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Abstract

Many water utilities in the U.S. and around the world have implemented out-
door watering restrictions based on assigned weekly watering days to induce
conservation and delay costly capacity expansions. While evidence suggests
such restrictions reduce system-wide use there still exists considerable un-
certainty regarding the optimal design of these policies. This study takes
a closer look at the relationship between weekly watering frequency, con-
sumption, and peaks using a multi-year, household-level data set of daily
residential water use. We find that the policy of assigned watering days
distorts optimal watering behavior. In an effort to follow the regulation
customers ignore adverse natural conditions when watering their yard. This
results in excess use and peaks compared to a more flexible irrigation strat-
egy. An exogenous policy change during our observation period adding an
additional assigned day only slightly attenuates this rigidity penalty. We
conclude that assigning a ceiling on the number of weekly watering days,
but leaving it to the customer to distribute this total across a given week,
would be a superior conservation policy.
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Bayesian estimation, posterior simulation

1. Introduction

The sustainable provision of water is one of the most critical natural re-
source challenges facing the U.S. and the world at large. Water consumption
across the globe has tripled in the last 50 years, and is expected to continue
to rise rapidly due to population growth, longer life expectancies, and the
globalization of trade. Water scarcity is expected to be further exacerbated
by global warming via rising demand, prolonged droughts, and increasing
system losses (Cromwell et al., 2007). The United Nations predict that by
2030 almost half of the world’s population will be living in areas of high wa-
ter stress (U.N. World Water Assessment Programme, 2009). In the U.S.,
nearly every region has experienced water shortages due to droughts over
the last five to ten years. The majority of States are expecting local, re-
gional, or state-wide shortages by 2013, even under non-drought conditions
(U.S. Environmental Protection Agency, 2008a).

Residential customers consume close to two thirds of all publicly supplied
water in the United States (U.S. Environmental Protection Agency, 2002).
On average, approximately 15% of residential use is allocated to landscape
and lawn irrigation. In the arid west and south this proportion can be as
large as 30-35%. Every day, an estimated seven billion gallons of publicly
provided water are allocated for this purpose (U.S. Environmental Protec-
tion Agency, 2008b,c). It is therefore not surprising that policy makers
and water utilities have directed considerable efforts to the management of
residential outdoor irrigation in recent years. In most cases these conser-
vation strategies take the form of outdoor watering restrictions at different
margins, such as limits on the timing, length, and frequency of sprinkler
use. There is growing evidence that these regulatory interventions are more
effective in reducing irrigation amounts and thus system-wide usage than
price-based policies, given the price-inelastic nature of water demand (Ren-
wick and Archibald, 1998; Renwick and Green, 2000; Mansur and Olmstead,
2007; Olmstead et al., 2007; Worthington and Hoffman, 2008). Furthermore,
there are generally fewer equity concerns and thus less political resistance to
targeted usage restrictions compared to price-based policies (Renwick and
Archibald, 1998; Timmins, 2003; Brennan et al., 2007).

Despite the growing importance of outdoor watering restrictions (OWRs)
as a Demand-Side Management (DSM) intervention surprisingly little is
known about the relative performance of different irrigation and, conse-
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quently, OWR implementation strategies. In this study we shed some light
on this issue by examining daily consumption data for thousands of cus-
tomers over several weeks in the summer periods of 2008 and 2010 in the
Reno / Sparks area of Northern Nevada, where outdoor watering is essential
for landscape survival. This temporal break affords a unique opportunity to
examine an exogenous policy change in OWRs. In 2008, a twice-per-week
assigned watering schedule was in place. This OWR was relaxed to three
assigned days per week for the 2010 watering season. A second attractive
feature of these data is that in either year many customers deviate from the
assigned schedule, yielding a data set with rich variability in weekly watering
patterns at the household level.

The policy change in 2010 had the expected effect of shifting the bulk
of weekly watering frequencies from twice to three times per week. We also
observe a slight increase in weekly consumption, and a noticeable reduction
in daily peaks. However, the key finding flowing from our analysis is that the
official schedule induces wasteful behavior, which undermines its intended
conservation objective: Weekly water use and peaks are significantly higher
during weeks that include all officially assigned watering days compared to
weeks with an equal number of total watering days, but with a more flexible
distribution of these days across the weekly time span. These "rigidity
penalties” are substantial, amounting to 20-25% for weekly consumption,
and 30-40% for weekly peaks for the typical customer. The 2010 policy
change only slightly attenuates this relative inefficiency.

