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Abstract. About 70% of the annual precipitation on the Walnut Gulch Experimental
Watershed in southeastern Arizona occurs as thunderstorm rainfall during the 3-month
period from July through September. The summer thunderstorms produce high intensity,
short duration rains of limited areal extent. Records from long-term stations give good
estimates of the average annual and seasonal precipitation for a region, but networks of
recording gages are necessary to describe individual storms and seasonal rainfall on finite
watersheds. The optimum rain gage density varies inversely with watershed size and directly
with the required accuracy. For example, to correlate rainfall and runoff, a 1-mi8 watershed
with a length-width ratio of 4 requires a network of three recording rain gages. For water
sheds of approximately 120 acres or less, the optimum network for rainfall-runoff correlation
is one recording rain gage. Generally, the number of gages required per unit area decreases
as the watershed size increases up to about 10 mi*. A network of gages located at 1.5-mile
intervals is necessary to correlate adequately the thunderstorm rainfall and runoff for water
sheds of 10 mi* and more.

Numerous papers have been published in the of the problem may be solved by a careful
past few years concerning the optimum record- consideration of what is needed. Quite often,
ing of water resource data. Many of these large amounts of money are spent on instru-
studies have been concerned with sampling data menting a watershed or a region before a
other than precipitation data, but they are all thorough study of the foundation of the proj-
pertinent, at least in part, to establishing or ect has been done.
determining optimum rain gage densities. The climate of the region may be a considera-

Gunnerson [1966] states: tion in determining the optimum rain gage
In view of the high cost of obtaining ******?• If the P«*ipitation is primarily low

these data, any procedure that will enable density rain or snow over relatively large
officials to reduce the necessary data will areas' a few widely spaced gages may be satis-
assume a most important role in the field factory. If most of the precipitation is from
of water resources. Such an optimum will high intensity thunderstorm cells of limited
of necessity be a major part of the data areal extent, as is the case in much of the
requirement for the development and Southwest, more rain gages may be needed for
management of water resources in the the same areal coverage. However, the objectives
^5^Jmtml ^ 1S,!lmite? of the Pr°Ject are Senerally more importantt,fn £ Z™7w time-senes although ^ the climatic dif?erencesf If on, mePan fln_
it can be shown that similar considerations „, • r „ . , , , ' , ,
apply to space fields as well. nual rainfaU 1S needed for a Particular study,

sparse networks may be in order. If definition
Obviously, before one can establish an opti- of the individual thunderstorm cells and the

mum rain gage network or determine an op- areal variation in intensities within these cells
timum rain gage density, the limits and is wanted, obviously much more intense gaging
requirements for the measurement of the input is necessary,
(rainfall) to the system must be defined. Much This paper was based on data from a rain
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260 OSBORN, LANE, AND HUNDLEY

gage network in southeastern Arizona. All re
suits and conclusions should apply to similar
climatic zones, and some of the conclusions will
apply to optimum rain gage densities in general.

EXPERIMENTAL WATERSHED

The Southwest Watershed Research Center of

the Agricultural Research Service operates the
Walnut Gulch Experimental Watershed near
Tombstone, Arizona. This 58-mi2 watershed is
subdivided into many smaller watersheds. There
are 95 recording rain gages on the main water
shed (Figure 1). About 65 of these gages are
more or less evenly distributed over the water
shed, whereas the other 30 are concentrated on
a few of the smaller subwatersheds or are lo
cated beyond the watershed divide to provide
better coverage of-precipitation events on the
watershed boundary.

When hydrologic instrumentation was first
planned for the Walnut Gulch watershed in
1953, about 60 recording rain gages were to be
evenly placed on the watershed on a 1-mile
grid. Because access was difficult, the actual
network was not evenly spaced, and because
funds were limited, the original network was
not completed until about 1958. From 1958 to
the present, recording rain gages have been
added as necessary both to fill 'gaps' in the main
network and to increase the gaging density on
specific subwatersheds.

Such additions were made primarily because
of experiences in the early years of the water

shed. For example, in 1955 a peak discharge
of 1500 cubic feet per second was recorded
from one 560-acre watershed. The only rain
gage for this watershed was located at the
runoff-measuring structure, and the rainfall as
measured by this single gage 'began' after the
runoff. The runoff recorded during the storm
was greater than the amount indicated at the
one rain gage. Since it was obvious that the
one gage was inadequate to determine the
individual thunderstorm precipitation, two
others were added, one in the middle of the
watershed and one at the upper end. These
gages were placed arbitrarily because of the
experience in 1955 and not because of any
known network requirements.

