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Figure 2 Ratio of Actual Application to Theoretical Requirement Expressed as a Percentage for
Each Sprinkler Clock With a Watermark Electronic Module and Granular Matrix Sensors.

Although these results are good, they represent a
large degree of variability. Several possible reasons
for this relate to microclimate, exposure, soil type,
and slope at individual sites. The same theoretical
requirement was assumed for all sites, based on data
from the weather station at NIST. Individual sites dif-
fered in microclimate and exposure to wind and radia-
tion that would affect actual evapotranspiration, and
in soil types and ground slope that would affect sur-
face runoff and percolation. At each study site, the
GMS was individually calibrated to maintain suffi-
cient moisture in the soil to ensure healthy, green
turf. Therefore, due to intersite differences, one would
expect the actual depth of water required at each site
to vary, and possibly exceed, the theoretical irrigation
requirement. Quantification of the effects of these fac-
tors at individual sites goes beyond the scope of this
study.

The results on a short-term basis were also good.
Figure 3 shows cumulative theoretical requirement, I
(solid line), and actual applications versus time. The
application curve, based on the average of all 23 sites
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over the entire season, is shown by the coarse dashed
line and solid square symbols. The applications by the
largest and smallest users are shown by fine dashed,
and dash-dot-dotted lines, respectively. This shows
that during the early seasons when conditions were
wet, the actual application rates were low and as I
increased, so did the application rates.

The largest user (RCB4, shown in Figure 3) applied
122 percent of the theoretical requirement, or 36 inch-
es of water. This may have been due to excessive
runoff due to low permeabilty or steep slopes as men-
tioned earlier. Whatever the reason, it is evident that
the GMS was functioning because: (1) the cumulative
application curve tracked I; and (2) these clocks were
programmed to apply more than 60 inches of water
over the season, whereas the GMS limited the actual
application to 36 inches

The smallest user (RCAS5, shown in Figure 3)
applied just under 15 inches of water. In contrast to
the system that applied 122 percent of the theoretical
requirement, this system was more similar to other
system observations. That is, seven of the 23 systems,
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Figure 3. Comparison Among Theoretical Irrigation Requirement and Average, Maximum (RCB4),
and Minimum (RCA5) Actual Applications With Respect to Time.

or nearly one-third, applied less than 60 percent of I,
and nearly seven-tenths of the systems applied less
than 80 percent of I. Despite the low application, the
owner of this single-family residence never expressed
concern over the performance of the system or the
appearance of the lawn. However, if a higher applica-
tion had been desired, a simple adjustment of the
WEM to a wetter setting would have accomplished
this.

The degree to which the sensors tracked the theo-
retical requirement, I, during the season is illustrated
in Figure 4. This bar graph shows weekly applications
averaged over all sites, and weekly I. It can be seen
here that for the first 14 weeks, I often exceeded the
average application substantially, but the two tracked
much more closely for the last half of the season. This
may have been due to the large reserve of water
stored in the soil from snowmelt and spring rains. As
this reserve was depleted, average applications
tracked the theoretical requirement much better. It is
interesting to note that in week 10, a large I and cor-
respondingly large application occurred, but that due
to precipitation during Weeks 11 and 12, both I and
the average applications were small. The large appli-
cation in Week 10, and the rainfall during Weeks 11
and 12 appear to have replenished the soil moisture,
so that during Weeks 13 and 14, when I increased
substantially, the average application remained
small. As one might expect, this lag effect only occurs
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during times of rapid increases in I. When I decreas-
es, the soil moisture sensors reduce the actual appli-
cation immediately, as illustrated in Weeks 17-21.
The presence of this lag only during increasing I caus-
es the correlation between I and the average applica-
tion at weekly time steps to be poor. If one plots I and
average applications versus time on a monthly basis,
as shown in Figure 5, the lag is still apparent, but the
correlation is more significant. The coefficient of
determination between I and monthly application is
0.79. In other words, the soil moisture sensors are
able to apply irrigation at a rate that tracks 79 per-
cent of the variability in I on a monthly basis. This
statistic is significant at the 98 percent confidence
level

If the water savings is calculated as an area
weighted average, there results an average savings of
7.6 inches relative to I. This exceeds 2.3 million gal-
lons over the 23 study sites, or an aver‘age of 108,000
gallons per site over the 1997 irrigation season. The
City of Boulder has a three-tiered, increasing block
rate structure for water billing. Block 1 charges apply
to average winter consumption (AWC). Block 2 rates
apply to the amount of water used in excess of AWC,
up to 350 percent of AWC. Block 3 rates apply to
water used in excess of 350 percent of AWC. The actu-
al water usage during the 1997 irrigation season at
each of the sites used in this study extended into the
Block 3 tier. Thus, all of the water savings between
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Figure 4. Comparison Between Site-Averaged Applications and
Theoretical Irrigation Requirement on a Weekly Time Step.

actual consumption and the theoretical requirement,
I, would have been charged at the block three rate of
$3.20/thousand gallons. This amounted to a total sav-
ings of $7,627, or an average of $331 per site. Among
the single-family homes, the average savings per
household was $174. This is probably larger than the
actual savings realized since owners of automated
irrigation systems generally modulate the irrigation
application, to some degree, to mimic the vegetation
requirements, which reduces the applied irrigation
somewhat below I. However, in an earlier study, DeO-
reo and Lander (1995) found that the soil moisture
sensors were more successful at limiting irrigation
application than were users who modulated irrigation
based on qualitative observations of the weather and
of the condition of the turf. Consequently, we consider
the numbers listed above to represent an order of
magnitude estimate of the savings.
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Our experience indicates clearly that the primary
obstacle to use of the soil moisture sensors is the lack
of a clear-cut feed back mechanism between the irri-
gation system and the user. Without this the user is
never quite certain whether the irrigation system is
on target with respect to applications. This is particu-
larly true if the user is accustomed to adjusting the
sprinkler application rate throughout the season in
response to increases or decreases in daily tempera-
ture or disabling the system manually in response to
precipitation events.

To address this problem we designed a very simple,
one-page worksheet that an irrigation manager can
fill in to track applications. The worksheet guides the
user in converting from volume of applied water,
obtained from the water meter in thousands of gal-
lons, to depth of applied water in inches. This latter
quantity may be compared with the theoretical

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION














