, highly permeable, and

for the most part fall into one of the following associations: Faraway, Parkerville,
Tortugas, and Lampshire. The Hathaway, Sonoita, Bernardino, White House, Canelo,

and Caralampi associations cover the valley bottoms and the basins intervening the
mountains in the area. These soils exhibit low infiltration rates and are deep and uniform.
(Kafri and Asher, 1976)
Sonoita Creek lies within the Sonoran climate zone, it is characterized by biseasonal rainfall occurring principally in the summer and winter. Summers usually begin

hot and dry with evaporation rates approaching a third of an inch a day (Ben-Asher
1981). Convective storms typically begin to develop in the area early in July and bring
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heavy rains which are usually localized, brief, and torrential. Inspection of rainfall
frequency maps indicates that this area lies directly in the path of a storm "alley"
extending northwards from Sonora (Aldridge and Eychaner, 1984). This type of activity
along with the steep topography of the basin often work together to cause flash flooding
on Sonoita Creek and its tributaries. Late summer and early fall in some years can
include more widespread events brought about tropical systems from the east Pacific
which can bring copious rain and have caused some of the most severe floods in the area.
Winter brings occasional frontal storms which cause widespread areas of low-intensity
rain and snow in the higher elevations for two or three days at a time.
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and Resnick (1996)
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The Sonoita Creek basin includes Patagonia Lake, which is administered by
Arizona State Parks. This dammed lake stores water draining from 200 mi 2 of the
watershed and provides for recreation, water conservation, and a certain amount of flood

control. The administrators of the lake are required to release at least 1200 acft/year at a
rate not exceeding 200 acft/month (Evans 1979). Currently, State Parks maintains a
continuous flow throughout the year according to an informal agreement between State
Parks and a downstream rancher. Patagonia lake has a surface area of roughly .4 mi 2and

stores 8440 acft of water when the water surface is at spillway elevation (Ahouraiyan,
1989). Discharge from the lake continues down to the Santa Cruz river five miles
downstream.
Much of the watershed is undeveloped. The only urban area is the town of
Patagonia with a population of roughly 1000 people and the city center covers roughly
half a square mile. Low density housing is also appearing near Patagonia Lake and in

Rio Rico near the confluence of Sonoita Creek and the Santa Cruz River. Most human
activity in the area is associated with recreation, mining, and ranching. Most of the basin
is grazed, but grazing has been light to moderate and herds are rotated (Imler, 1998).
Dozens of mines are scattered across the area, most are inactive, but are still a concern

due to drainage from mine tailings washing into the stream and infiltrating into the
aquifer. There is an extensive network of primitive roads across the basin for access to

the mine sites and for recreation. Much of the higher terrain in the watershed is
administered by the National Forest Service, the highest topography lying within the Mt.
Wrightson Wilderness Area. With the exception of the area near the lake owned by State
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Parks, the rest of the watershed along the creek is privately owned by ranchers and
developers.
Human usage of surface water from Sonoita Creek is minimal due to the lack of
substantial perennial flow. The Rail X Ranch has rights to two springs within the
watershed for a total withdraw of over 1000 acft/yr. The Nature Conservancy has been
working to establish an in-stream flow right and also has been actively acquiring major
wells near Patagonia prevent and to reverse the draw down of the water table below
Sonoita Creek. The City of Patagonia discharges 70 acft/yr of wastewater directly into
the creek (Blomgren, 1999).
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1.3 Reasearch Review

Countless hydrologic models have been developed and used by various
government agencies, universities, and private organizations. No attempt will be made
here to delve into the documentation for these models. This review is aimed more at the

Sonoita Creek Basin specifically to address the general background information available
on the surface hydrology of Sonoita Creek. Research has indicated that in semi-arid
watersheds in the Southwest, the primary components of the water budget are
precipitation and evapotranspiration. The remainder is divided between percolation into
groundwater and runoff generated by Hortonian overland flow. Except for a nearly
negligible quantity of water that reaches the groundwater, precipitation in Sonoita Creek
is partitioned between evapotranspiration and runoff. Overall, runoff is only a small
volume of the total budget, but is of great interest due to the impacts it can have on
human activities in extreme cases and its usage as a resource. A common simplification
to monthly water budgets in the region is: Precipitation ----- Runoff + Evapotranspiration.
All three components of this equation and groundwater flows have been evaluated for the

Sonoita Creek watershed on an annual and monthly basis, but not on a per-event basis.
Several papers and reports specific to the Sonoita Creek watershed have been found, but
closest attention will be drawn to two papers. One is titled Runoff, Infiltration and
Subsurface Flow of Water in Arid and Semi-Arid Regions by Arie Issar and Sol Resnick,
written in 1996. The other is a report written in 1979 by Daniel Evans, Don Young,
Larry Onyskow, and Gayle Bradbeer, titled: Water Losses From Small Recreational
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Lakes in Arid Regions and Possible Effects Downstream. These papers attract attention
because they both include a fairly comprehensive estimate for the annual water budget of
the Sonoita Creek basin.

Issar and Resnick separated the watershed into two elements upstream from the
dam. They divided the riparian area adjacent to the lake and the creek upstream from the
rest of the watershed due to the fact that evaporation in these areas approach the potential
evaporation rate while the evaporation rate over the rest of the watershed is limited by the
availability of moisture in the soil. For their analysis, they did not consider any of the
basin not contributing to the lake.
Precipitation over the area (Figure 1.3) for the development of the water balance
equation was computed through the use of a computer program (Kafri and Asher, 1978).

Figure 1.3. Spatial distribution of mean annual precipitation over Sonoita Creek
Watershed Generated by the Issar and Resnick Computer Program
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The program first generates an isohyetal map based on precipitation data at several
gauges and on estimates at key locations. The estimates were based on elevationprecipitation data for Arizona. Once an isohyetal map was generated, the program
computed seasonal estimates for the mean areal precipitation of the basin. The computer
estimates were verified with planimetered isohyetal analysis of an isohyetal map of
Arizona. They estimated a seasonal mean areal precipitation of 11.7" in the summer
season (April through September) and 6.8" in the winter season for the entire basin.
Another paper specific to the region showed that there is a linear relationship
between average seasonal precipitation and elevation (Duckstein et al. 1973). The results
of this paper are shown in Table 1.1 (Kafri and Asher 1976) have pointed out that the
effects of elevation on precipitation is shown more in frequency of events rather than in
depth per event.
Number

Rainfall

Total

Elevation

of Events

per Event

Rainfall

9,000

40.5

0.29

10.8

8,000

37.4

0.28

9.8

7,000

34.2

0.26

8.9

6,000

31.1

0.25

7.8

28

0.24

7

5,000

Table 1.1. Distribution of summer rainfall according to elevation
in Sonoita Creek Basin
Groundwater recharge into the watershed from areas outside the basin was
another quantity considered in Issar and Resnicks paper. Issar and Resnick estimated
that the recharge of a total area of 30 mi 2 outside the basin boundary contributes by
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means of subsurface inflow. At first glance it appears that there is no recharge to
groundwater on the principle that estimated values for precipitation, evaporation, and
runoff balance to zero. Issar and Resnick referred back to previous work by Kafri and
Asher (1978) to estimate the volume of water going into groundwater recharge. It was
found that storm event recharge is highly dependant on soil depth and storm duration
(Kafri and Asher 1978). This conclusion was reached through the use of a diffusion and
gravity driven model of a hypothetical soil pocket of variable depth. The model assumed
an isotropic and homogeneous medium with one-dimensional flow. Another assumption
was that soil infiltration rates in all cases exceed precipitation rates on the basis of a low

Duration
of events
(days)

Number of
events
recorded
in 25 years
Winter (10/1-3/31)
1
163
2
73
3
39
4
14
5
6
6
5
7
4
1
8
9
0
10
2
1
11
Summer (7/1-8/31)
N/A
1

Number of
events per
year

Mean daily
rainfall during
event
in/day

Probability of Total
Occurrence rainfall
of one event in/year
in one year

6.52
2.92
1.56
0.56
0.24
0.20
0.16
0.04
0.00
0.08
0.04

0.24
0.26
0.26
0.22
0.22
0.28
0.36
0.13
0.00
0.29
0.54

100
100
100
56
24
20
16
4
0
8
4
Total

1.54
1.50
0.12
0.49
0.26
0.33
0.41
0.04
0.00
0.23
0.24
6.25

30

0.24

100

7.32

Table 1.2. Analysis of precipitation data from Patagonia by Kafri and Asher (1978) (used
for estimating groundwater recharge).
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runoff to precipitation ratio in the region. Using the rainfall analysis they developed from
Patagonia, (Table 1.2), they calculated the recharge shown in Table 1.3. These results
can be summarized by the following conclusions used by Issar and Resnick. Summer
events create recharge only through shallow soils (depth < 4") and winter events are
unable to penetrate through soils deeper than 16 inches. The cumulative summer
recharge through areas of shallow soils as a percentage of season rainfall is 30-40% and
46% of season rainfall for winter precipitation. When integrated over the areas outside of
the watershed which contribute to groundwater in the Sonoita Creek basin, Issar and

Duration

Rainfall

Average Recharge per event

of event

intensity

in inches at a depth (in)

(days)

(in/hr)

Average recharge per year
in mm at a depth (in)

4

8

12

16

4

8

12

16

winter
1

0.04

0.02

0.00

0.00

0.00

0.14

0.00

0.00

0.00

2

0.04

0.21

0.00

0.00

0.00

0.61

0.00

0.00

0.00

3

0.04

0.38

0.11

0.00

0.00

0.59

0.18

0.00

0.00

4

0.04

0.44

0.18

0.00

0.00

0.25

0.10

0.00

0.00

5

0.04

0.60

0.34

0.10

0.00

0.14

0.08

0.02

0.00

6

0.04

0.87

0.82

0.38

0.00

0.17

0.16

0.08

0.00

7

0.06

1.09

1.07

1.05

0.85

0.17

0.17

0.17

0.14

8

0.02

0.78

0.39

0.09

0.00

0.03

0.02

0.00

0.00

9

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

10

4.72

1.34

0.92

0.57

0.09

0.11

0.74

0.05

0.01

11

8.98

4.52

2.98

2.26

1.95

0.18

0.12

0.09

0.08

Total simulated winter recharge:

2.39

0.90

0.40

0.22

summer

1

0.155906

4

6

8

4

6

8

0.76

0.076

0.003

0.000

0.227

0.094

0.000

2

0.266929

6.31

0.085

0.004

0.000

2.563

0.130

0.000

3

0.533858

12.61

0.083

0.006

0.000

2.480

0.165

0.000

Table 1.3. Table of annual groundwater recharge as a function of soil depth and
precipitation duration and intensity in Soniota Creek Basin.
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Resnick estimated a volume of 4.9x10 6 m 3 from areas outside the boundaries of the
watershed contributing to Patagonia Lake and 19.6x10 6 m 3 from within the boundaries.
However, these values were not selected for the final budget of the watershed, rather a
second method was used to estimate the groundwater recharge of the basin. The second
method used had 3 steps. First, a linear relation between losses (the difference between
precipitation and runoff) and annual precipitation was established. Second, the same was
done to relate losses to evapotranspiration. Last, groundwater recharge was set to be the
difference between losses and evapotranspiration and then the relationship was solved for
groundwater recharge as a function of annual precipitation. Average annual recharge for
the basin above Patagonia Lake was estimated to be 27.5x 10 6 m 3 .
In order to estimate the evapotranspiration component of the water balance, Issar
and Resnick applied the Priestly-Taylor method with data collected from Ben-Asher

(1981). The watershed was divided into several zones for evaluation of monthly
evapotranspiration. The results were integrated and they yielded an annual average of

16.5 inches. This was not applied to the lake surface or the riparian area immediately
upstream where potential evaporation was used for estimation instead. For this zone a
mean annual potential evaporation rate of 72 inches was estimated.
A simple Darcy equation was formulated to estimate groundwater outflow from
the watershed. Most groundwater outflow occurs near the outlet of the defined
watershed. For the watershed area contributing to the lake, Issar and Resnick defined
this point at the inlet of the lake and then used a simple representation of the cross-section
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of the aquifer beneath this point. This cross-section consisted of two zones. The first
lying directly under the stream bottom was 11 meters square and consisted of highly
conductive stream-bottom alluvium with an estimated conductivity of 60-105 m/d. The

second was a section 300 meters wide and up to 15 meters deep and embedded the first
zone. This area had an estimated conductivity of 5 to 15 m/day. Using groundwater
contour maps, the hydraulic gradient across the section was estimated and an outflow of
3.7*10 6 m3 /yr was calculated with the Darcy equation. However, this figure has an
uncertainty of a factor of three due to the lack of accurate knowledge of the watertable

and the aquifer characteristics. By a similar method groundwater inflow into the lake and
riparian strip was estimated to be 26.5* 106 m 3 /yr with roughly 50% uncertainty. The
reason for the different levels of uncertainty for the estimate for underflow into the lake

and strip and at the USGS gauge was not explicitly given in Issar and Resnick, but it was
implied that the level of uncertainty of the estimates depends on the uncertainty of the
estimates for hydraulic conductivity and flow cross-section dimensions. Apparently the
uncertainty levels for these factors is different for the two underflow estimates.
Mean monthly and annual runoff out of the watershed above the gauging station
was easily calculated from the 35 years of data starting 1931 and the results are shown in

Figure 1.2. As for outflow from the lake, Issar and Resnick had to guess due to lack of
data. They estimated 2-6*10 6 m 3 per year based on 40% to 60% of the total runoff
measured at the USGS gauge above the lake. The entire water budget as estimated by
this paper is shown in Table 1.4 below. Annual mean storage was assumed to be zero.
There are a couple of discrepancies in the figures on the table. No reason was given for
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the selected zero value for UF; (incoming underflow) for the entire watershed or the out
of range selected value for P on the lake and strip, it is suspected this was done to balance
the watershed budget.
Entire Watershed
Term

Mean

Max

Min

Selected

P
UFi

288
4.9
269
3.7
3.7

321
6.2
306
6.2
9.4

259
3.7
230
2.5
1

285.0
0
271.5
4.9
8.6

ET

ROo
UFo

Riparian strip and Lake
Term

Mean

Max

Min

Selected

P
ROi
UFi

2
0.6
26.5
8.6
3.7
3.7

2.2
1.2
38.3
10.4
6.2
8.6

1.7
0.06
17.3
6.9
2.5
1.2

1.2
1.2
21.0
9.9
4.9
8.6

ET

ROo
UFo

Watershed Above Dam
(excluding strip and lake)
Mean
Max
Term

Min

Selected

321
296
1.2
24.7
34.5

259
222
0.12
14.8
21.0

283.8
261.6
1.2

Watershed Above Gauge
(excluding strip)
Term
Mean
Max

Min

Selected

216
185.1
0.12
12.3
17.3

239.4
218.4
1.2

P
ET

ROo
UFi (a)
(b)

P
ET

ROo
UFi (a)
(b)

289
260
0.6
19.6
27.5

241
217
0.6
16.4
20.5

265
247
1.2
21
28.4

21.0

19.8

ET - Evapotranspiration, P - precipitation, RO - runoff, UF - underflow (subsurface)
i - indicates inflow, o - indicates outflow

Table 1.4. Table of water budget component volumes as estimated by Issar and
Resnick. All figures are in millions of cubic meters.
(a) Groundwater recharge as calculated by Kafri and Asher's method.
(b) Groundwater recharge by Issar and Resnicks method.