We hypothesize that these inefficiencies are largely driven by law-abiding
customers being forced to ignore time-varying conditions when applying out-
door irrigation. For example, we show that watering events during schedule-
conforming weeks are more likely to occur on windy days, compared to
watering during more flexible weeks. Overall, we conclude that assigning a
ceiling on the number of weekly watering days, but leaving it to the customer
to distribute this total across a given week, would be a superior conservation
policy.

In the next section we discuss in more detail existing OWR strategies and
the related literature. Section three describes the Reno / Sparks watering
restrictions and introduces the data. Section four discusses weekly watering
patterns, and provides a graphical and descriptive analysis of weekly con-
sumption outcomes. Section five describes the econometric analysis based
on a correlated triple-equation system of weekly watering frequency, con-
sumption, and peak. Section six summarizes estimation results and provides
predictive policy simulations. Section seven concludes.
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2. Outdoor watering restrictions

Residential irrigation restrictions have been implemented in many areas
within and outside the United States. Table Al in Appendix A gives a
sample list of U.S. cities that are currently under mandatory OWR regimes.
As is evident from the table most of these OWRs limit watering in a given
week to between one and three days. For most municipalities the permit-
ted watering days are assigned days-of-week (DoWs), usually based on the
street address of a given residence. This strategy is designed to facilitate en-
forcement and avoid excessive consumption peaks on any given DoW. Most
OWRs operate under a ban on any type of sprinkler on non-assigned days,
but allow manual watering (e.g. via a hand-held hose) on a daily basis.
In virtually all cases watering of any kind is prohibited during the hottest
hours of the day.

To date, economists have primarily focused on two aspects of OWR
policies: (i) the overall effectiveness of OWRs compared to an unrestricted
baseline, and (ii) the welfare effects of OWRs on consumers. For example,
using a daily time series of system-wide consumption during the 1984-85
drought years in Austin, Texas, Shaw and Maidment (1987) find that a one-
per-five days watering restriction reduced overall demand by 3-5%. Renwick
and Archibald (1998) report a reduction in water use by 16% for residen-
tial customers in two Southern Californian communities following a strictly
enforced total ban on automated landscape irrigation during the 1985-92
drought in that region. Their findings are based on a survey of 119 house-
holds and their monthly water use over this six-year period. Based on a
cross-sectional study of system-wide monthly consumption in eight Califor-
nia water utilities over the same time horizon, Renwick and Green (2000)
find that OWRs of a general nature (including bans on washing cars and
other non-irrigation related outdoor use) reduced consumption by close to
30%.

The second set of studies focus on welfare implications of OWRs and
other drought-related water use restrictions. Typically, these studies em-
ploy non-market valuation techniques to elicit households’ willingness-to-
pay (WTP) to avoid such restrictions (Griffin and Mjelde, 2000; Hensher
et al., 2006), or an increased risk of future restrictions (Howe and Smith,
1994; Griffin and Mjelde, 2000). In contrast, Brennan et al. (2007) model
the consumer problem under OWRs as a trade-off between the production
of “green lawn” via hand-held watering devices and leisure time. Using
scientific input on lawn appearance under different watering regimes and
calibration techniques they simulate a household’s optimal watering deci-
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sion under different parameter settings for lawn production and consumer
preferences.

While conceptually attractive, the Brennan et al. (2007) model has yet
to be validated using actual field data. Griffin and Mjelde (2000) do not
specify any details on OWR in their water shortage scenarios. This leaves
Hensher et al. (2006), who stipulate very detailed restriction scenarios in
their choice experiment, as the most relevant welfare study for our purpose.
They find that households have near-zero WTP to avoid OWRs that still
allow sprinkler use on several days per week, as do most regimes currently
in place in the U.S. and Australia.