In this study, an attempt was made to deter
mine optimum rain gage densities for each of
three objectives: (1) determining volumes and
maximum rates of precipitation from individual
thunderstorms, (2) predicting runoff from se
lected watersheds, and (3) determining the
mean annual and seasonal rainfall.

RESULTS

Rainfall and runoff from individual thunder
storms. One criterion for an optimum gaging
density is runoff prediction. Osborn and Lane
[1969] found that the peak discharges for very
small natural rangcland watersiieds (11 acres
and less) near Tombstone, Arizona, correlated
best with the maximum 15-minute rainfall Pu
and also correlated well with the total storm
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Fig. 1. Walnut Gulch Experimental Watershed rain gage network in October 1967.
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Fig. 2. Lucky Hills and W-4 watersheds.

rainfall PTOT. More recent analysis confirmed
these correlations for watersheds up to 120
acres in size. Therefore to facilitate the analy
sis P1S and Ptot were used to determine the
optimum rain gage density needed to define
rainfall from individual thunderstorms as well
as to correlate this rainfall with runoff.

Rain gages 83, 84, and 86 are located on the
20-acre Lucky Hills watershed. The distances
between these gages are 506, 890, and 926 feet
(Figure 2). These three gages represent the
densest network on the Walnut Gulch Experi
mental Watershed. The 19 individual runoff
events that occurred in the 4 years of record
were analyzed. The simple correlation between
gages was 0.91-0.96 for PTOT and 0.86-0.92 for
P1S (Table 1).

Rain gages 60, 61, and 82 are located on or
near the 120-acre Kendall watershed (Figure 3).
The distance between gages is 2100-3000 feet.
Twenty-eight individual events were analyzed
for the 4 years of record. The simple correla
tions were 0.83-0.91 for PT0T and 0.73-0.90 for
P„ (Table 1).

Gages 27, 31, and 71 are located on the
560-acre W-4 watershed (Figure 2). The dis
tance between gages is 4200-8550 feet (or from
just under 1 mile to just under 2 miles).
Twenty-three individual events were analyzed
for the 4 years of record. The simple correla

tions ranged from almost zero to 0.71 for PTOt
and from about zero to 0.57 for Pu (Table 1).

W-5 watershed. Rain gages 29, 35, 36, 41,
42, 46, 47, 48, and 49 are located on the 5500-
acre W-5 watershed (Figure 4). The distances
between gages are 3,800-19,300 feet. Thirty-one
individual events were analyzed for the 4 years
of record.

The simple correlations for gages were 0.10-
0.80 for PTOT and 0.17-0.84 for P„, the more
distant gages showing the poorest correlations:

The simple correlations between pairs of
gages and distance between gages up to 8500
feet for Ptot and Pa are shown in Figure 5.
There is considerable scatter, but, as onemight
expect, the correlation clearly decreases as the
distance between gages increases. A rough esti
mate of this correlation indicates that for a cor
relation of 0.90, gages must be placed within
1800 feet for accurate definition of PTOt and
within 1000 feet for Pa. In other words, for
satisfactory representation of thunderstorm in
put at this level of correlation, a continuous
recording rain gage network with gages at
1000-foot intervals would be required. Thus
about 1400 gages would be needed for the
58-mi2 Walnut Gulch Experimental Watershed.

Servicing and processing the data from such
a conventional network would be almost pro
hibitive for any type of study. It takes about
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3 man-yearsto collect the charts and service the vidual thunderstorms is essential, some other
network of 95 rain gages on Walnut Gulch, method of measurement must be devised.
Another man-year is needed to convert the Runoff. Eagleson [1967] and others have
analog data to digital form. Manpower costs shown that watersheds tend to dampen, or
therefore are about $20,000, and the individual smooth, rainfall input signals. In general, the
rain gages cost about $300. Although the op- larger the watersheds, the more likely smooth-
erating costs would not be 14 times as large ing is to occur. In this context, a multiple
for the 1400-gage network as for a 100-gage linear regression program (MLR) was used to
network, they would be more than the first compare rainfall variables for individual events
cost for a 100-gage network. Furthermore, to as estimated from central gages and three-,
service a dense rain gage network, a dense five-, seven-, and nine-gage networks (where
network of roads or trails is needed, and this applicable) with peak rate QPB and total vol-
access network can significantly alter the sur- ume QTOt of storm runoff. The MLR program
face of the watershed. If representation of indi- was used primarily to pick the rainfall variable