Similar work was done by Evans et al (1979). In this report an evaluation of the
hydrologic impact of the creation of Patagonia Lake was made. Two water budgets were
developed, one for the lake itself and the other for the stream reach below the lake.
Estimates for mean monthly runoff and precipitation were taken directly from local gauge
data and from the USGS streamgauge. A regression model was developed from the
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monthly data to correlate runoff with precipitation. Two exponential equations were
developed (Eq 1.1), the first for the November through June winter rainfall regime, and

the second for the summer. The units for precipitation, P, is inches; and for mean
monthly discharge, RO, is cfs.

RO = 1.92 eXp L28P
Eq
RO = 4.571399

1.1.

The authors then started collecting new data from the lake in June 1976 and
continued logging data until December 1977. They installed an evaporation pan on the
lake, and also collected data from a stage recorder they installed at the lake. Lake
discharge data (controlled and spillway) was also collected from that period. Controlled
discharge data was acquired from the operators and spillway releases were measured by
means of a 136' sharp crested V-notch weir. Precipitation data was also logged and used
to estimate monthly surface inflow to the lake using the regression equations shown
above. This was necessary due to the lack of reliable data from the USGS gauge at that

time. When these budget components for that time period were added together it was
found that an average of 125 acft of water per month remained unaccounted for. The
possibility of seepage loss as an explanation was explored, but no conclusion was
reached. It was speculated that such a large amount of water may be leaking out through
Hangman's Fault which cuts across the middle of the lake. The results of this budget
analysis are included in Figure 1.4.

The lake was then evaluated as a flood control structure. Using existing
streamflow data and the SCS synthetic hydrograph method, a unit hydrograph was
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A: Watershed above C
B: Watershed contributing to C and D
C: Vegetation strip from Is sar and
Resnick (1996)
D: Patagonia Lake
E: Watershed contnbuting to F
F: Streamreach below D from Evans et. al

(1979)

A

G: Watershed contributing to H
H: Floodp1ain from Evans et. al (1979)
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Figure 1.4 Illustration of mean annual watershed budget components from both Issar and
Resnick (1996) (in caps) and from Evans et. Al (1979) (lower case) All
figures in acft
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developed and used to create the 100 year flood hydrograph. Another hydrograph was
based on a storm occurring October 1977. The hydrographs were then routed through the
lake using the Muskingham routing method and the results were evaluated. The

hydrograph corresponding to the 100 year flood had a peak of 16,850 cfs. The outflow
hydrograph from the lake had a peak of 13,600 cfs and a two and a half hour lag. This
was deemed insufficient performance for a flood-control structure.

The latter portion of the report addressed the streamreach below the dam. The
watershed for this reach was divided into three regions: the lower flood plain, the stream
channel, and the rest of the watershed contributing to the stream below the dam.
Overland surface input to the stream and flood plain was estimated by assuming the same

rate of annual runoff per acre as for the area above the USGS gauge (.045 acft/yr/acre).
This resulted in an estimate of 630 acft/yr going into the stream and 380 acft/yr into the
floodplain. Inflow from upstream included only surface water released from the lake and
seepage from the dam was not considered. This was estimated to be 5580 acft/yr.
Evapotranspiration was estimated from surveying the distribution of vegetation and
applying floral water consumption data. 2010 acft of evapotranspiration for the

streamsection was calculated and 1030 acft/yr for the flood plain. This left 4200 acft/yr

as flow from the stream section into the flood plain occurring both as subsurface and
surface flow. This budget leaves 3550 acft/yr to exit the flood plain region and enter the
Santa Cruz river/aquifer. Of this 3550 acft/yr, surface runoff was estimated to be 1010
acft/yr. This figure was arrived at by assuming that surface flow in the stream is equal to
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the amount of overland surface runoff generated by the area contributing to the stream
below the dam.
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1.4. Research Evaluation

Both of the papers discussed above only partially described the water budget of
Sonoita Creek basin. The first paper, by Issar and Resnick (1996), covered the watershed
down to the outlet of Patagonia Lake, the second paper, by Evans, et al. (1979), worked
from the lake downward to the basin outlet. Figure 1.4 presents the water budget
components estimated by the two papers. Comparison of the water budgets resulting
from these research efforts is possible only for a few components existing around the
lake. Both papers agree well for the quantity of surface runoff into the lake; 5995 acft/yr
was estimated by Issar and Resnick (1996) at the USGS gauge just upstream from the
lake and 6383 acft/yr was the figure given for total surface runoff into the lake by Evans

et al. The larger figure from Evans, et al. (1979) is due to the fact that it included runoff
from all basins contributing to the lake in addition to the stream discharge used by Issar

and Resnick (1996). The closeness of these figures is due to the fact that they are both
based on data from the USGS gauge just upstream from the lake. Annual
evapotranspiration from the lake was estimated to be 1865 acft/yr by Issar and Resnick
(1996) and 1239 acft/yr by Evans, et al. (1979) Considering the fact that the methods
used were entirely different and that the second estimate was based on data collected
from a period of less than two years, these figures are reasonably close. There is little

agreement on the discharge from the lake however. Issar and Resnick (1996) partitioned

32
this discharge between a subsurface component of 6967 acft/yr and a surface component

of 3969 acft/yr. Evans, et al. (1979) estimated 5580 acft/yr occurring as surface runoff,
half of the total of the two components from the other paper.
Both papers made use of precipitation data collected in the area over a period of
several decades and made valid estimates for mean monthly precipitation. While this
precipitation data was collected only from a few points, some of which were not within

the watershed, the data is sufficient for estimating mean monthly areal precipitation. This
is because over the long run, one location within the watershed will receive the same
rainfall as another (assuming similar elevation) even though there is a large amount of

spatial heterogeneity on a daily and per-event basis.
While Evans et al. (1979) did not directly use USGS data to estimate mean
monthly runoff into Patagonia Lake like Issar and Resnick (1996), they did so indirectly
through the use of the precipitation-runoff regression equations they developed with that

data. This shows in how closely their runoff estimate into the lake matches the runoff
calculated by Issar and Resnick (1996). However, Evans, et al. (1979) made two errors
estimating the overland surface runoff into the streamreach and floodplain. The first was

in using the discharge record from the USGS gauge above the lake to estimate runoff per
unit area in the lower parts of the watershed. This has two problems. First is the fact that
the USGS gauge is located on a stretch of the creek which is nearly perennial while the
lower watershed does not typically experience flow except for during storm events. This
would tend to inflate the estimate of overland surface runoff through the lower reaches of

the creek. The other problem from using the USGS data this way is the fact that the
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physiology of the lower portion of the watershed differs dramatically from the area
upstream from the USGS gauge. The lower portion is mostly covered by desert scrub or
by a sparse layer of grasses. The higher areas are more mountainous and typically
support either a more robust grass cover or else woodland or chaparral vegetation. There
is also a discontinuity in the budget in the Evans paper at the dam. The first half of the
paper which addressed the Lake itself estimated an inflow to Patagonia Lake of 6383
acft/yr,, an annual evaporation rate of 1239 acft/yr, and an uncertain guess of 1500
acft/yr lost to seepage. The second half of the paper used a value of 5580 acft/yr for total

transmission of water into the streamreach below the dam which is at least a 10%
discrepancy. Yet another error made was the assumption that all the overland surface
runoff from the watershed below the lake arrived at the exit of the watershed as surface
runoff and that this was the only way runoff that reaches the exit. Within the same paper
it was stated that infiltration rates in the channel bottoms is 30in/hr. If this were so, much
of the runoff from the lower watershed would be lost in the channels before reaching the
Santa Cruz. All the errors so far mentioned tend towards overestimating the surface
discharge at the exit, but on the other hand, the assumption that none of the flood
discharge from the lake ever reaches the exit tends towards underestimating the surface
runoff at the exit. In light of this, the estimate for the surface runoff at the pour point of
the watershed is quite uncertain.
Within the two papers reviewed, three different methods were used to estimate
evaporation losses in the water balance shown in Figure 1.4: pan evaporation data, and
vegetation water consumption tables were used by Evans, et al. (1979); and the Priestly-
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Taylor equation was used by Issar and Resnick (1996). In addition to methodical
inaccuracies and disturbance from vandals and nearby watercraft passing nearby , the

data from the evaporation pan for use to estimate monthly averages is hindered by the
fact that it was collected for only a year. It appears as though there may have been a 50%
underestimate from the pan data used by Evans et al. (1979) if it is compared to the value
arrived at by the Issar and Resnick paper. There are three types of factors involved in

estimation of evapotranspiration: vegetation, meteorological, and availability of water.
The Evans paper addressed only the first factor. This would be fine for estimating longterm averages except for the fact not all evaporation losses occur through plants. A large
amount of evaporative loss (in a desert region) occurs directly from the soil. This is
because a large percentage of the surface is not protected by a canopy and water in the
upper layers of the soil is free to re-enter the atmosphere. The Priestly-Taylor equation
used by Issar and Resnick addresses meteorological conditions and to a certain extent the
availability of water, but did not take into account the effects of crop type and condition.

In light of all this, there is definitely room to question the estimated values for this
component of the budget.

In both papers, more than one method was used for determining subsurface flux
of water. Both papers included the use of observation wells for estimating groundwater
flows. The results from this method were used for estimating the underflow of water into

the vegetation strip and lake in Issar and Resnick (1979). The Evans paper did not use
any of this data for determining underflow, but rather underflow was set to balance the

budget or else lumped with surface runoff (at the dam). The Issar and Resnick paper

35
similarly used the water budget to solve for recharge into the groundwater from the
surface of the watershed. But they also had used a method from Kafri and Asher (1978)
which resulted in a similar value for this component and thus validated their estimate for
groundwater recharge. But much like the other project, they ran into difficulty in
partitioning the outflow from the lake between surface and subsurface.
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1.5. Introduction to Event Based Estimation of Runoff

The work described above addresses the evaluation of mean water budget
components on a monthly or annual basis. No attempt however was made to determine
the fate of input precipitation into the watershed on a daily or event basis. This would be
very difficult to do just from historical data. If event runoff were plotted against event
precipitation from gauges in and near the Sonoita Creek basin, the result is a disorganized
scatter of data with no apparent correlation to be seen (Figure 1.5). However, if the same
is done with mean monthly data, as shown in Figure 1.6, a simple exponential regression
could be used to successfully fit the data and even to predict runoff from monthly
precipitation totals (Evans 1979). This is true because there are many complications to
the rainfall to runoff
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Fig 1.5 Scatter Plot of Event Runoff and Precipitation from Sonoita Creek
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conversion process. One of the most critical factors in being able to predict the runoff
depth is the knowing the intensity of the rainfall event. This is obvious if one considers
what would be expected to wash out of a typical canyon tributary of Sonoita Creek if an
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Fig 1.6. Plot of mean monthly runoff and precipitation from Issar and Resnick (1996)

inch of rain were to fall over the area in just 45 minutes as opposed to 12 hours.
Unfortunately rainfall and dishcharge data for the Sonoita Creek area is only available on
a daily basis making the determination of rainfall event duration difficult. Another major
factor in controlling the amount of runoff is infiltration. The amount of a rainfall event
depth that is lost to infiltration is immediately subtracted from what is available to reach
the outlet of the basin. In addition to being highly sensitive to rainfall intensity,
infiltration is affected by biological activity (vegetation and animal activities), soil water
content, quantity of organic matter in the soil, mechanical and chemical soil processes
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(such as crust formation and soil swelling), interception of precipitation by an overhead
canopy of trees and brush, and soil structure (Tones 1974). Spatial distribution of
rainfall in a storm can also play a significant role, especially if the channels conveying

the water are highly permeable and significantly attenuate flood discharge. If this is the
case, one would expect much less runoff to be observed if a storm is centered at an
extreme reach of the watershed instead of near the outlet. Storm location in relation to
rain gauges also affects how much precipitation is observed and thus aids in the

confusion of historical data.
In light of these complications, another method is needed if runoff of singular
events is to be determined. Often a model is employed to make predictions of storm
runoff. Models such as the SCS curve number method or the Green and Ampt model are
typically employed for this purpose. If a model is being applied to a situation that
spatially heterogeneous, the area is often divided into several pieces (elements) with
differing model parameters and rainfall inputs. In many cases models are not just applied
to the total duration of an event but are used to calculate temporal increments of runoff
from increments of precipitation. Often when many elements or time steps are involved,

the model will be run on a computer. The next chapter discusses the principles used for
developing such a model for use with the Sonoita Creek Watershed.
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2. SONOITA CREEK WATERSHED MODEL DEVELOPMENT
2.1. Runoff Processes and Models