While there is undoubtedly room for additional valuation studies that
examine the welfare implications associated with OWR’s, the available ev-
idence suggests that the bulk of net economic gains flowing from standard
OWRs may well be related to water conservation and related cost savings on
the production side. It is therefore quintessential to understand how differ-
ent OWR regimes affect conservation outcomes. As is obvious from Table
Al, there exists considerable variability in the implementation details of
OWRs across communities, even for cities in the same region or watershed.
These differences remain largely unexplained. Most areas with staggered
implementation stages (e.g. City of San Antonio, State of Georgia) appear
to follow a paradigm of reduced weekly frequency of sprinkler operation with
increasing severity of drought. As we will show, this strategy can be highly
counter-productive, especially if watering is only allowed on assigned days,
as is the case for most existing OWRs.

Surprisingly, the existing literature offers no guidance on the optimal im-
plementation of OWRs. Naturally, from a welfare perspective, any regime
that reaches a given conservation objective with fewer restrictions on house-
hold activities will be Pareto-superior to a more restrictive version. As we
will show in this study, it is a fallacy to believe that more stringent restric-
tions on the household end always produce better conservation outcomes.
It appears that giving customers some “freedom to choose” can actually
enhance conservation.

3. Empirical Background and Data

Water provision in the Reno/Sparks urban area is managed by the Truc-
kee Meadows Water Authority (TMWA), a non-profit, community-owned
public utility. TMWA first implemented OWRs in 1992 in reaction to a
prolonged drought. They became permanent in 1996 primarily to guard
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against future droughts through sufficient water storage, and to assure ade-
quate flows of the Truckee River to Pyramid Lake, an important spawning
habitat for trout and other fish species. The watering regulations allow au-
tomated sprinkler use in the morning and evening on assigned days per week
based on the last digit of a resident’s address. Manual watering is allowed
on any day. These OWRs are only mildly enforced, with infrequent water
patrols and nominal fines (up to $75) for repeated violations in the same
calendar year.

Prior to 2010, the weekly limit was two days (Thursday and Sunday
for odd addresses, Wednesday and Saturday for even addresses). This limit
was increased to three days for the 2010 watering season (Wednesday, Friday,
Sunday for odd addresses, Tuesday, Thursday, Saturday for even addresses).
The agency anticipated that this policy change would induce a more even
spread of system-wise weekly use and thus reduce daily peaks and the cor-
responding risk of inefficient system performance.?

In 2008 TMWA initiated the collection of daily water consumption data
for a large sample of commercial, industrial, and residential customer in the
Reno / Sparks area. Meter readings were obtained via nightly drive-by’s
using remote sensing devices. Two teams of readers covered the same route
for 63 consecutive days between June 22 and August 23, 2008, between the
hours of 9pm and 3am?®. The daily routes were chosen under the multi-fold
considerations of maximizing the number of readings, covering the entire
TMWA service area, providing a representative cross-section of customer
classes and building types, and working around construction projects and
street closures as they arose during the course of the summer.

The same exercise was repeated between June 20 and August 21, 2010.
Due to construction activities, the 2010 routes differed somewhat from the
2008 itineraries. Furthermore, the 2010 sample includes additional neigh-
borhoods that were still under construction in 2008.

Drivers were instructed to proceed no slower than the posted speed limit
to assure adequate spatial coverage. While this resulted in a large number
of customers being included in the sample, it also generated some missing
readings due to parked vehicles or other obstacles preventing a clean line-of-
sight. Therefore, a completely uninterrupted series of 63 readings is available
only for a small subset of the sample. In 2010, readings were suspended

2Lower peak demand can be largely satisfied via stored water, distributed by gravity.
This reduces reliance on pumped water during the day, when electricity costs are highest.
3 According to TMWA, the vast majority of households complete watering by 9pm.



9-6-11 SAC Agenda ltem 6

for several days in week four due to equipment failure. Overall, the 2008
effort produced 909,300 readings from 17,066 households. In 2010, 966,991
observations were obtained from 19,026 residential customers.

From these original sets of households we eliminate premises with own-
ership changes or multiple ownerships during a given year’s research period.
We further drop households with a total of 14 or more readings of zero
consumption to avoid the inclusion of vacation or weekend homes, and cus-
tomers with four or more consecutive zero readings anywhere in the daily
series to reduce the risk of including abandoned homes or properties in
transition of ownership. These cleaning steps truncated the set of eligible
residents by approximately 15% for each year.