TABLE 1. Correlation Matrices of Precipitation Parameters for 3 Three-Gage Networks on the Walnut
Gulch Experimental Watershed

RG83 RG84 RG86

Ptot Pl6 Ptot P.* Ptot Pl6

RG83

Ptot 1.00 0.907 0.963

Pi* 1.00 0.863 0.904

RG84

Ptot 0.907 1.00 0.962

Pt6 0.863 1.00 0.920

RG86

Ptot 0.963 0.962 1.00

Pl» 0.904 0.920 1.00

RG60 RG61 RG82

Ptot P» Ptot Pl6 Ptot Pl6

RG60

Ptot 1.00 0.906 0.829

Pl6 1.00 0.895 0.733

RG61

Ptot 0.906 1.00 0.907

Pl6 0.895 1.00 0.758

RG82

Ptot 0.829 0.907 1.00

Pl5 0.733 0.758 1.00

RG27 RG31 RG71

Ptot Pu Ptot Pu Ptot Pl5

RG27

Ptot 1.00 -0.093 0.708

Pl« 1.00 -0.143 0.575

RG31

Ptot -0.093 1.00 0.174

P|6 -0.143 1.00 0.161

RG71

Ptot 0.708 0.124 1.00

Pu 0.575 0.161 1.00
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Fig. 3. Kendall watershed.

that best explained the variations in runoff and
to provide the simple correlations between each
input variable and two runoff variables.

As stated earlier, the basic rainfall variables
were Pu and Ptot- Values for these two vari
ables were estimated from the central gage and
from the gage networks by both Theissen
weighting and averaging the individual storm
values. The maximum rainfall measured for

each event by any one of the network gages
was also included in the analysis.

For the 120-acre Kendall and the 560-acre

W-4 watersheds, runoff peaks and volumes
correlated best with rainfall estimated by
Theissen weighting the 3-gage network (Table
2). Although analysis of variance indicated that
there were no significant differences between
correlations of weighted, average, and central
gage rainfall and runoff for either of the water
sheds, it may be significant that the weighted
rainfall in every case correlated best with run
off. For the W-4 watershed, a 3-gage network
is a definite improvement over a single central
gage. However, the improvement in the cor
relation between runoff and rainfall at a central

gage and runoff and weighted rainfall from 3
gages is small enough to suggest that no more
than 3 gages are needed to correlate rainfall
and runoff for this 560-acre watershed, con
sidering the 15% accuracy of the runoff-
measuring device. Also one centrally located
rain gage would be as good as the present
irregular 3-gage network on and around the
120-acre Kendall watershed.

For W-5, of all the input variables, the maxi
mum total storm rainfall correlated best with

the peak and total runoff (Table 3). The dif
ferences in the correlations in each case, except
for rainfall at the central gage versus peak
runoff rates, were not statistically significant,
but the fact that the five-gage network gave
the best rainfall-runoff correlation in both cases
may be significant. A five-gage network on this
5500-acre watershed would amount to about
one gage every 1.5 miles.

Because of the limited areal extent of the
thunderstorms and the large runoff abstractions
in the ephemeral sand channels, the correlation
between rainfall and runoff decreases rapidly as
the watershed size increases above about 10 mia.

Mean annual and seasonal rainfall. There
were no significant differences between annual
and seasonal means for the three rain gages on
or near the Kendall watershed, for the three rain
gages on the W-4 watershed, or for the nine
gages on the W-5 watershed. A difference in
elevation of less than 400 feet exists within each
of these groups of gages. The greatest horizontal
distance between gages is 19,300 feet for two
gages on W-5.

Comparison of the 14 years of record from 30
gages scattered over the Walnut Gulch Experi
mental Watershed indicated that there were
significant differences in the annual and seasonal
means over the 58-mi* watershed. The annual

mean rainfall for the gages above the average
gage elevation was significantly greater than
that for the gages below the average gage eleva
tion. The lower group of gages was located at
elevations of 4000-4640 feet, the upper group at
elevations of 4660-5400 feet.

Other tests with more gages but a shorter
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Fig. 4. W-5 watershed.
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Fig. 5. Correlation between rain gages of Pis
and Ptot versus distance. Open triangles denote
Pis; open circles denote Ptot.

record also indicated that rainfall increased with
elevation, but the record was too short for
statistical significance.