In a real watershed the transformation of precipitation to runoff at the outlet is a
complicated process. The first process in this transformation is interception by
vegetation. In this process, incoming precipitation is mechanically blocked from
reaching the surface by leaves or stems. For certain vegetation types his phenomena can
become very significant, attenuating forty percent of rainfall totals (James et al., 1992).
Obviously certain vegetation types will intercept more than others and interception can
vary greatly within a diverse basin like Sonoita Creek. Further complications occur as
this water can either evaporate, drip to the surface (especially in windy conditions), or
reach the surface via stemflow. There are also seasonal considerations, as the winter
season or else drought can cause a decrease in vegetative volume covering the basin. In
practice, models attempt to compensate for interception with either an initial abstraction
from input precipitation or by subtracting out a certain percentage of each incremental
depth. Usually, once a depth of interception is calculated, it is applied over a certain
percentage of the basin area representative of the percentage of the existing canopy cover

in the basin.
The second process that attenuates runoff is infiltration. Infiltration primarily
depends on the soil type of the surface. In urban situations, infiltration may amount to

zero for parking lots, rooftops, and other impervious surfaces. Usually precipitation
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reaching an impervious surface will immediately flow down towards a stream, gutter, or
whatever path of concentrated flow is waiting below. In natural watersheds this can be
observed to a certain extent on canyon walls, or other surfaces of exposed rock. Usually
in these cases the surface will not be perfectly impervious but will have cracks and other
discontinuities which would allow rainwater to penetrate the surface. In contrast to this,
are deep, coarse — grained soils capable of absorbing over ten inches of water per hour.
Watersheds are often a mosaic of various soil types in variable condition. Model
representation of infiltration widely varies. The SCS curve number method is based on a
parameter calculated from a qualitative evaluation of the condition of the basin in
question. Some other models are based on observed soil properties such as porosity,
saturated hydraulic conductivity, or effective capillary drive. Often the parameters for
these methods are correlated to soil texture if the necessary soil measurements are not
available. Yet another method uses differing kinds of soil water reservoirs with storagedependent discharge functions to represent the infiltration process. The surface has
another attenuating effect that comes from depression storage. Rainwater can collect in
small depressions and eventually soak in or evaporate and not reach the basin outlet.
The next process is overland flow. In this process, precipitation that is in excess
of infiltration flows down towards a collector channel. En route, this excess runoff
usually does not uniformly run down the surface of the basin (sheetflow). Instead it
collects into rills and minor gullies which concentrate the flow before it reaches the main
channel. A major issue in modeling is choosing what is the maximum size of a drainage
area before including its collector channel in the model. Two popular methods for
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modeling overland flow are the unit hydrograph and the kinematic wave routing scheme.
The unit hydrograph is a time series of flood discharge rates generated by one depth unit
of excess of precipitation over a specified duration of time for the relevant area to which
the hydrograph applies. The hydrograph can be manipulated to reflect what the expected
discharge would be for different excess depths generated over different time intervals.
The kinematic wave routing scheme is an application of the Mannings equation over
discrete time and space intervals.
The other mechanism for water to reach the channels is by interflow through the
upper layers of the soil. This process usually delays the arrival of discharge to the stream
by a matter of several hours to several days. This process is difficult to model on a perevent basis and usually does not contribute to peak flood discharge except during longer
and more widespread flooding rainfall events. One method used to model this process is
the application of a model designed for continuous use (as opposed to just for generating
a flood wave from a singular event) called the Sacramento Soil Moisture Accounting
method. This method "routes" infiltrated water into several storage "reservoirs" which
slowly leak water into the channel over a long period of time. This process is of little
interest here due to the fact that most storms that occur over the Sonoita Creek watershed
are localized and are short — fused. Also, it has been discovered that interflow is
uncommon in semiarid watersheds with ephermal streams such as the subject basin here
(Michaud, 1992). Instead, most runoff in Sonoita Creek is generated by overland surface
flow.
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The final process is the routing of water collected in the channels downstream to
the basin outlet. This can be done by various methods such as Lag and K routing,
Muskingum — Cunge routing , or once again, the kinematic wave routing method.
Routing methods usually involve the use of a storage — outflow relationship for
individual channel reaches along with some type of a temporal delay constant applied to
the incoming hydrograph to a channel reach. Another element of channel routing is the
attenuation of discharge by infiltration of water into the bottom of the channel. Channel
infiltration plays a major role in determining the fate of storm runoff in Sonoita Creek.
Runoff from many storms in the region is lost to channel infiltration (Michaud, 1992).

43

2.2. Basin Scale and Model Discretization

The level of spatial resolution incorporated into a hydrologic model has received
much attention. Whether or not a 200 mi 2 watershed is represented with just one element
generating overland flow or with thousands of one-acre plane and channel elements

impacts the models ability to accurately represent the real basin. This is due to the effects
that spatial averaging (lumping) has on model parameters and state values if they were
originally calculated for a larger number of smaller elements. This can also be due to the
loss of geometric complexity. The single plane model will at most incorporate one
channel element while a model that consists of hundreds of elements will likely
incorporate several orders of channels forming an intricate network gathering water
throughout the basin. In the more complex model, runoff is concentrated into channels
much sooner which would tend to expedite the arrival time at the basin outlet. Also, with

a more complex model, there is more opportunity to subject runoff to channel infiltration,
which is often at a higher rate than what is used for overland flow planes. Another source

of model error that is introduced through aggregation is the necessity to average input
precipitation. With a larger number of planes, it is possible to assign differing rainfall
depths and thus more accurately reflect the spatial variability observed in most storm
events.

For a large, mountainous, semi-arid basin like Sonoita Creek, the need for
discretization becomes quite clear. For a small basin, on the scale of a few hundred

yards, the hydrologic processes usually are nearly uniform making the response of the
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basin independent of the scale of storms, channel losses (overland flow is the primary
mode of transmission of water), and large scale variations in topography, soils, and
vegetation. As basin size increases, storm intensity and duration begin to vary across the
watershed. Transmission time through channels increases giving more opportunity for
attenuation before discharge reaches the exit. There is also a greater divergence in the
effects of various processes that determine the amount of precipitation that is converted
into surface runoff. This prevents a uniform contribution to outflow per unit area per unit
precipitation from occurring, ruling out the possibility of lumping the entire basin into
one element. In semi-arid environments with ephermal streams, non-linearity increases as
basin scale increases due to infiltration effects and channel losses. Storms become
relatively smaller so the response becomes more and more dominated by basin
characteristics and equilibrium gets to be more and more rare (Goodrich, 1990).
Attenuation increases with basin scale (Syed, 1994) creating more uncertainty about the
amount of precipitation that gets transformed into flood discharge at the outlet. Because
of the increases in basin complexity with increasing basin scale, more model elements are
required as basin size increases.
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2.3. Soil Variablity

Infiltration plays a profound role in determining the fate of rainfall, it is the
primary abstraction from input precipitation that would otherwise become surface runoff.
An accurate representation of the behavior of soils in this respect is crucial if a model is
going to successfully represent a basin. A lumped average of soil infiltration values will
not work well for the following reason. Suppose an area of diverse soils is represented
by a set of parameters averaged over the entire area making the soil response uniform
throughout. In the real basin, response to an input (precipitation) varies from one place to
another. Areas that are highly permeable and exhibit a high infiltration capacity will not
produce runoff unless a major storm comes along and precipitation intensity exceeds the
infiltration capacity of the soil. On the other hand, places that are impervious will yield
runoff for even minor rainfall events. In a lumped model however, the entire area will
start producing runoff at some intermediate intensity of rainfall. This means the model
will under-represent the runoff created by small storms and over-predict the excess from
a major event. Another fact complicating the mater is that soil properties vary on the
scale of meters, making the derivation of a useful lumped average value of conductivity
for even a small basin impossible (Goodrich, 1990).
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2.4. Precipitation Aggregation

The other major source of error that comes from over-simplification of a model is
caused by lumping of precipitation totals. Unless there is an extremely high level of
variability in soil infiltration properties, a large number of elements is not justified unless

a sufficient knowledge of the distribution of rainfall is possessed (Goodrich, 1990). This
is true for the obvious reason that a thorough knowledge of infiltration properties is
useless unless the input to the basin is known. This is especially relevant to the Sonoita
Creek watershed considering the fact that much of the rainfall comes from storms which

are usually less than a few miles across. Using data from the dense network of gauges at
Walnut Gulch, an intensely monitored watershed 30 miles to the east, it was discovered
that there is significant variation in the space of 100's of meters in total storm depth for
convective storms (Syed 1994). It appears uncertain what the impacts of the spatial and

temporal heterogeneities are on the outcome of a flood, Faures (1990) concluded that
only time to peak is affected, not total discharge volume. Similarly, Syed (1994)
observed that in the Walnut Gulch watershed, runoff volume and distance between outlet

and the center of a storm are poorly correlated. He concluded that the primary storm
characteristic dictating runoff volume is the volume of rainfall dropped at the storm core.
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2.5. Channel Effects

With the exception of a short stretch of Sonoita Creek, there is no perennial flow
in the basin. Stretches of several of the major tributaries flow in the spring and wet
periods late in the summer, but during most of the summer when most of the flooding
storm events occur, these are dry. The bottoms of these channels are typically sandy and
are highly permeable. Permeability has been estimated to be as high as 30 in/hr in the
lower reaches of Sonoita Creek (Evans et al., 1979). This high level of infiltration
coupled with turbulence effects causes a decrease in hydrograph rise time as basin scale
increases (Keppel and Renard 1962). Turbulence and high channel infiltration rates
create the decrease in hydrograph rise time by attenuating and delaying the initial flow of
a runoff event. It has been observed that the effects of channel transmission begin to
dominate over overland flow processes for basins above a critical size. A commonly
suggested value for this threshold is 100 mi 2 (Klein 1984). This figure is based on the
comparison of the response time of overland flow to that of subsurface flow. As basin
size increases, overland flow response time lengthens due to the increased travel time
through the channels and at a certain point will exceed subsurface response time. This is
taken to be the threshold basin size. In a situation like that of Sonoita Creek, this figure is
likely too high due to the fact that it does not consider the significance of channel
infiltration processes.
The effects of channel cross-section shape have been demonstrated to have only
minor effects on model output (Golany and Larson, 1971). Because of this conclusion,
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along with the fact that a thorough survey of all the modeled channels in the basin would
be tedious and time consuming task it was decided that several types of channel shapes
and sizes would be identified in the watershed and each type would be represented by one
cross-section.
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2.6. Geometric Complexity

If maps of the same area but at different scales are compared, the larger scale
maps will divulge more detailed information. This applies to the representation of rivers,
streams and canyons as well as anything else. Map scale impacts the geometric
complexity of the drainage network printed on the map. As the scale gets finer,
progressively lower ordered channels begin to show on the paper. The map scale used to
locate channels for the model has an immediate impact on which channels are
represented in the model and thus affects the complexity of the model. In addition to the
effects described above, the density of channels in a model affects how soon routed
runoff is concentrated into rills, gullies, and channels. This can affect the dynamics of a
model because concentrated flow experiences a lower value of effective roughness than

in the case of overland (sheet) flow. When runoff gathers together in a rut or a small
gully, a greater flow depth is achieved and the effects of shear stress caused by the rough

surface below start losing significance. Flow concentration takes place on a very small
scale and there is a limit to on how large of a scale this can be ignored (Goodrich, 1990).

As the roughness of the surface of a watershed along with the infiltration losses of the
channels within the basin increase, so does the need for a more complex model.
However, as roughness and infiltration in a basin increase; runoff, erosion, and the
creation of many gullies all decrease; and thus the complexity of the real system
decreases (Goodrich 1990).
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But a more important factor to consider in regards to model complexity is the
nature of the input events. This conclusion is supported from two perspectives. Michaud
(1992) concluded that it is the resolution of the precipitation data that determines the
necessary level of model complexity. In light of what was discussed in sections 2.2 and
2.5, this conclusion seems unlikely in the case of a large watershed during a minor event
since the outcome of the event becomes highly dependent on the nature of the basin
rather than on the distribution of rainfall. But in the case of a major event, Goodrich
(1990) supports this claim when he concluded that model output (expressed as runoff
volume) losses sensitivity to geometric complexity as storm magnitude increases. In this
case, precipitation becomes the dominant factor in determining the outcome of the flood
event and a high level of complexity is unjustified unless there is an equally high level of
resolution in the precipitation data; and even then, if the storm is large enough, a complex
model is simply not necessary.
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2.7. Conclusions

In light of the discussion in this chapter, the following considerations are
considered crucial to the development of a model for Sonoita Creek watershed. The first
and primary consideration is the distribution of rainfall. Storm scale affects the level of
complexity needed for an accurate model. The greater the size of the storms to be
modeled, the simpler the model can be without losing accuracy. The size of overland
runoff elements necessary is directly dictated by the gradient of precipitation total across
the area. The use of larger elements requires more lumping of rainfall totals which has
been shown to be a major cause of model inaccuracy. In the case of Sonoita Creek, there
is nearly no spatial resolution in the historical record of rainfall. There is only one
official raingauge record that has been kept within the basin and a handful of others a
short distance just outside of the boundaries. Considering the nature of most storms in
the area, very little of the necessary historical data for creating model input is available.
To determine the level of spatial resolution incorporated into the model, it will be
necessary to consider the scale of the events to be modeled. The smallest storm to be
used in this model for this study has a maximum depth of one inch at the center and a
radially decreasing depth reaching a storm total of .1 inches 2.3 miles away from the
center. This implies an average storm depth gradient of .4 inches per mile. The size of a
model element representing a basin underneath the simulated storm will directly affect
the range of depth received by that element. To facilitate application to the element this
range of precipitation received would have to be averaged and represented by a single
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value. In order to maintain a representative depth within a tenth of an inch of the
maximum and minimum of the range of precipitation received over its area, the size of
the element would have to be small enough so that the range of precipitation depth is
about .2 inches. For the estimated depth gradient of .4 inches per mile, an element
length of about half a mile would be appropriate.
The second critical process is overland surface infiltration and interception.
Infiltration parameters were estimated from information found in a SCS Soil Survey of
Santa Cruz County. Soil type regions in this report are traced out on a background of
aerial photography. Soil zones as narrow as 100 yards are marked in the report, and most
zones are from half to several miles across. This level of resolution is on the same scale
as the appropriate element size determined above and works well for defining the soil
properties for the model elements. The same is true for the distribution of vegetation and
the resolution of vegetation data. Location of vegetation types is strongly correlated to
elevation (with significant changes in places occurring in the vertical distance of 500
feet), and to exposure. In some basins within Sonoita Creek significant variability of
cover was observed to occur on the scale of 50 yards across secondary ridges with an
east-west orientation. In most cases, vegetation zones are on the scale of several square
miles with elevation bands about 1000 ft across in the vertical direction and half a mile
wide from map perspective. Vegetation data was found from the GAP project at the
University of Arizona School of Renewable Natural Resources with 400m resolution.
Upon inspection of some the higher elevation vegetation types within the watershed, it is
clear that a significant amount of rainfall can be attenuated by interception. However it is
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somewhat ambiguous what impact vegetation has on infiltration. Naji et al. (1975)
indicated that in the Tucson area soil infiltration is not affected by vegetation overhead.
On the other hand Michaud (1992) states that the primary factors controlling infiltration
are rainfall depth and vegetation. It would be expected that the presence of a significant
layer of litter or of an extensive network of roots would have some impact on the
effective value of infiltration parameters.
Another factor requiring attention is small scale variability of soil infiltration
properties. It would not be practical to attempt to survey soils with the intention of
detecting every small scale discontinuity of soil properties and incorporating all that
spatial information into a model. The task would be cumbersome and the computation
demands astronomical. A better way to approach the problem would come through the
use of a statistical distribution for infiltration parameters. Many hydrologic parameters
(including soil properties) are distributed log-normally, which is also the case for
hydraulic conductivity (Whitaker, 1993). The problem of modeling small-scale soil
variability can be overcome if model overland flow planes could be made to incorporate
this quality, and more realistic outputs can be expected.
The third process that appears to be crucial in Sonoita Creek is channel
infiltration. Observations of channel order, scale, and condition in the area indicate that
most small gullies for headwaters under one half of a square mile are rough, narrow,
choked, stony and follow a tortuous route. The behavior of runoff in such channels
would not be expected to diverge greatly from that of overland flow. In most cases, once
more than a square mile of area is contributing to a channel, the features of the channel
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soften and there is a deposit of sand and fine gravel underneath through which channel
infiltration can occur.
With the exception of certain areas of pronounced variability of vegetation, all
factors discussed in this section indicate that delineating runoff planes of roughly half a
square mile will give rise to a sufficiently resolved basin representation for modeling
convective storms of moderate size (30 min duration, 2 year return period intensity) and
larger.
The application of the above conclusions is described in the next chapter which
details the model chosen for application to Sonoita Creek and the delineation of model
elements and the estimation of their parameters.
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3. METHODS
3.1. The KINEROS Runoff and Erosion Model

The most recently released version of KINEROS, KINEROS2 was selected for
the rainfall-runoff modeling of the Sonoita Creek watershed. The most attractive
features of KINEROS2 are its ability to reflect the small-scale variability of soil
infiltration parameters and the inclusion of its infiltration process model for channel
elements. The model also facilitates the assignment of a unique storm depth to each
model element allowing the spatial distribution of event rainfall, the third crucial factor
for storm runoff modeling in the Sonoita Creek basin. Another feature that expedited
calibration and sensitivity analysis was the option to apply a uniform factor to individual
model parameters at the beginning of each execution of the model.