Given our analysis’ focus on weekly watering frequencies, only weeks (i.e.
a consecutive series of days from Sunday to the following Saturday) with a
full set of readings are usable for a given household. In addition, a minimum
number of intact weeks (MIW) is required to identify a given household’s
watering days and weekly watering patterns, as discussed below. A third
consideration was the desire to maximize the overlap of residents that are
included in both years’ samples. Naturally, this number decreases along
with the total sample size as the MIW criteria becomes more stringent. In
balancing these conflicting requirements we settle for an MIW threshold of
five full weeks of daily readings anywhere in the series. After eliminating
a few isolated cases with obvious water leaks or missing information on
basic building characteristics this leaves a final sample of 8,747 residents
and 52,666 weekly observations for 2008, and 7,652 households and 48,573
weeks for 2010. Importantly, 1,766 of these customers figure in both samples,
although not necessarily with the exact same number of weekly observations.
We will henceforth refer to this sub-sample as “overlap”.

Table 1 shows the distribution of intact weeks for the full sample and
the sub-sample of overlapping households for both years. As is evident from
the table, a substantial number of households exceed our MIW requirement
in both years, contributing six or more weeks worth of observations to the
data set. This also holds for the overlap sample.

Table 2 depicts basic household characteristics for the two full samples.
As is evident from the “all” blocks (last set of rows for each year), the 2010
sample comprises, on average, slightly smaller and older properties. There is
also a staggering decline of 44% in average tax-assessed property value from
$270,000 in 2008 to $151,000 in 2010. This pronounced difference is largely
a manifestation of the dramatic economic downturn in Nevada that started
in 2006. According to a recent real estate report (CalNeva Realty, 2010),
median home prices in Reno and Sparks dropped by 31% between 2008 and
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Table 1: Sample sizes for 2008 and 2010

2008 2010
intact weeks  HHs % obs % HHs % obs %
5 3,567  40.8% 17,835  33.9% 2,084  27.2% 10420 21.5%
6 2,284 26.1% 13,704  26.0% 826 10.8% 4,956 10.2%
7 2,041 23.3% 14,287  27.1% 4,739  61.9% 33,173  68.3%
8 855 9.8% 6,840 13.0% 3 0.0% 24 0.0%
Total 8,747 100.0% 52,666 100.0% 7,652 100.0% 48,573 100.0%
Overlap®, 2008 Overlap, 2010
intact weeks  HHs % obs % HHs % obs %
5 679 38.4% 3,395 31.6% 1,061 60.1% 5,305 52.4%
6 435 24.6% 2,610 24.3% 121 6.9% 726 7.2%
7 463 26.2% 3,241 30.1% 584 33.1% 4,088 40.4%
8 189 10.7% 1,512 14.1% 0 0.0% 0 0.0%
Total 1,766  100.0% 10,758 100.0% 1,766 100.0% 10,119 100.0%

*

“overlap” comprises households sampled in both 2008 and 2010

2010, and by over 50% since the onset of the recession. Since larger, more
expensive homes were hit relatively harder by this price erosion, the decline
in mean home values exceeds the change in medians.*

We combine our household data with the following basic climate indica-
tors: average, minimum, and maximum daily temperature (in °F), average
wind speed (over 24 hourly measurements) in knots®, and maximum sus-
tained wind speed in knots (measured for ten minutes every hour). As is
common in this arid high-dessert climate, there were no noteworthy, system-
wide rainfall events during our sampling periods. Climate statistics are
shown in Table 3. As is evident from the table the summer of 2010 was
slightly cooler than the summer of 2008, while the wind statistics are very
similar for the two sampling periods.