The results from the studies on the smaller
watersheds (K-l, W-4, and W-5) and the
entire 58-mia watershed indicated that three
gages carefully located with regard to elevation
would show, with a sufficiently long record, the
variation in the mean annual and seasonal
rainfall over the 13-mile-long Walnut Gulch
watershed.

CONCLUSION

1. For a satisfactory representation of thun
derstorm rainfall in southeastern Arizona with
out regard to runoff, the optimum rain gage
density would require rain gages to be located
at 1000-foot intervals. That is, about 1400 gages
would be required for a 5S-mi2 watershed.

2. Such a dense network is expensive to
operate and difficult to service without altering
the natural runoff processes through access road
construction. Therefore studies on other means
of defining thunderstorm rainfall are certainly
warranted.

3. For correlating rainfall and runoff on
finite watersheds, the following optimum gaging

densities were determined: (a) One centrally
located rain gage is adequate for watersheds
up to about 120 acres in size. (6) Three evenly
spaced gages are needed for a 1-mi* watershed
with a length-width ratio of 4. (c) A network
of five evenly spaced gages is required for a
more or less circular 10-mi2 watershed. In other
words, gages should be spaced at about 1.5
mile intervals.

4. Since runoff-producing thunderstorm rain
fall is limited in areal extentandsince ephemeral

TABLE 2. Correlation of Rainfall with Peak and
Total Runoff for Two Small Walnut Gulch

Watersheds

Input
Variable

Simple
Correlation

Watershed K-l, 120
acres, s.e.e. = 0.39
in./hr, QPH(mean) =
0.52 in./hr Pu(wt.) 0.854

Pis(max.) 0.850
Pu(central) 0.841
PTOT(wt.) 0.756
Ptot(central) 0.740
Ptot(max.) 0.736

Watershed K-l, 120
acres, s.e.e. = 0.14
in., QToT(mean) =
0.19 in. ProT(wt.) 0.839

Ptot(central) 0.823
Ptot(max.) 0.820
Pi*(wt.) 0.784
Pis(avg.) 0.774
Pis(central) 0.773

Watershed W-4, 560
acres, s.e.e. = 0.082
in./hr, QPR(mean) =
0.052 in./hr Pu(wt.) 0.691

Pis(avg.) 0.680
Pu(central) 0.662
PTOT(avg.) 0.632
Ptot(wL) 0.627
Pis(max.) 0.613

Watershed W-4, 560
acres, s.e.e. = 0.060
in., QxoT(mean) =
0.033 in.

Pis (wt.) 0.687
Pis(avg.) 0.681
Pis(central) 0.640
PToT(avg.) 0.632
PTOT(wt.) 0.624

Pis (max.) 0.612

The B.e.e. is the standard error of estimate.
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TABLE 3. Correlation of Maximum Point Rain
fall to Peak and Total Runoff for the 5500-Acre

W-5 Watershed, Walnut Gulch, Arizona

Number of
Gages in Simple
Network Correlation

s.e.e. = 0.027 in./hr.
QPR(mean) = 0.034 in./
hr 5 0.771

9 0.762
7 0.758
3 0.737
1 0.641

s.e.e. = 0.028 in.,
QroT(mean) = 0.035 in. 5 0.777

9 0.754
7 0.749
1 0.740

3 0.734

The s.e.e. is the standard error of estimate.

sand channels abstract large volumes of runoff,
the direct correlation between rain gage net
works and runoff decreases rapidly for water
sheds larger than 10 mia. Therefore runoff from
such watersheds as Walnut Gulch must be cal
culated from runoff determinations from the
subunits within the watershed and from esti
mates of the channel abstraction between these
subunits and the main watershed outlet. There
fore to correlate rainfall and runoff from the
watershed requires a gage network similar in
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density to the network for W-5, the gagesbeing
spaced at about 1.5-mile intervals. Thus about
40 evenly spaced rain gages would be required
for the 58-mia Walnut Gulch watershed.

5. In most studies, there is more than one
objective. On the Walnut Gulch watershed, all
three of the requirements investigated are in
cluded in different specific project outlines.
Therefore although the present rain gage net
work is satisfactory to establish mean annual
and seasonal values and to define certain rain

fall-runoff relationships, it is probably inade
quate to define the individual thunderstorm
events if a high correlation between gages is
desired.
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