K1NEROS was first documented and released in 1977 under the name KINGEN
(Rovey, et al. 1977). At this point the model included an interactive infiltration
component and routed runoff down cascaded planes with lateral inflow to channels. This
first release was tested with data from CSU Outdoor Experimental Rainfall-Runoff
Facility (Dickinson et al. 1967), from agricultural plots, from small watersheds, and from
urban basins (Smith, et al. 1995). Further additions were made to the model before it
was released again in 1990 as KINEROS. The improvements included the addition of an
erosion and sediment transport component to the model, the capability to include spatial
variability in rainfall input, changes in the infiltration component, and the addition of the
pond element (Woolhiser, et al. 1990a). The model was modified further by
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incorporating small scale variability of saturated conductivity and put to the test in
Walnut Gulch Watershed on basins ranging up to 3 mi 2 in size. The results were good
and demonstrated the importance of small scale heterogeneities in rainfall and infiltration
(Goodrich 1991, Woolhiser et al. 1990b, Michaud, 1992). The model has also been used
for engineering purposes in the U.S. and abroad (Smith et al. 1995). The inclusion of
small scale variability in hydraulic soil conductivity along with the addition of a pore size
distribution index and two microtopotgraphy parameters for the estimation of infiltration
capacity recovery during intervals intervening periods of higher rainfall rates were
incorporated into KINEROS and was re-released by the Agricultural Research Service in
1998 under the name KINEROS2.
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3.2. Interception and Infiltration

Interception in KINEROS2 uses two parameters: depth and canopy coverage.
Interception depth is the amount of precipitation input that is initially abstracted from
precipitation before application to the soil surface begins. Canopy coverage is the
percentage of a model element surface to which the interception process is applied (Smith
et al. 1995). This process is available for use on overland flow planes and on channel
overbanks.
For infiltration, KINEROS2 uses a physically based model from Smith and
Parlange (1978). The program allows for the definition of two soil layers with their own
set of infiltration parameters. The primary parameters in this model are saturated
conductivity (Ks), integral capillary drive (G), and soil porosity (0). The operative
infiltration equation for KINEORS2 is shown in equation 3.1:
a
fc = K [1+
sexp(aF/B) -1

1

eq 3.1

where fc is the instantaneous infiltration capacity [LIT], conductiviy, F is the total
infiltrated depth of water since the start of the event, and a is a coefficient depending on
soil texture and ranges from near 0 for sand to 1 for well mixed barns (Smith, 1999). A
value of .85 is assumed for a in KINEROS2. B is related to G and soil moisture capacity:

B = G 0 (Smax - Si)

eq 3.2
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Smax and Si are the maximum and initial relative soil saturation, the ratio of water

content, 0 [L 3 /L 3 ] to porosity () [L 3 /L 3 ] . G is derived from unsaturated soil conductivity
information:
G=

1
K( ) d
Ks 00

—

eq 3.3

where K(y) is the unsaturated hydraulic conductivity function [L/T], and y is the soil
matrix potential [L]. According to equation 3.3, G is the total suction head across the
wetted front normalized to saturated conductivity. B is a scaled value for G, scaled
according to the initial water deficit. The greater the initial deficit, the greater the value

of B. The magnitude of B comes into play through equation 3.1 for small values of F
(early stages of a storm). For these conditions, eq 3.1 can be approximated as fe = BK s /F,
thus a higher infiltration capacity would exist for larger magnitudes of B. As infiltrated
depth (F ) increases, the infiltration rate, fc, rapidly declines and approaches the
saturated hydraulic conductivity. The resulting infiltration curve is illustrated in fig 3.1.

As rainfall reaches the surface, the maximum rate at which it can be added to the total
accumulated infiltrated depth (F) is at the infiltration rate during the computational time

interval. Initially, the rainfall rate will fall short of the infiltration capacity and the actual
infiltration rate will be equal to and limited by the rainfall rate. Typically the rainfall rate
exceeds the saturated conductivity, so once a large enough depth of rainfall has been
absorbed by the surface, the infiltration rate will fall below that of the applied rainfall,

and the infiltration rate will be limited by the infiltration capacity (Woolhiser, et al.
1990a).
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fc BK9

log fc

eq 3.1
Ks

log F

Fig 3.1. Behavior of the Infiltration model in KINEROS (Woolhiser, et al. 1990a)

Besides the three parameters described above, there are several more included for
soil infiltration estimation in KINEROS2. First there is initial saturation, which reflects
the antecedent moisture condition and directly affects the value of B. There is also the
amount of rock as a percentage of soil volume (Ro). This is used to modify the value of
both Ks and (i) by a factor of (1-Ro). The adjustment to Ks is necessary when saturated
conductivity is estimated by soil texture. A third is soil pore distribution index which is
used for the redistribution of soil water during unponded intervals (ARS, 1998). The
fourth and fifth are two microtopography parameters: one is a microtopographical feature
height parameter, the other is a feature spacing parameter. These two parameters are used
to limit the surface area available for infiltration after cessation of precipitation
(Woolhiser, et al. 1990a). The microtopography parameters were not used for the
Sonoita Creek model because it was not certain how to go about making physically based
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estimates for those parameters and they were not expected to have much impact on the
model output for the simulation and calibration events to be used.
The final infiltration parameter to discuss is the coefficient of variation of
saturated conductivity, C. To compensate for the effects of small scale variability, the
model recalculates an effective value for K s as a function of the applied rainfall rate and
the distribution of K. KINEROS2 uses the lognormal distribution along with the input
values for K s and C, to define the distribution of K. Since there is no upward limit for
the distribution of K„ for any rate of input rainfall there will be some surface area where
Ks exceeds the rainfall rate and no runoff is generated. The effective value of K s is
expressed by equation 3.4 where

K = [1 — P k (r)ir + Skp k (k)dk

eq 3.4

Ke is the effective areal saturated conductivity, r is the applied rate of rainfall, Pk is the
cumulative probability density function of K„ and Pk is the probability density function of
Ks (Smith 1999).
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3.3. Overland Flow and Channel Routing

KINEROS2 treats overland flow as a one dimensional process and overlooks the
extremely complicated effects of small scale topograpy and surface discontinuities. All
parameters that apply to overland flow routing are constant across the rectangular surface
elements used in the model. The two operative equations for overland flow routing are
eq 3.5 and eq 3.6, which combined give eq 3.7. Q is surface discharge per unit width at
Q = ah m

eq 3.5

an aQ
= q(x,t)
at ax

eq 3.6

—+

an

— + amhmat

ah

ax

—

= q(x, t)

eq 3.7

location x along the length of the plane, the value of a and m are dependant on the
parameters for the plane, h is the depth of flow at x, and q is rate of input (excess rainfall)

per unit length. Equation 3.5 establishes the relationship between discharge and storage.
Equation 3.6 is a conservation of volume equation, where q is the input rate, the first term

on the left is local rate of storage, and the second represents advection or the difference
between outflow and inflow at a point on the plane. Equation 3.8 is a finite increment
form of equation 3.7 and is used to compute h. The finite form also has the addition of

At(

j+1

2At

-

Ax

+)=hii ++ 1 h

fi

2,s w

1

1

+h

1

-11 1

[a ji + 1 (h m— a ii+1 (h m )i1 +
L

-

eq 3.8

1

I
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the parameter 0, to weight the upslope and downslope values of Q (the second term of eq
3.6) at each time increment for each Ax increment of a plane. The value used for 0 in
KINEROS2 is .7 for flow planes. The size of the Ax increments is based on the input
value for the model characteristic length (Goodrich, 1990). The recommended value for
this parameter (CLEN) is equal to the length of the longest channel element or longest
cascade of planes within the model. The distance for Ax used for an element of length L
greater than CLEN length is L/15 and for shorter elements, CLEN/15 rounded to the
nearest value that can be evenly divided into L is used for Ax. At can either be defined by
the user or else the option can be made for the program to automatically adjust At to meet
the condition that dQ/dA term in eq 3.12 (wave celerity) is less than or equal to Ax/At
(celerity of the computation grid). This is the Courant condition for numerical stability.

Figure 3.2. Key to subscripts in equations 3.8 and 3.12

The Manning equation is used for determination of a and m (eq 3.9). The term S
is the bottom surface slope, and n is the Manning's roughness coefficient. The value of

i
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the factor 1.49 is used if english units are used in values for h and Q in equation 3.5; for
metric units, 1.49 is replaced by a factor of unity.

s

a =1.49— , and m = 5/3

eq 3.9

The routing of flow through channels is treated much in the same way as for
overland flow. The primary difference for channels is that flow depth is not uniform
across the width of the element (except for the case of rectangular channels) and there is
also surface contact extending above the base of flow. Equations 3.5 and 3.6 are
modified and restated below for use in channel routing. Equation 3.11 is used in a
discrete form (eq. 3.12) for computations. Q is channel discharge, A is the crossQ = a AR

an

3Q 0A
3A 3x

eq 3.10

q(x,t)

eq 3.11

1
+0-0w)i
d (A l.+ —
_A-i+1-)
ciA \ 1 '
dA
J 1

eq 3.12

—+

-- --

A 1+1
+1j
—A i.+1 +A i+1
i —A ii
+ 26,t{ ew dq+ 1 (A i ++ ]

Ax

=.54t(q ii++ 11 +q

-

1

—q

1

+q i )

sectional area of flow, R is the hydraulic radius, and q is the lateral inflow into the
channel per unit length. Equation 3.9 is also used for channels in determining a and m
(Woolhiser, et al. 1990a).
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3.4. Basin Delineation, Channel Definition, and Spatial Parameter
Estimation

Considering the conclusions in chapter two, the criteria to be used for basin
delineation would be to define basins that are roughly half a mile across or roughly .25
mi 2 in area. This would mean the model should have roughly 1000 plane elements to
adequately represent the watershed for mid-sized convective events. Accomplishing this
by hand would be a tedious and time-consuming task. Instead, the GIS software
packages ARCView and ARCINFO were put to use along with 7.5 minute digital quads
from the USGS. These digital elevation maps (DEM's) contained elevation data at a 30m
resolution in a raster format. Several steps were necessary before basin delineation was
complete. First the DEM' s had to be merged to create a continuous coverage of the
entire watershed. This required 9 quads to cover the entire watershed except for roughly
one-tenth of a square mile on the southeastern edge of the watershed. The second step
was to run a command that replaced any point values of elevation that were lower than all
eight of its neighboring points. This may remove any accurate representations of existing
depressions, but this is necessary to eliminate any "sinks" on the elevation grid where
flow would collect and fail to reach the basin exit so that the procedure in ARC View will
function properly. Third, for each point on the grid, a direction is assigned to that point
going towards its lowest neighboring point. The higher point thus becomes a flow
contributor its lowest adjacent point. A fourth command is then executed which counts
the number of contributors that are upstream from each point. Next, the stream network
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is defined as all points which have more than a specified number of contributors. It is at
this fifth step in the process where the size of the resulting headwater basins is
determined. Once the flow of an area greater than the critical area accumulates at one
point, it is designated as a stream network point making it possible to later designate that
point as a basin outlet. The critical area used was 1000 points which is about one third of
a square mile. After the grid of stream network points was established, every headwater
stream segment and all segments between network nodes is given a unique identity.
Then the contributing area for each identified segment (link) is delineated as a basin, with
two contributing basins defined for non-headwater links (one on the left bank, the other
on the right). For many locations, it was necessary to break stream segments into two to
four links to avoid defining basins that were too large. Once the basins were defined,
channel definition was a simple matter of designating each non-headwater link as a
channel element.
ARC View and ARCINFO also facilitated the estimation of some spatial
parameters for each of the channel segments and basins for defining their corresponding
elements. ARC View includes a slope calculation command which was applied to each
point in the watershed. Estimation of slope parameters was accomplished by taking the
area average of the calculated slope values within each channel and basin. Determination
of basin area was done by using ARC View to count the number of points within each
basin and multiplying by the area represented by each point. The area value for each
basin was used for its corresponding plane element. The length of plane elements was
based on the average distance from each point within the corresponding basin to its
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collector channel. Distance was determined through an ARCINFO command which
measures distance along flow paths. This is a critical improvement over using the
distance from the plane centroid to the channel because the tortuosity of flow paths is
accounted for, allowing for a better representation for the actual distance traveled by
runoff. Inspection of topo maps of the Sonoita Creek watershed indicates that this results
in an increase of roughly 25% in average distance to basin exit in most cases. The
average distance to basin exit was taken to be half the length of its representative
rectangular plane element. Due to the removal of pieces of segments for link definition,
channel lengths were measured by hand from USGS 7.5" quads. Plane element width
was calculated by dividing the element area by its total length.
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3.5. Interception and Infiltration Parameter Estimation

The two interception parameters used in KINEROS2 were based on vegetation
data taken from a 400m resolution GIS grid coverage of the state published by the
Arizona Land Information System (ALRIS). Nine vegetation types were identified
within the Sonoita Creek watershed. Infiltration parameters for each vegetation type
were defined and assigned to each element according to what vegetation type composed

the majority of the corresponding basin area. This was accomplished using ARC Veiw to
overlay the vegetation grid on the basin grid described in section 3.4 and counting the
number of grid points of each vegetation type occurring within each basin. Table 3.1
below lists each vegetation type and the interception parameters used for each type.