4The change in median assed home values is —40% for our sample.
®1 knot = 1.15 mph
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Table 2: Household characteristics

age lot size sqft value fixtures bedrms bathrms
(1000 sqft)  (1000s)  ($10,000s)

2008
mean  20.85 10.09 1.99 270.48 11.98 3.27 2.40
std.  (17.56) (6.98) (0.78)  (160.25)  (3.38)  (0.86)  (0.70)
min. 100 0.04 0.52 69.45 0.00 0.00 0.00
max.  104.00 49.66 1522 263744  64.00  23.00 16.00
2010
mean  23.09 7.57 1.75 150.72 11.06 3.23 2.24
std.  (16.45) (3.35) (0.55)  (65.63) (279)  (0.71)  (0.57)
min.  2.00 0.04 0.49 33.75 0.00 0.00 0.00
max.  106.00 48.79 7.69 762.84 27.00 8.00 6.00

4. Descriptive Analysis

4.1. Classification of weekly irrigation patterns

Our primary research focus lies in the effect of the policy change from
two to three assigned watering days on total weekly use and weekly peak
(the highest daily consumption in a given week) for a typical residential
customer. However, we also want to examine if the OWR policy - in either
year - truly induces superior conservation outcomes compared to weekly
watering patterns that deviate form the official rule by varying degrees.
This notion is largely based on the hypothesis that the temporal rigidity
imposed by the official schedule may force customers with strong law-abiding
preferences (and, perhaps, limited time for manual watering) to ignore time-
varying natural conditions when applying their automated yard irrigation.
For our research area this largely translates into high wind events, which can
cause substantial irrigation losses. In addition, such ”perfectly compliant”
households face two-to-three day gaps between permissible watering events.
This may prompt them to thoroughly soak their yard on assigned days,
incurring additional losses to evaporation and drainage.

Establishing a link between irrigation outcomes and weekly watering
patterns requires the identification of outdoor watering events - automated
or otherwise - for a given household and day. Specifically, our objective
is to group each household’s series of observed consumption days into two
categories: (i) days with some outdoor water use, and (ii) days with indoor-
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2008
mean  std min max
avg. temp 7793 3.27 69.40 84.20
min. temp 59.89 3.53 53.10 66.00
max. temp 95.75 3.02 89.10 102.00
avg. wind 5.23 144 280 9.30
max. wind 16.21 4.21  7.00 29.90
max. gust 23.33 4.12 15.00  30.90
2010
mean  std min max
avg. temp 75.82 4.66 61.70 85.40
min. temp 58.86 4.79 44.60  69.10
max. temp 92.82 5.22 78.80 102.20
avg. wind 5.72 1.27 2.50 8.30
max. wind 16.84 4.21  8.90 32.10
max. gust 2447 5.05 14.00 37.90
Total
mean  std min max
avg. temp 76.92 4.13 61.70 85.40
min. temp 59.40 4.21 44.60  69.10
max. temp 94.34 4.47 78.80 102.20
avg. wind 5.46 1.38 2.50 9.30
max. wind 16.51 4.22  7.00 32.10
max. gust 23.88 4.63 14.00 37.90

only water use.

This categorization is challenging since we only observe

total daily use, but not specific usage for different purposes. Ideally, out-
door watering days should be clearly identifiable as pronounced spikes in
a customer’s series of observed consumption days. This is indeed the case
for the majority of households in our sample. However, the distinction be-
tween days of outdoor and indoor use becomes blurred for households with
limited outdoor needs, high fluctuations in indoor use, or daily “baseline”
outdoor watering (continuous trickle irrigation, daily use of some sprinkler
stations, etc) that is augmented with occasional additional irrigation. We
therefore use a series of household-specific K-means clustering algorithms
(MacQueen, 1967) to sort daily observations into a low use (”indoor only”)
and high use ("indoor plus some outdoor watering”) category. We then
use information of average winter consumption for each customer to further
refine this sorting. The details of this identification strategy are given in
Appendix B.

10
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The cluster analysis results allow us to distinguish between different
weekly watering patterns. Given our research objectives, we group them
into three mutually exclusive categories of increasing deviation form the
official OWRs: (i) ”Schedule” (S), (ii) ”Schedule-plus” (SP), and (iii) ” Off-
schedule” (OS). The first group comprises weeks with watering patterns that
correspond ezxactly to the assigned TMWA schedule. The second category
describes weeks that include all assigned days, plus some additional days
of outdoor use. The third group exhibits the most varied weekly watering
patterns, with the common feature of non-watering on (i.e ”skipping”) at
least one of the assigned days. Thus, weeks in the the first category comprise
exactly two watering days in 2008 and three days in 2010. Weeks in the
second category can include frequencies of 3-7 days in 2008, and 4-7 days in
2010. Frequencies in the third category range from zero to six watering days
for both years. For ease of exposition we will at times combine the first two
groups under the heading ”Schedule-based” (SB). Thus, SUSP = SB, and
SB UOS = entire sample.%