Vegetation Type
desert scrub

Manning's n Canopy Ground Cover Interception Depth
in
coverage ratio coverage ratio
.121
.113
.15
.11

r

•33

mesquite, hillside

.11

.2

mesquite, drainage

.151

.4•53

grass good condition

.251

.252•33

]

.154
•34
A14

fair condition

.151

.1

.233

.084

poor condition

.1 1

.052

.113

woodland

.151

.4

•33

.054
•34

chaparral

.251

.8

1

•44

riparian

.151

.4

.3

.3

1 Woolhiser,

et al. 1990a; 2 Tromble, et al. 1974; 3 Coronado National Forest, 1981; 4James, et al. 1992

Table 3.1. Vegetation types and corresponding roughness and interception parameter
values
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Soil parameters were based on information found on maps and tables in a Soil
Conservation Service soil survey by Richardson and Miller (1974). For each plane
element a soil type was assigned according to the soil type indicated on maps in the
survey for the corresponding area. Then values for saturated conductivity and rock
volume were taken from tables in the survey for each soil type and were assigned to the
plane elements according to the previously assigned soil type. Soil textures given in the
survey were similarly noted for estimation of other parameters. Two horizons were
described in the survey for some soil types along with the depth of the upper horizon.
This information was also noted for elements with these soil types. All channels in the
model were assigned a Ks value of 7.9 in/hr, a typical value for sand based on Cosby
(1984). Values found for Ks were modified using equation 3.13 taken from (Wilcox, et

al. 1990) where Kt is the textural based value for saturated conductivity value read from

K s = exp(.09*gc + .0105* can)K teq 3.13

the soil survey multiplied by the 1-Ro factor; can is the canopy coverage value and gc is
the ground cover factor, both taken from table 3.1. The integral capillary drive G for each
element was based on the value for Ks using equation 3.14 found in Goodrich (1990).
Values for porosity were based on soil texture information from the soil survey and

G = 4.83

eq 3.14
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looked up on a table in Woolhiser et al. (1990)a. Values for the pore size distribution
index were also estimated according to soil texture class using information from Rawls
(1982). Values for C, were derived in the same way based on data in Cosby, et al.
(1984). Initial saturation levels for all events to be modeled were assumed to be for dry.
Typically in the summer, soil moisture saturation levels are about 6%, the value used in
the model for Sonoita Creek (Kafri and Asher, 1978). Table 3.2 presents soil types from
the survey along with their estimated parameters.
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3.6. Manning's n and Channel Cross-Section Dimensions

Values for the Manning's n roughness coefficient for overland flow planes were
based on the dominant vegetation type and are presented in table 3.1.
Channel cross-sections were based on spot field observations of various reaches of
channels ranging from the rough and torturous primary headwater channels to the straight

and wide outlet channel near Rio Rico. Nine different cross-sections for use in the model
were devised to represent the different range of channel sizes found in the watershed.
Each cross-section was assigned a value for Manning's n based on observations of
channel conditions of different sized channels in the basin. Figure 3.3 shows the channel

dimensions defined in K1NEROS2. Table 3.3 shows the values used for those
dimensions in the computer model for Sonoita Creek.

overbank

main channel

slop e3

slop e4
depth
slop e2

width

Figure 3.3. Channel Dimensions used in KINEROS2
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Steep Terrain
small channels
large channels
Moderate Terrain
smallest channels

largest channels

Channel Main Channel
type # Manning's n*
lb
0.05
0.04
2b
3b
0.04
la
2a
3a
4a
5a
6a

Slope 1&2
1
1
1

0.04
0.5
0.04
2
0.03
2
2
0.03
0.03
2
0.03
2
*Ven-Te Chow (1964)

width
2
4
8
4
8
12
20
30
40

Overbank
depth Slope 3 Slope 4

width

I
1
1
1
1

20
40
100
200
500

2
4
4
6
6

0.01
0.01
0.01
0.01
0.01

Table 3.3. Channel Dimensions and Manning's n used for the Sonoita Creek Model
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3.7. Model Representation of Patagonia Lake.

In addition to overland flow plane and channel elements, KINEROS2 can make
use of pond elements. These elements are defined in the model by a set of correlated
volume, discharge, and surface area values and also an initial storage volume value. For
each time increment, the model calculates inflow, storage, and uses the input volumedischarge curve to determine outflow. Surface area is used to determine direct input to
the lake from precipitation. The data used for defining the volume-discharge relationship
was taken from Ahuurainyan et al. (1989) a report found at Patagonia State Park. The
data points used are plotted below in figure 3.4.

140000
120000
100000
80000
60000
40000
20000

Figure 3.4. Storage-discharge curve used for Patagonia Lake in the KINEROS2 model
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3.8. Model Calibration and Sensitivity Analysis

Once a runoff hydrologic model is developed, its output should be verified with
historical rainfall-runoff data. To ensure that the model mimics the real watershed, the
parameters within the model may need to be adjusted until for any given input, the output

of the model is similar to observed flows from the real basin. To facilitate calibration, an
input-output relationship must be established based on historical data.

The data collected from the Sonoita Creek Watershed pose some formidable
obstacles to developing a relationship between precipitation and outlet discharge on a
per-storm basis. Daily precipitation totals are available from one gauge near the center of

the watershed and from four others just outside for the entire time that flow data is
available. There are several crucial storm characteristics that can not be immediately
inferred from the historical rain gauge data available in the area. First, the extent and

location of any storm over the area can not be deduced from gauge data. The watershed
covers 265 mi 2 , and since significant variability in storm depth occurs on the scale of a

fraction of a mile, it cannot be expected that the meager gauge network could supply any
spatial information for most storms. In fact, a mid-sized storm could pass through the
area and only drop a token depth of rainfall in any of the gauges and still create notable
runoff. On the other hand a small storm may pass directly over a gauge and leave a large
storm depth on record but create little runoff. For this reason, no spatial knowledge can
be incorporated into the calibration of the model, instead it will be assumed that all events

on record were uniform across the entire basin and all calibration runs will be done with
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basin wide homogeneous events. Another vital piece of information missing is storm
duration and intensity. Only daily totals are available and it can not be directly
determined if a storm total fell in a matter of 15 minutes or 12 hours. Storm intensity can
play just as big of a role in runoff generation as storm depth because of how infiltration
rates and precipitation rates are related.
Runoff data is limited to daily flow volume data from one streamgauge along with
instantaneous peak discharge data for major events. The streamgauge is located upstream
from the lake and records flow from only 200 of the 265 mi 2 of the watershed. No
temporal data is available at a resolution of less than one day, and no break point data is
available. Even if hourly discharge data were available, it would not help much without
knowing the timing of the rainfall that created the hydrographs on record.
Before calibration could commence, the daily records of precipitation and runoff
needed to be correlated into specific events. Thirty-five years of simultaneous
precipitation and stream discharge data starting from 1935 were used for this purpose.
First, daily average basin precipitation was estimated from the data of the five raingauges
through the use of Thiessen polygons. Then runoff events were identified by the
following procedure. The first day of a runoff event was defined as any day that had an
average flow greater than 10 cfs and precipitation exceeding .1 inches (baseflow rates
are typically near 2 or 3 cfs). This eliminates minor events which are of no interest to this
study. Also, the use of this measure helps to avoid inclusion of days with high runoff
records but with no simultaneous precipitation recorded and visa-versa. Runoff from the
following day would be added to the event runoff volume if it exceeded baseflow.
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Baseflow for the first day of an event was the lesser of 10 cfs or the previous day's flow.
For the remainder of any event, baseflow was taken to be 10 cfs. This value was chosen
because inspection of the record indicated that for many events, the flow would return to
this value one or two days after an event and continue to slowly decline thereafter. The
precipitation to be correlated with the event runoff totals was the sum of daily rainfall
occurring on the same days from which the runoff volumes were taken. Also,
precipitation from the previous day was added if it was in excess of .1 inches. This was
done because it is not known what time of day a flood crest moved through the gauge. If

a crest moved through the first few hours of a day, it would then be reasonable to
conclude that it was caused mostly by rainfall the previous day. There is also the

question regarding the time of day that the measurements were taken. Using this method,
a total of 300 events were found on record.

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

Figure 3.5. Scatter plot of event precipitation and runoff from Sonoita Creek
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If the resulting event data is plotted as in figure 3.5, it can immediately be seen
that runoff is not a function of total event precipitation depth alone. There are other

factors which play a role in runoff volume. Antecedent moisture condition, season, and
storm intensity were three possible sources of runoff variability that were explored. To
further reduce variability, events occurring after two days of flow averaging over 5 cfs

(an indication of a high amc), and all winter events were removed from the record. In
addition to this, events were divided between events taking place within one day, and
those that were two days or longer. For the single day events, roughly 5% of the
precipitation appeared as runoff at the gauge, and 8% for the long events. Other schemes
were attempted, but for every case, there was a similar scatter in the rainfall-runoff data

In another attempt to extract a meaningful correlation, events were divided into summer
and winter and subdivided into events with wet and dry antecedent moisture conditions.
No clear difference could be seen in the response of the watershed between any of the
four categories.
In order to make the data useful for calibration purposes an attempt was made to
estimate the duration of each of the events extracted from the record. The method for
doing this is as follows. First, each event was given a score based on equation 3.15. Q p
is the peak flow rate for an event, Q max is the maximum peak flow on record, %RO is

s.

Qp%RO

Q max °ARO

max

eq 3.15
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the percentage ratio of event runoff depth to event precipitation, and %ROpiax is the
maximum value for %RO found on record. Only 98 of the 300 events had peak flow data
available, a value of zero was used for Q p for the events that did not have a peak
discharge measurement on record. The next step was to estimate a return period for each
of the events. The return period for each event was estimated using equation 3.16 where n
is the number of events with both a greater score and a greater total depth than the event

T=

34.5
n+1

eq 3.16

to which equation 3.16 is being applied. Conceptually, n represents the number of times

the rainfall depth of an event was recorded at a similar or greater intensity during the 34.5
year record. The use of the scoring system helps to prevent a greater return period being
estimated for a storm that produces a lower percentage of runoff or a lower peak
discharge even though it may have a greater depth. The third step was to develop depthduration-return period curves from published rainfall-frequency maps and tables. Storm
depth values for return periods ranging from 1 year to 100 years and for durations from

30 minutes to 24 hours were taken from maps in Hershfield (1963). Area adjustment

factors were applied to the depths and a logarithmic regression equation was developed
from the resulting data to relate return period, duration and depth (see equation 3.17).
From the total depth of an event on record, along with its estimated return period, the
regression equation can be used to estimate the duration of that event.
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Duration[hrs] —

exp((Depth[in] — .301n(T[yrs]) — .60
.26 + .12 ln(T[yrs])

eq 3.17

The last remaining task before calibration could begin was to create rainfallrunoff curves from the events on record as a function of return period. All of the events
were grouped according to precipitation depth and were organized into seven different
depth intervals. For each depth interval, the runoff fraction for each event was plotted
against its estimated return period. The results were somewhat more comprehendible
than what can seen in figure 3.5, but there was still some ambiguity in the data. So both

the return period values and the runoff fraction values for each depth interval were sorted
independently and rematched, with the largest return period being associated with the
largest runoff fraction and so on to the smallest values. When these rematched pairs of

Depth [in]
—o— .25-.5
— 0—

.5-.75

— 6—

.75-1 . 0

—m-- 1.0 1.25

—*--1.25-1.75
—0-- 1.75-2.5
-

>2.5

Figure 3.6. Plot of regression curves relating event runoff fraction, depth, and duration
used for calibrating the Sonoita Creek Watershed model.
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Figure 3.7. Data from Hershfield (1961) and regression curves used to relate event return
period to depth and duration.

return periods and runoff fraction values were plotted, the resulting curves could be
successfully fit with logarithmic regression equations with R2 values of .9 or greater.
Figure 3.6 shows a plot of the seven regression lines used for calibrating the model. Two
of the seven regression lines were adjusted so they would not cross other lines. Figure 3.7
is a plot of the curves based on the Hershfield (1963) data relating storm depth, duration,
and return period. These two sets of curves used together made it possible to estimate
runoff volume given any two of the following three storm characteristics: depth, duration,
and return period.
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Due to the spatial and temporal ambiguity of the historical data used to calibrate
the model, only a minimal number of parameters were adjusted to calibrate the model.
Because the nature of most of the available data relates to volume, infiltration parameters
were the primary parameters for calibration. The infiltration parameters to be adjusted
for the calibration procedure were to be K s and Cv. This was expected to allow enough
flexibility in the adjustment of the rainfall-runoff relationship generated by the model to
make the output resemble the calibration curves. Similarity was checked by a leastsquares analysis of the runoff generated by the model for .5, 1, and 2 inch precipitation
events 2 year, 5 year and 25 year return period event intensities.
Use of peak discharge data was a second priority to the use of discharge volume
due to the relative paucity of the peak data; there were roughly three values per year.
Given that the discharge volume of an event is known, peak discharge of that event gives
additional information that reflects on the duration of the discharge. The larger the
magnitude of the event peak is, the less time is needed for the passage of the flood wave.
Because of this, some temporal information is available through the use of peak
discharge data. The predicted model peak discharge of an event with a given return
period and depth can be compared to the peak discharge on record for similar historical
events. Adjustments to the Manning's roughness coefficient were made until model
forecasted peak discharge bore resemblance to historical data.
Use of more parameters for calibration would likely lead to too much ambiguity
in the definition of the model and to multiple parameter solutions necessary to create the
desired output. The fewer parameters that are adjusted, the more physically based the
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model can be justifiably be considered. Otherwise, if all parameters were considered fair
game for calibration, the model can become more of a "black box" than an actual
representation of the real watershed. Because of this, all spatial parameters, (slope,
length, area, etc.) were considered to be deterministic. Some of the other parameters that
were not used for calibration were not included to due the fact that they play a secondary
role in the rainfall to discharge transformation process.
Parameter adjustment will be made through the application of a multiplier applied
to the parameter values for all elements. This will preserve spatial heterogeneities
already present in the initial physically based model.
Before calibration was started, a sensitivity analysis was performed on the three
parameters selected for calibration. These parameters were each adjusted individually

and jointly for various storm depths and intensities in order to first acquire an
understanding of the response of the model to these adjustments. Having this knowledge
ahead of time expedited the calibration of the model.
There is data recorded from one event available from the USGS containing some

spatial and temporal data including a storm hyetograph and hourly discharge data
(Aldridge and Eychaner, 1984). This event occurred in October of 1977. The watershed
received between 6 and 12 inches of rainfall in the space of three days and discharge rates
peaked at 7380 cfs. This event was used as a verification event to evaluate the ability of

the calibrated model to forecast discharge rates at the basin exit, at the lake spillway, and
at the location of the USGS stream gauge.
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3.9. Simulation Event Synthesis

Over 30 different storm scenarios were applied to the final model and the results

are included in chapter four. Among the simulation events were a 24 hour probable
maximum flood resulting from 13 inches of precipitation and a 6 hour probable
maximum flood from 8 inches. These figures are based on Coe and Van Loo (1977).
Other figures from Hershfield (1963) were used for the 6hr and 24 hour 100 year flood
with depths of 3.6 inches and 4.6 inches respectively. All of the above storm depths were
applied uniformly in space and time over the entire basin.
Many smaller events were developed and used as input for the model. Different
combinations of return period, storm duration, and storm center location were simulated

and the hydrographs compared. The return periods used were 2 year, 10 year and 50 year
along with either a 30 minute, 1 hour, or 3 hour duration. Figure 3.8 illustrates the 5
storm center locations used for the simulations.

The center storm depths for these storms were taken directly from tables in
Hershfield (1963) for point depth values. The spatial distribution of storm depth was
assumed to be concentric about the center and decreasing as location from storm center
increases according to equation 3.17 taken from Fogel (1969). R is the storm depth at a

R = R o e-nr2b
b = .27e - 67R °

eq 3.18
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distance of r from the storm center where the depth is the storm maximum depth of Ro .
The resulting distribution was approximated by five concentric isohyetal rings around the
center of each storm. The rings were made into coverages for use in ARC View and
superimposed at the storm center locations in figure 3.8 and the average storm depth for
each model element was then calculated. Probable maximum precipitation events were
also simultated by the model. These events were uniformly applied and based on values
found in Coe and Van Loo. (1977). For all storm events, the initial storage of the lake in
the model was 350 million cubic feet, which corresponds to a stage one foot below the
spillway elevation.

Figure 3.8. Storm center locations of simulation events in the Sonoita Creek watershed.
(locations marked A — E).
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3.10. Flood Stage Estimation

Flood stage estimates were made for three locations along Sonoita Creek for the
flood peak discharges forecasted by the KINEROS model for the maximum probable
precipitation events and 100 year precipitation events. A thorough ground survey of a
channel cross-section is necessary for an accurate prediction of flood stage and areal
extent of flooding. Flood stages estimated in this paper are based on a visual inspection
of channels and 7.5 minute topographic maps. Rating curves were developed using the

Mannings equation and the cross—sections used within the model and described in figure
3.3 and table 3.3. The three sites considered were the location of the City of Patagonia,
the USGS gauge site, and the basin outlet. The channel cross-section dimensions used
from table 3.3 were 6a for the City of Patagonia, 2a for the USGS gauge site, and 6a for
the basin outlet with a change in the overbank width from 500 feet to 2,000 feet. The
smaller cross-section being used for the USGS site was chosen due to the fact that it is
located at a constricted site in the drainage.
Chapter four will describe and evaluate the outcome of the development of the

Sonoita Creek model along with the changes made during calibration as well as the
model simulation results and flood stage levels.
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4. RESULTS AND CONCLUSIONS
4.1. Introduction

This chapter describes the results of the development and application of the

Sonoita Creek model. Section 4.2 gives a description of the final model parameters
estimated using the methods outlined in chapter three. Section 4.3 discusses the results of
model calibration including information about model sensitivity to the three parameters
used for calibration. Emphasis is on runoff volume over peak discharge rates in section

4.3 because very little peak discharge data is available in the discharge record used for
calibrating the model. Section 4.4 contains data from the verification event along with a
comparison of model output with historical data. Section 4.5 discusses model output
generated from the simulation events and section 4.6 gives some flood stage estimates for

the major events simulated using the model. The remainder of this chapter evaluates the
model output as well as the model itself and lists topics related to the model that warrant
further consideration.
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4.2. Spatial Characteristics and Parameter Values of Model Elements

Once all the elements were delineated and their dimensions and parameters were
estimated, the data was formatted for use with the KINEROS2 computer program. A
total of 990 plane elements and 409 channel elements resulted from the application of the
procedures outlined in section 3.4. The total area of plane elements within the model is
251 mi 2 and the total length of the channels in the model is 332 miles.
The surface area of the plane elements in the model ranged from less than .1 mi 2
to 1.4 mi 2 (figure 4.1). The mean area of the plane elements was .26 mi 2 . This is
approximately the target of the methods used to delineate the plane elements. Inspection
of the frequency distribution of plane element area however indicates that the distribution
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Figure 4.1. Frequency distribution of overland flow plane element area in the Sonoita
Creek Watershed model.
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does not peak at the target area of .25 mi 2 , but instead brackets the target with two peaks.
The peak corresponding to smaller areas was caused by areas where stream network
nodes were closely spaced together. This was the case in any location where two or more
tributaries emptied into the same channel a short distance apart. The short stream
segments between the tributaries would each be identified as individual links and used to
define very small basins. The peak corresponding to larger areas was caused by large
basins delineated along long stream reaches that were uninterrupted by any nodes. Many
of these long links were identified and sub-divided before delineation was implemented,
but some of these were missed. The following scenario is another cause for oversized
delineated basins. For a basin to be identified according to the method outlined in section

3.4, it must reach a critical size. If two or more basins slightly below that size were to
contribute flow to the same point, the resulting headwater basin will be nearly
twice the size of the intended maximum basin size.
The length of the channels measured from the 7.5 USGS topographic quads
ranged from .1 to 2.3 miles. The mean length was .82 miles. Figure 4.2 below shows the
frequency distribution of the length of the channels in the model. This distribution also
appears to have two peaks, most likely due to the same reasons described above relating
to the length of channels between nodes.
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Figure 4.2. Distribution of channel element lengths in the Sonoita Creek model.

Plane lengths ranged from 100 feet to 5100 feet with a mean of 1542 feet or

roughly .3 miles (see figure 4.3). It would be expected that the average length for
overland flow planes would be nearly .5 miles or even more due to bends in flow paths
along the surfaces of the basins. A possible cause for the small value for the mean length
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Figure 4.3. Distribution of plane element lengths in the Sonoita Creek model
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for plane elements is the large number of smaller elements. Another reason why the
length of the planes is less than expected is due to the shape of the planes. The average
value for the ratio of length to width of all the plane elements is .42, indicating that the
delineated planes are short and wide. Inspection of Fig 4.4 confirms this, many of the
overland flow elements form short, wide planes stretched along the length of the stream
segments.
The range for the slope parameters for channels and planes respectively were
from 0 to .235 and from .02 to .62. There were a few channel elements near the exit of
the basin whose slopes were initially estimated to be zero. Theses zero slope values were
replaced with .001 so that the KINEROS2 model could function. The mean areaweighted slope estimated for the planes was .25 and .067 for the length-weighted
channels. The weighted distribution for the estimated slope parameters is illustrated in
Figure 4.5.
Model soil parameters for any plane or overbank element depend entirely on the
soil type read from the Santa Cruz Soil Survey for the corresponding location
(Richardson and Miller, 1974). The only exception to this was the final adjustment made
to K s for vegetation canopy and soil cover. Figure 4.6 is a histogram of the total area of
each soil type assigned to plane elements and figure 4.7 is a similar plot for overbank
elements. For all channel elements, the soil type used was sand. Slight increases of the
value for Ks from soil property based estimates occurred for all plane and overbank
elements depending on vegetation type. The value of Ks for plane elements ranged from
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Figure 4.4. Basins and channels within the Sonoita Creek Watershed delineated using
ARC View and ARCinfo
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Figure 4.5. Weighted frequency distributions of the estimated slope parameters for
planes and channels in the Sonoita Creek model.
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Figure 4.6. Histogram of total area of soil types used for plane elements in the Sonoita
Creek model

.03 in/hr to 11 in/hr with a mean of .37 in/hr. Figure 4.8 shows the frequency distribution
of the final Ks parameter for plane elements in the model. Overbank elements had a
similar range for estimated Ks parameters but with a higher mean value of 2.92 in/hr.

The values of interception parameters and roughness parameters for plane
elements and overbanks depended on the vegetation type determined for each element. A
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Figure 4.7. Histogram for overbank soil types in the Sonoita Creek model.
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Figure 4.8. Frequency distribution of K, parameters for plane elements in the Sonoita
Creek model.

histogram of the total area of occurrence for each vegetation type is shown in figures 4.9
and 4.10. The desert scrub type is notably missing. It was present in the vegetation
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coverage used with ARC View, but did not constitute a majority of vegetation types
occurring within any of the basins delineated with ARC View. The same was true for the
grass in poor condition vegetation type.

chapparral

woodland
mesquite, hillside
mesquite, drainage
grass, good condition
grass, fair condition
0

20

40

60

100

80

Area [tni 2 ]

Figure 4.9. Histogram of total area of vegetation types of plane elements in the Sonoita
Creek model.
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Figure 4.10. Histogram of total area of vegetation types of overbank elements in the
Sonoita Creek model.
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Channel cross-section and roughness depended on the channel type assigned to
each channel element in the model (see table 3.3). The vast majority of channels were
determined to be of cross-section type 2b, which is a fairly narrow channel (4 feet at the
bottom). This is due to the fact that much of the channel network is made of headwater
channels which serve as the primary water collectors from many model basins and do not

carry large volumes of water individually and are usually in steep, rough locations.
Figure 4.11 is a histogram of the total mileage of each channel cross-section type.

Figure 4.11. Total mileage of channel cross-section types of channel elements in the
Sonoita Creek model.
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4.3. Model Calibration

Once the model was completed and executable, model calibration began with a
comparison of model response to what would be expected from historical data using the
methods described in section 3.8. All calibration runs were carried out with storms with
uniform depth over the entire watershed and with constant intensity. The model output
measured was the total discharge volume and peak discharge at the USGS gauge. The
first set of storms used for comparing model response to the historical calibration data

Figure 4.12. Runoff volume expressed as a fraction of rainfall depth from the
uncalibrated model and estimated from historical data for 1 inch storms.

were all one inch depth storms of various durations. The resulting runoff volume
expressed as a percentage of rainfall depth was plotted along with the calibration data in
figure 4.12. These initial results reflected well upon the capability of the model to mimic
the runoff volume estimated from historical data. Peak discharge values were a bit high
compared to the peak discharge data available on record, especially for the more intense
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storms. The most intense storm (1 inch in 24 minutes ) had a model peak discharge of
10000 cfs while the historical record suggests roughly 6000 cfs.
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Figure 4.13. Model runoff volume for high intensity storms (> lin/hr ) and runoff
volume estimated from historical data.
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Figure 4.14. Model runoff volume for low intensity storms (about .25 in/hr) and runoff
volume estimated from historical data.

Investigation of model output continued with other storm depths at a low and high
intensity. Figures 4.13 and 4.14 display the resulting runoff volume against runoff
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estimated from historical data. The results indicate a clear tendency for the model to over
predict runoff volume from high depth, high intensity storms, and under predict runoff
for shallow depth, high intensity storms. Results from the low intensity events do not
indicate any clear trend, but there is clearly more error for model results for events other
than the one inch.
Once the response of the uncalibrated model was briefly evaluated, the sensitivity
of model output was investigated. Changes in model output for the location of the USGS
gauge were checked for sensitivity to changes in Ks , Cv, and Manning's n. Also response
to simultaneous changes in Ks and Cv and to simultaneous changes in Ks and Manning's
n. Most of the sensitivity study was accomplished using eight storms. Depths used were
.5 inches, 1 inch, 1.5 inches and 2 inches. For each depth, a low intensity event (about
.25 in/hr), and a high intensity event (about 2 in/hr) were used. For a few other cases a
one inch storm with a duration of 105 minutes was used. Parameter multiplication factors
for most events ranged from .5 to 2.5, but for the parameter Cv, a multiplier of .1 and of
10 were applied for one case.
The first parameter used in the sensitivity analysis was K. For the first test of
model response to changes in Ks , a set of multipliers ranging from .5 to 2 were applied
for a high intensity storm and a low intensity storm. The results are illustrated in figure
4.15. The sensitivity of model output volume appears to increase as output volume
increases, whether the output volume increases were due to lower values for Ks or due to
an increased storm intensity. Output volume was then checked for the other depths with
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just two multipliers, 1.5 and .7. The results from these model runs are presented in
graphical form in figures 4.16 and 4.17. Once again the plots of model output indicate

Figure 4.15. Model output volume response to changes in Ks expressed as a percentage
of rainfall for a 1 inch rainfall depth
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Figure 4.16. Model output volume response to changes in Ks for high intensity storms
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Figure 4.17. Model output volume response to changes in Ks for low intensity storms.

that sensitivity drops off as excess surface runoff decreases, either due to lower storm
intensity or faster infiltration rates. Given the earlier finding that for high intensity
rainfall events, the model over predicts storm runoff volume for large storm depths and
under predicts for small events; it would probably be advantageous to use a K s multiplier
greater than one since the larger events are more sensitive to K s and will converge to the
correct runoff volume faster than minor events which would diverge further away from
the targeted calibration values as the K s multiplier increases. Another advantage to
favoring correct model response for greater storm depths is the fact that it is those larger
depths that will create more volume and are of more interest from a flood-planning
perspective than the small depth total storms.
The next parameter used for model sensitivity analysis was Cv. The same four
depths and two intensities were used along with four multipliers for Cv. Figures 4.18 and
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Figure 4.18. Model output volume response to changes in Cv for high intensity events
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Figure 4.19. Model output volume response to changes in Cb for low intensity events

4.19. The response in volume output to changes in Cv was relatively insensitive in
comparison with the response to K,. The results were uniform and nearly linear. With
only one exception ( low intensity 1 inch event with Cv multiplier .5) runoff volume
increased with the Cv multiplier. Sensitivity to Cv increased with total strom depth,
especially for the low intensity events. Unlike the sensitivity of the model's output
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volume to K, sensitivity to Cv was slightly greater for the low intensity events,

especially in the case of the 2 inch event. The sensitivity analysis of the model's
response to Cv did not give any clear guidance how to adjust Cv for more accurate model
output or whether adjusting Cv could possibly help much in any case. If anything, a

decrease in Cv may be suggested by the fact that sensitivity to Cv increased with depth
implying that if Cv were decreased, the output volume of the larger high intensity events
would decrease more than that of the smaller high intensity events.
Next, sensitivity curves were developed for simultaneous changes in K s and CCv.
The same eight storm events were again used. The multiplier values used for Cv were .7,