4.2. Descriptive Results

To compare outcomes of interest across these week-types, and to examine
the 2010 change in OWRs on weekly use and peak, we aggregate the daily
sample that formed the basis for the cluster analysis to a weekly format.
This yields the sample totals previously captured in Table 1, i.e. 53,666
observations for 2008, and 48,573 observations for 2010. Table 4 provides a
summary of cell counts and sample percentages for the different week-type
categories, by weekly watering frequency. To conserve space the sparsely
populated weekly frequencies of five and higher are captured as a single
7> 4" category. The first half of the table shows results for 2008, while the
second provides summaries for 2010. The table has three blocks of rows,

SWe prefer this categorization of our sample into week-types over a grouping into
household-behavioral types for several reasons. First, given our research objectives, the
distinction of weekly patterns along a gradient of schedule-deviation is clearly meaningful.
Second, as shown below, the vast majority of households exhibit weekly watering patterns
that comprise at least two, and in many cases all three of the week-types. This makes it
difficult to establish a policy-relevant grouping of households into behavioral types. Third,
the week-based grouping reduces the risk of measurement error that may carry over from
the cluster analysis. Specifically, had we used the cluster analysis results to identify
household types (for example ”perfectly compliant”’ customers), a single mis-classified
daily observation for a given customer would mis-categorize the entire set of observations
for that individual in the main data. In contrast, the same error in the cluster analysis
would only affect a single weekly observation.

11
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corresponding, respectively, to SB weeks, OS weeks, and the combined
sample. The ”% of sample” column relates row counts to the entire sample
size for each year. For example, the 14,497 observations for SB weeks with
twice watering (i.e. the S group by our definition above) comprise 27.5% of
the entire 2008 sample. In 2010, the S category, now associated with three
weekly watering days, comprises 12,625 observations, for a sample share
of 26%. Thus, in each year only about one forth of sample-weeks exhibit
watering patterns that are perfectly consistent with the official schedule.
However, in both cases this category comprises the largest sample share
compared to other frequency / type combinations.

The ”% all within” column reports the percentage share for a given row
count that corresponds to households that have all their observations in
that very category. For example, continuing with the S case for 2008, of the
14,497 observations in this group, 42.8% come from households that always
water twice and on their assigned days. Analogously, 35.1% of observations
in the S category for 2010 flow from households that always adhere to this
watering pattern. Combined with the results on sample shares for the S
group this indicates that the policy change was successful in shifting weekly
watering from twice to three times per week for a considerable segment of
customers and weeks.

Overall, however, the majority of weekly observations in both years cor-
respond to watering patterns that deviate from the official schedule. In 2008,
over 34% of weeks are "schedule-plus” (SP) types that augment the official
assignment with additional irrigation days. Over 38% skip at least one of
the assigned days and thus fall into the ”off-schedule” (OS) category. The
corresponding shares for 2010 are close to 30% for SP and over 54% for OS.
Furthermore, as is evident from the small shares in most of the ”all within”
colums, the majority of customers exhibit seasonal water patterns that in-
clude a mix of different week-types and frequencies. Overall, only 18.5% of
sample weeks in 2008 and 15.5% in 2010 are associated with customers that
always water with the same weekly frequency.

Tables 5 and 6 depict, respectively, weekly use and peak by frequency
and week-type. We stress three key results captured by these tables that
hold for both years: First, consumption increases with weekly frequency,
regardless of watering pattern. This is consistent with the empirical evi-
dence from the existing literature that capping weekly watering frequency
reduces total use. Second, peaks remain relatively stable across frequen-
cies, at least in the two to four applications range, which comprises the
bulk of observations. Third - and most importantly - weekly consumption
and peaks are substantially higher for weeks that include all assigned days

12
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Table 4: Cell counts and percentages by watering frequency and week-type