1.5, and 2.5 and those used for K s were .7 and 1.5 and in a couple cases 2.5 and 5.
Changes in Cv in most cases did not affect the sensitivity of the model to K. This can be

seen in the fact that in figures 4.20 and 4.21 below, the lines of constant K s multiplier
remain parallel through the range of the Cv multipliers. The only exceptions to this were
the low intensity storms with depths of 1.5 inches and 2 inches as illustrated in figures

4.22 and 4.23. In those particular cases, the model became more responsive to changes in
Ks as the Cv multiplier increased from 1.5 to 2.5. No information was gained in this
analysis that would be helpful in reducing high intensity runoff of large depth events and
at the same time increasing high intensity runoff of smaller events. The plots of the other
four storms used this part of the sensitivity analysis are about the same as figure 4.21.
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Figure 4.20. Model output volume response to variation in Ks and Cv for a two inch high
intensity storm (duration = 1.6 hours).
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Figure 4.21. Model output volume response to variation in Ks and Cv for a one inch low
intensity storm (duration = 4.6 hours).
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Figure 4.22. Model output volume response to variation in Ks and Cv for a two inch low
intensity storm (duration = 8.8 hours).
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Figure 4.23. Model output volume response to variation in Ks and Cv for a 1.5 inch low
intenstiy storm (duration = 7 hours)
Sensitivity analysis continued with the Manning's roughness coefficient (noted as
"n" in the sensitivity plots) and included peak discharge at the USGS gauge as well as
fractional basin runoff. A range of multipliers from .5 to 2 were first applied for one
input storm with a depth of 1 inch and a duration of 105 minutes. The results are shown
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in figure 4.24. Manning's coefficient proved to strongly impact both peak discharge and
runoff volume. Percent basin runoff volume was nearly linear with respect to the

Mannings's n multiplier, while the sensitivity of peak discharge increased as n decreased.
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Figure 4.24. Model response to changes in Manning's n for a 1 inch storm with a
duration of 105 minutes.
Inspection of the historical discharge record along with return period estimates indicated
that for the storm used to create the plot in figure 4.24, a peak discharge of roughly 3500

cfs should be expected. With this in mind, a multiplier of about 1.25 for n appears
appropriate. Effects of Manning's n value were further investigated along with
simultaneous changes in K. The same storm was used again with the low-intensity 2
inch storm and the high intensity .5 inch storm. Multipliers of .5 and 2 for n and .7 and

1.5 for Ks were used for the three storms. The results for peak discharge and runoff
volume are illustrated in figures 4.25, 4.26, and 4.27. For all events, runoff volume and
peak discharge decreased with increasing values for n, and the same was true for peak
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Figure 4.25. Model output volume and peak discharge response to variation in K s and n
for a one inch, 105 minute storm.
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Figure 4.26. Model output volume and peak discharge response to variation in Ks and n
for a .5 inch, 24 minute storm.

discharge. Changes in n appeared to affect model runoff response to changes in Ks for
the two shorter storms but not for the 2 inch 8.8 hour storm. This is apparent because the
lines of equal K, multiplier in the runoff volume plots of figure 4.27 remain at a nearly
equal distance apart through the range of tested n multipliers. In figures 4.25 and 4.26 on
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Figure 4.27. Model output volume and peak discharge response to variation in Ks and n
for a 2 inch, 8.8 hour storm.

the other hand, the lines appear to converge as the n multiplier increases. This suggests
that as n decreases, the runoff volume response of the model will become more sensitive
to changes in Ks for storms of lower volume or duration. In light of this, it would seem
that an increase in n would improve model output if Ks were increased as recommended
above. This is true because if n were decreased, output for the lower volume and shorter

intense events would become more affected by an increase in Ks than otherwise, driving
the output volume of the model lower and farther away from calibration targets.
The sensitivity of predicted peak discharge to simultaneous changes in n and K s
were substantially more sensitive to n and for the half-inch storm, the modeled peak
discharge showed much higher sensitivity to K s also. The peak discharge estimated from
historical data for the 2 inch, 1 inch, and half inch storms respectively are 3500 cfs, 3000

cfs, and 2000 cfs. Based on the plots above and historical data, an increase in n or Ks or
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both would improve modeled peak discharge for the larger storms but would increase
error for smaller storms.
Actual calibration was carried out by iteratively running the model for six
different storms and adjusting the calibration parameter multipliers between each set of
six model runs (one for each storm). The storms used were the 2 year and 25 year storms
of a depth of .5 inches, 1 inch, and 2 inches. After each set of six storms was run, the
sum of the squares of the difference between model output and historical estimates for
percentage runoff were summed. Parameter multipliers were adjusted to minimize this
sum. The resulting multipliers were .1 for Cv, 1.15 for Ks , and 1.1 for Manning's n.
Model output for the six calibration storms along with the 5 year storm for a depth of .5,
1, and 2 inch depths is plotted against historical estimates in figures 4.28 and 4.29.
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Figure 4.28. Model forecast and historical estimate of storm runoff volume for nine
storms used for model error estimation.
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Figure 4.29. Model forecast and historical estimate of peak discharge for nine storms

Depth

Return

Percent Runoff

Period

historical

error2

uncalibrated calibrated
0.024
0.034
0.035
0.042
0.039
0.055

uncalibrated
0.000784
0.002916
0.007225

calibrated

0.001089
0.003306
0.008649

.5 in

2yr
Syr
25yr

0.090
0.150
0.225

1 in

2yr
Syr
25yr

0.075
0.120
0.200

0.088
0.140
0.195

0.072
0.107
0.155

0.000169
0.000400
0.000025

0.000009
0.000169
0.002025

2 in

2yr
Syr
25yr

0.055
0.100
0.175

0.037
0.001
0.080
0.096
0.214
0.270
(sum(err2 )) 5 / 9

0.011664
0.000064
0.036100
.081204

0.001296
0.001600
0.006084
0.051884

Table 4.1. Error analysis of model runoff volume output from the uncalibrated and
calibrated models for nine storms.
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4.4. Model Verification

The output of the model was checked against data available from one event
documented by the USGS (Aldridge and Eychaner, 1984). Figure 4.30 illustrates the
spatial distribution of the event rainfall. The report also included the time profile of
rainfall accumulation for several locations southeastern Arizona during this event. The
profile for Nogales given in the report was used for application to the model for

5 tulles

Figure 4.30. Spatial distribution of total storm depth of verification event (Aldridge and

Eychaner, 1984).
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Figure 4.31. Storm profile of verification event, model estimation of discharge and
observed discharge from the USGS report (Aldridge and Eychaner, 1984).

distributing rainfall through the duration of the event. The profile is included in figure

4.31. The storm included two pulses, but discharge from only the second pulse was
available in the USGS report. The model output for the USGS stream gauge location is
plotted against the discharge measured at the same location during the event in figure

4.31. The exact timing of the arrival of the second pulse of rainfall is somewhat
uncertain because the rainfall profile used was taken from Nogales located well outside
of the boundaries of the watershed. This fact casts some uncertainty into the timing of
input rainfall for the model and thus into the exact plotting location of the output
hydrograph in figure 4.31. The model hydrograph and observed hydrograph for the
second pulse of rainfall are plotted again at a larger scale in figure 4.32 with a two hour
backwards shift in the observed hydrograph in order to closer align the hydrographs for
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comparison. The model was run a second time with only the second pulse of rain in
order to reveal the effects that the previous input rainfall had on the ouput hydrograph.
This second output hydrograph is shown in figure 4.33 along with the observed

hydrograph and profile of the second burst of rain.

Figure 4.32. Model ouput and shifted observed hydrograph for second rainfall pulse.
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Figure 4.33. Model output for second pulse of rain only and observed hydrograph.
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4.5. Model Output

Model output hydrographs for all the storms described in section 3.9 are plotted in

the appendix along with tables of runoff volume, peak discharge, and percent runoff.
Output from the verification event of October 1977 is also included. Hydrographs for
three basin locations were collected from the model output. The locations used were the

site of the USGS stream gauge, the spillway at Lake Patagonia, and the exit of the entire
basin. For many modeled storms, very little or no discharge was forecasted for the lake
spillway or the basin outlet. For such cases, no hydrograph is plotted and no values are
given in the tables for discharge volume or peak discharge. The same is true for storms
centered at point E in figure 3.8; no discharge at the gauge site was observed because it is
upstream from point E. The runoff percentage values given for the USGS gauge site for
storms centered at point D may be inaccurate, especially for the larger events. This is
because the model output did not indicate the volume of rainfall occurring upstream of

the gauge location only. Only total storm volume was available from the output, and
calculating the ratio of discharge volume at the gauge site to the total storm volume
would be meaningless if a significant amount of the event rainfall occurred downstream
from the gauge site.
Results from the Sonoita Creek Watershed model indicate several characteristics

of the basin's storm response. One of the first apparent characteristics is that storm
location can in some cases, determine whether or not discharge is observed at a location.
This is especially true for smaller storms. Inspection of the first sheet of plots in the
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appendix makes this clear. The output also indicates that it is not merely because of
distance that some storm center locations are less likely to create discharge at a point.
The fourth sheet in the appendix shows the output for the 2 year 3 hour storm at all five
storm center locations. Location C failed to produce runoff at the gauge for this storm.
Location B, which is even a greater distance from the gauge, produced a hydrograph
peaking at 500 cfs. For other storms where runoff at the gauge was observed for events
centered at B and C, location B consistently proved to be a more efficient runoff
producer. Another affect on model output that storm center location appears to have, is
on the shape of the forecasted hydrograph, especially for larger events. The shape of the
hydrographs from smaller events tends to look the same; a steep rising limb quickly

followed by a more gradual recession. If the hydrographs for larger storms centered at A,
B, and D are compared, it can be seen that some of the hydrographs for each location

have some distinguishing features in their shape. Hydrographs at the gauge site for large
storms centered at point A have a declining limb that is steeper than the rising limb.
Hydrographs at the gauge site for larger storms centered at B have a peculiar rising limb,

which often has a sudden decrease in slope midway between the start of the plot and the
peak. The hydrographs for the gauge site for larger storms at point D however tend to be
symmetrical about the peak. These profile shapes are lost in translation through the lake
and are not observed at the spillway or the basin outlet.
Storms centered at E tended to produce very little runoff at the basin outlet, even
thought the outlet was just a short distance downstream from point E. Also, translation of
discharge from the spillway due to large storms located further upstream caused a lot of
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attenuation of flow in the lower reaches of the main channel near E. This can be seen in
the plots from the 3 hour, 50 year storms plotted on fifth sheet of the appendix.
Output from the verification event also indicates that the lower end of the
watershed has a strong tendency to reduce discharge traveling through the main channel.
The hydrographs for the first and second pulse of the verification event display this very
well. There appears to be a problem with the output hydrograph for the basin outlet for
the first pulse, most likely it is due to a model malfunction. The only event where an
increase in discharge between the dam and the basin outlet was indicated was the event
that created the most runoff, the probable maximum 6 hour storm.
The output from the probable maximum precipitation events and the 100 year
events indicate that modeled peak discharge is driven more by storm intensity than by
storm volume. Not only did the six hour events create larger flood peaks than the 24 hour
events, they also produced a larger volume of runoff. The six hour probable maximum
flood created the greatest flood by far of all the modeled events with a peak discharge of

106,00 cfs at the basin outlet and a volume of 1.5 billion cubic feet. To further instigate
the effects of storm intensity, the 24 hour 100 year storm and the 24 hour probable
maximum precipitation event were run again but with a different temporal profile. The
profile used was based on the profile used for a report on Patagonia Lake by Coe and Van
Loo (1977). The profile was developed by the SCS and is designated as the type 1 A
rainfall distribution. The profile had to be simplified to only two mid-storm breakpoints
for use with the KINEROS model. This distribution is plotted below in figure 4.34. The
results with the different storm profile were dramatically different than those from the
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Figure 4.34. Rainfall distribution based on SCS rainfall distribution type lA used for
second model simulation of probable maximum precipitation events.

uniform rainfall distribution. Peak discharge went up by more than a factor of four for

the 24 hour probable maximum precipitation event and a factor of three for the 6 hour
probable maximum precipitation event. Runoff volume increased by about 20% for both
cases.
Hydrograph travel time from the USGS gauge to the spillway and from the

spillway to the outlet appears to be dependant on peak discharge. Travel time ranged
from 30 minutes for both reaches for a peak discharge of 100,000 cfs to 2 1 12 hours for the
events just barely big enough to create runoff at the spillway or basin outlet.
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4.6. Flood Stage Estimation.

Figures 4.35 through 4.37 display the rating curves used for estimating flood stage
at the three selected sites. Table 4.2 shows the model estimated stage for each location
and flood. The probable probable precipitation events used were in this table were
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Figure 4.35. Rating curve for Sonoita Creek near Patagonia.
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Figure 4.36. Rating curve for Sonoita Creek at the USGS gauge site.
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Figure 4.37. Rating curve for Sonoita Creek at the basin outlet near Rio Rico.

those using the SCS 1 A rainfall distribution. This decision was made because the
discharges from the uniform probable maximum precipitation events were much lower

and posed relatively little threat compared to that of the unsteady storm events.
Inspection of topographic maps suggest that homes and businesses will be threatened by
inundation if stages reach 15 ft. at Patagonia or at the basin outlet near Rio Rico. This
suggests that the City of Patagonia is in harm's way if a probable maximum flood were to
take place. It appears that Rio Rico is safe with the exception of the six hour maximum
6hr 100yr
6hr PMP
24hr 100yr
24hr PMP
peak [cfs] stage [ft] peak [cfs] stage [ft] peak [cfs] stage [ft] peak [cfs] stage [ft]
21
11
7,500
18,000
19
81,000
8
Patagonia
67,000
41
106,000
7,600
11
19,000
17
37
86,000
GS gauge
117,000
15
3900
6
12,000
8
13
81,000
outlet

Table 4.2. Table of peak discharge and stage for three locations and four major storms.
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probable precipitation event. An estimate of 148,000 cfs for the probable maximum
flood was made by Coe and Van Loo (1977) for the basin outlet. Using figures in table
4.2 to extrapolate discharge at Patagonia for this event, a discharge of about 100,000 cfs
can be estimated for Sonoita Creek near Patagonia. Stage at the outlet and Patagonia
respectively would then be 16.5 ft. and 23 ft. This would be sufficient to threaten
development at Rio Rico and cause serious damage to structures in Patagonia. These
results are highly uncertain and the reader is urged to read the last paragraph of the next
section.
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4.7. Conclusions

Use of ARCView GIS to delineate basins proved to save a lot of time and
provided an objective method to accomplish that task. The resulting system of basins and
channels was thoroughly checked against topographic maps and in most areas proved to
be an accurate representation of the landscape. The only exception to this were areas
along Sonoita Creek where the valley was wide and flat. In areas like those, the path of
incoming tributaries would deviate from their actual courses by distances of up to half a

mile. The number of such cases was few and were corrected manually. Slope parameters
estimated with ARC View were not closely checked. They correlated well with the

terrain of the areas they represented. Before the implementation of ARCView, slopes
were measured by hand from topographic maps for Hog canyon, a tributary to Sonoita
Creek. The hand-measured values were found to agree well with the values from

ARCView. The length, width and area of plane elements form ARC View were not
thoroughly checked either, but appear reasonable, especially in light of the fact that the

total area of channel, overbanlc, and plane elements totals 257 mi s while Evans et al.
(1979) shows a value of 265 mi 2 for total basin area. Channel cross-section dimensions
are also unchecked. Most likely there are many locations in the watershed where the
model representation of channel shape and size is inaccurate because of the highly
generalized method used for cross-section estimation.
Soil parameters used for the model are only as accurate as the data in the SCS soil
survey and the soil texture correlations used to estimate the infiltration parameters. No
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field verification was conducted. Casual observation in the field indicated that soil
texture in the basin varied widely, but often included a lot of gravel and cobbles. Coarsetextured soils were generally found along channels and finer-textured soils and in some
cases clay were the rule for steeper terrain. Inspection of published tables of soil
conductivity values shows that the order of magnitude of the saturated conductivity
values used is correct. Soil porosity values also checked out within published ranges for
soil porosity for various soil textures.
Vegetation parameters, likewise, were not field checked, but were based on GIS
vegetation data, published values, and for the case of soil cover, were based on old field
data also. The vegetation data used compared well with observations from the field for
the upper half of the watershed, but for the lower portion of the watershed, many areas
were designated as grass in fair condition when in reality, those area appeared to consist
of desert scrub species. Fortunately parameters used for those two vegetation types were
not entirely dissimilar (see table 3.1). Also what was noticeably lacking was the presence
of any areas designated as grass in poor condition. Many areas of the watershed
appeared to be in such a condition early in the summer before rainfall from summer
thunderstorms begins to accumulate. This would tend to skew model output volume
downward.
The method used for the development of model calibration curves was not based
on any previously published research and has never been verified in application to other
basins. The most questionable result from the use of the calibration method outlined in
section 3.8 is the fact that for any given return period, a half-inch storm creates a
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percentage runoff at least twice as great as that of a 2 inch storm (see figure 3.6). It
appears that too much emphasis was placed storm intensity as the determining factor for
percentage runoff. The underlying cause for this discrepancy is most likely due to a
number of historical events on record where a large quantity of runoff was measured but
much less than one inch of precipitation was estimated for the basin. If a sufficient
number of such events is recorded, this would cause most of these events to be designated
with a short return period and inflate the calibration runoff volume for low-depth storms.

This was one consideration that was kept in mind during model calibration. More
attention was paid to how closely model output matched calibration data for the two-inch
storms than how well the model and calibration targets matched for half-inch storms.

The results of the calibration reflect this both in figure 4.28 and table 4.1. There is
clearly much more divergence in model output from calibration for the half inch events
than for the 2 inch events, even more than the uncalibrated model. There are two other
reasons for seeking more accuracy for larger depths. One is that the larger depths create

more runoff volume and thus model error in absolute terms is more sensitive to error in
percent runoff. The other comes from the conclusion by Michaud (1992) that it is the
storm core rainfall volume where storm depths are at their maximum that dictates the

volume of runoff generated by the basin.
The biggest disappointment from the sensitivity analysis is the apparent lack of
impact on model output by the coefficient of variation of saturated soil conductivity, Cv.
It was expected that adjustment of Cv would facilitate control over the ratio of modeled
runoff volume for high intensity events to the same for low intensity events. The

123
reasoning for this expectation was that for high intensity events, infiltration would
increase as Cv increased because the total area of high soil conductivity would increase;

and at the same time, total area of very low conductivity would increase and less
infiltration would be realized for low intensity events. The opposite would happen if Cv
were decreased. It is now clear in hindsight that this reasoning works only if infiltration

rates are somewhere between low intensity rainfall rates and high intensity rainfall rates.
The fact that runoff for both high and low intensity events increased as Cv increased
suggests that infiltration rates exceed the high intensity rainfall rates. The reason for this

conclusion is that increasing Cv must create more areas where the infiltration rate is less
than the rainfall rate to see the effects observed during the sensitivity analysis. This
could only be true if mean infiltration rates are greater than the high intensity rainfall

rates. This is in fact true. Using equations 3.1 and 3.2 with one-half inch accumulated
storm depth for F, .45 for porosity, .06 for initial saturation, the mean value of K s for the

plane elements of the model, .37 in/hr, and 4.43 inches for G; an infiltration rate of 1.6
in/hr results. This value is greater than all of the rainfall rates used for all the high
intensity calibration events except for the 25 year and 10 year half-inch storm. An even
higher average infiltration rate would be in effect for those events because less

accumulation takes place. Effective infiltration of the entire basin is yet higher for all
events due to the 7.9 in/hr saturated conductivity rate used for the channel bottoms of the

model. A significant change in model output resulted from assigning a Cv multiplier of
.1. Runoff for the low intensity 2 inch event increased dramatically while output for all
other events remained about the same. This change was kept for the final model
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calibration due to its beneficial effect in forcing model output to closer reflect calibration
data. No explanation is offered here for this change in model ouput, and it remains

questionable if there is any physical basis for this change.
Use of the multipliers of 1.15 for K s and 1.1 for the Manning's roughness
coefficient however keeps those parameters close enough to their original values that they

still can be considered to be physically based. The use of the .1 multiplier for Cv may
have no physical basis, but if the meaning of that parameter is kept in mind, the use of

that multiplier does not obscure the similarity between the model and the real basin. The
model in its entirety can be considered to be physically based on the Sonoita Creek
watershed, and not to be a black-box representation of the basin.
Use of the verification event did not yield a lot useful feedback on the accuracy of

model output. Comparison of figures 4.31 and 4.32 illustrate one reason why. The
difference between the model output hydrographs in the two figures is that the
hydrograph in figure 4.31 was the model's output in response to the second pulse of

rainfall after receiving the first pulse followed by a steady input of rainfall in between.
The model hydrograph in figure 4.32 had no preceeding input precipitation. The two
hydrographs bracket the actual hydrograph in both volume and peak discharge. This

difference demonstrates the significance of antecedent soil moisture condition to model
response. Whether or not the same can be said about the real basin is as certain as the
model is accurate. Another mechanism that may be playing a significant role in the
verification event is the recovery of infiltration capacity between rainfall events. This
process in the model depends on microtopography parameters which were not defined
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during model development. The other reason why the results of the verification run are
ambiguous is the matter of the timing of the rainfall. The profile for another nearby
location on the north side of the Santa Rita mountains has a much smaller second pulse
than that of Nogales and occurs somewhat later (Alderidge and Eychaner, 1984). Even
runoff volume of the observed event is somewhat uncertain. The last point of the
observed hydrograph has a discharge of over 1,000 cfs, which means there is a significant
amount of volume missing from the hydrograph. This along with the fact that the model

hydrograph quickly returns to low values at the end of the event indicates that the model
is lacking in the ability to forecast the long-term receeding limb of major events. This
most likely due to the fact the model does not include a slow-releasing return flow
mechanism. The overall timing, shape and peak of the model hydrographs do not totally
misrepresent the real event however, and it can be concluded that the model is accurate
with regards to time to peak, peak discharge, and volume within a factor of 2.
No definitive conclusions are made in regards to model accuracy for the events
plotted in the appendix. Qualitatively, the output is sensible, less runoff is generated for
small events, events with remote storm centers, or events of lower intensity. One
interesting feature of the model output is the tendency of the smaller events to have very
steep rising limbs. This is probably due to channel infiltration attenuating the leading
edge of the floodwave as mentioned in section 2.5. This is not apparent for the mid-sized
and large events. In these cases, the infiltration capacity of the channels is already
greatly reduced by the time only a small percentage of the flood volume has passed. One
more aspect of the output to point out is that the model appears to reach some sort of
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equilibrium for the 24 hour probable maximum storm with a constant intensity plotted on
sheet 10. The rate of runoff is about .1 in/hr and the rate of applied rainfall for that event
was .54 in/hr. This suggests a basin-wide average infiltration rate of .44 in/hr during
saturated conditions.
Three of the plots in the appendix appear to result from what may have been some

sort of a model malfunction. Two of these are the plotted output for the first pulse of the
verification event (sheet 8), and for the 6 hour 100 year event (sheet 9). In both of these,
there is a very sudden stop to outflow from the lake spillway. The third plot is for the 24
hour 100 year storm on sheet 10. In spite of the fact that the input event had a constant

rate of input rainfall, the hydrographs feature a well defined peak discharge by time half
the total rainfall is accumulated. It is uncertain what caused this, but it is definitely
erroneous.

The impact of the creation of Patagonia Lake can be seen in the discharge plots.
Comparison of the hydrographs for the major floods at the gauge and at the lake spillway
leads to the conclusion that no reduction in peak discharge occurs if discharge rates
exceed 15,000 cfs. This threshold is based on an initial lake level one foot lower than the
spillway and could be increased by a lower initial lake stage. The lake is capable of
attenuating or even intercepting smaller floods, which is useful for water conservation
purposes, but not necessary from a flood control perspective since such events pose little
threat to life or property.

The accuracy of the rating curves used for stage forecast as well as the assessment
of flood damage is tenuous at best. Accepted methods for estimating damage potential
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require a thorough survey of the area in question as well as use of information on damage
occurring in previous floods and flood levels during those events. One likely source of
significant error in the rating curve is the shape of the channel cross section to which the

Mannings equation was applied. This is especially true for the case at the location of the
City of Patagonia. The cross section used there had a side slope value of 1 for areas
above the 500 foot wide overbank. It is probably the case that the transition from the

overbank area to the steep slopes of the edges of the valley are very gradual and that
these transition areas make for a much wider flow channel for the water to follow. This
would mean a lower stage than predicted above, but it would also mean more widespread
flooding than what would be predicted using the model channel cross-section alone.
Another possible source of significant error for really large discharge levels comes from
backwater effects. According to the report by Evans, et al. (1979), the PMF at the lake
spillway is 172,00 cfs, and this discharge rate is sufficient to cause extensive damage to
Rio Rico at the basin outlet.
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4.7. Recommendations for Further Research

In spite of the use of GIS technology to delineate basins and estimate spatial
parameters, the task of building the model consumed a lot of time. If nearly the same
output can be generated by a model with fewer elements and parameters, the potential
savings in model development time and computer resources is good motivation to explore
the possibility of model simplification. Aggregation of total storm depth is another
similar issue worthy of the same attention. It could be that there is still not enough
resolution in the spatial distribution of precipitation for the model to accurately forecast
runoff. From comparison of the hydrographs on the last two sheets in the appendix it
appears likely that the temporal distribution of rainfall justifies further attention. But
even if the correct level of resolution of rainfall data and of model complexity is clearly
defined, there is yet another obstacle to routinely developing distributed runoff models
for operational forecasting. This is the availability of both real-time data and historical
data of sufficient temporal resolution to generate accurate model input and to calibrate
the model.
There is also opportunity for countless hours of field work generating data for
infiltration, interception, and channel cross — section parameters and dimensions. Effects
of recent human and stock activities could be assessed by comparing newly collected
information with older data.
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Model sensitivity to only one infiltration parameter was checked for the
calibration of the Sonoita Creek model. It may prove to be beneficial to tweek with
other parameters such as porosity and the integral capillary drive. Another model
characteristic that needs attention is output sensitivity to changes in channel infiltration
rates independent of infiltration rates for plane elements. It could be true that the effects
of channel infiltration and overland infiltration affect model output in different ways.
Exploration of model sensitivity to channel cross sections may also provide a useful way
to control output characteristics.
Improvements in model output may also be realized if certain processes were
added to the model or if changes were made to existing processes. Interception in
KINEROS2 is treated as a constant value independent of total accumulated rainfall. In
several published reports equations were given to estimate event interception based on
total storm depth. Infiltration capacity in KINEROS2 was not limited by total soil depth,
soil profiles are assumed to continue downwards indefinitely. Description of soil profiles
by Kafri and Asher (1978) suggests that soils on the mountains in the area are shallow
and overly a surface of fractured bedrock. In lowlands, especially in arid environments,
caliche layers are common. In both cases, strong discontinuities in soil profiles can be
expected over most of the basin. Another issue that may deserve some attention is that of
microtopography and recovery of infiltration capacity between storm peaks. These two
issues are closely related and are included in the KINEROS2 model but were not
incorporated into the model developed for Sonoita Creek. Another feature in KINEROS2
that could be put to use for the Sonoita Creek watershed model is the cascaded plane
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feature. There were areas where one plane was used to represent an area where runoff
from steep mountainsides had to cross relatively flat terrain before reaching a channel
below. There were also areas in the basin where the surface was composed of exposed
bedrock that are likely to be very impervious. Such areas could be located and
represented by plane elements with near zero hydraulic conductivity values. Another
parameter that was used for the model that demands more analysis is initial soil water
storage. This was made clear when model output from the second verification pulse
alone was compared to output from the same with the first pulse included in the model
input.
Effects of both Patagonia Lake and small stock tanks can also afford more
attention. The routing scheme used for the lake does not take into account travel time of
discharge across the length of the lake. The use of the lag and K routing scheme or else
the Muskingham-Cunge method may more accurately represent the hydraulic character of
the lake. Previous research on stock tanks in the state of Arizona indicates that their
effects from a water resources standpoint are minimal (Milne and Young, 1989). This
may not be the case for singular storm event discharge.
Finally, some major changes to the model would have to be made if it were to be
used to continuously forecast discharge rates in the main drainage and other major basin
channels. Much closer attention to soil moisture retention would be required along with a
way to estimate evaporation. Also, a relationship between subsurface discharge to
channels and soil moisture content would have to be established. A snow melt model
would also have to be included among the processes within the model. Seasonal affects
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on basin hydrology may also warrant consideration. But even after these processes are
included into a model, the model can only be as good as the availability and accuracy of
the data necessary to define its parameters and to keep it running.
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APPENDIX
Model output is presented on eleven sheets in the appendix. The first five sheets

have output for all five storm center locations for various storms. Each of the five sheets
show hydrographs for one particular storm at each of the five storm centers. The
hydrograph for any storm at a given storm center location is at the same position on each
of the first five sheets. The presentation of hydrographs is formatted this way to facilitate
comparison of different storms occurring at the same location or else identical storms
occurring at the different locations. Figure 3.8 is shown again below to conveniently
illustrate storm center locations.
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