2008 2010
weekly
watering % of % % of %
days count sample all w/in count sample all w/in
schedule-based
2% 14,497 27.5%  42.8% - - -
Bioa 6,374 12.1% 9.2% 12,625  26.0% 35.1%
4 5,595 10.6% 16.1% 3,650 7.5% 3.3%
>4 6,053  11.5% 11.6% 6,001  12.4% 15.7%
Total 32,519  61.7% 25.8% 22,276 45.9% 24.7%
off-schedule
0 2,924  5.6% 0.0% 2,822 5.8% 0.0%
1 4,198 8.0% 1.6% 3,979 8.2% 0.9%
2 4,795 9.1% 5.5% 8,004 16.5% 9.9%
3 4,257 8.1% 7.4% 6,256 12.9% 8.4%
4 2,610  5.0% 6.1% 3518 7.2% 7.4%
>4 1,363 2.6% 6.5% 1,718 3.5% 2.5%
Total 20,147  38.3% 4.4% 26,297  54.1% 6.3%
all
0 2924 5.6% 0.0% 2822  5.8% 0.0%
1 4,198 8.0% 1.6% 3,979 8.2% 0.9%
2 19,292  36.6% 35.5% 8,004 16.5% 9.9%
3 10,631  20.2% 9.0% 18,881  38.9% 28.9%
4 8,205 15.6% 13.2% 7,168 14.8% 5.4%
>4 7,416 14.1% 10.8% 7,719 15.9% 12.9%
Total 52,666 100.0%  18.5% 48,573 100.0%  15.8%

*7schedule” group for 2008 / **”schedule” group for 2010

(”schedule-based”) compared to weeks of identical frequency with more flex-
ible watering patterns (”off-schedule”). Moreover, this pattern holds for all
frequencies. In 2008, these differences amount to 30-40% for weekly con-
sumption, and 50-60% for weekly peak. For example, for the average S-type
week we observe a weekly consumption of 5,840 gallons, and a weekly peak
of 2,340 gallons. In an OS week with the same two-day watering frequency
these numbers reduce to 4,200 gallons and 1,460 gallons, respectively.

In 2010 these differentials between SB- and OS-type weeks reduce to
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Table 5: Weekly use by watering frequency and week-type

2008 2010
weekly weekly use weekly use
watering (1000 gals.) (1000 gals.)
days mean std. mean std.

schedule-based

2 5.84  (3.67) - -
3 6.72  (4.56) 5.39 (2.44)
4 724  (5.04) 595  (2.89)
>4 9.83  (7.73) 732 (4.41)
Total 6.99  (5.26) 6.00  (3.26)

off-schedule
0 244 (2.20) 2.03  (1.52)
1 3.38  (2.61) 2.73  (1.85)
2 4.20 (3.20) 3.82 (2.23)
3 4.80  (3.61) 432 (2.58)
4 552  (4.64) 4.75  (3.00)
>4 6.99  (5.80) 5.65  (4.53)
Total — 4.26  (3.71) 3.83  (2.71)
all

0 244 (2.20) 2.03  (1.52)
1 3.38  (2.61) 2.73  (1.85)
2 543  (3.63) 3.82  (2.23)
3 5.95  (4.31) 503 (2.54)
4 6.69  (4.98) 5.36  (3.01)
>4 9.31 (7.50) 6.95  (4.49)
Total 5.95 (4.91) 4.82 (3.17)

25-30% for use and 24-26% for peak. For the S category, average weekly use
is 5,390 gallons, and average peak amounts to 1,650 gallons. In contrast, for
the corresponding OS category at a three-day frequency we observe average
use of 4,320 gallons, and an average peak of 1,310 gallons.

The patterns captured in Tables 4 through 6 are similar for the overlap
sample, which contributes 10,758 weeks in 2008 (20.4% of total) and 10,119
weeks in 2010 (20.8% of total). That is: (i) slightly over one fourth of sample
weeks follow the official schedule exactly, (ii) the vast majority of observa-
tions flow from households with mixed watering patterns and frequencies,
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Table 6: Weekly peak by watering frequency and week-type

2008
weekly weekly peak
watering (1000 gals.)

2010

weekly peak
(1000 gals.)

days mean std. mean std.
schedule-based
2 2.34  (1.68) - -
3 2.30  (1.85) 1.65  (0.83)
4 2.19  (1.86) 1.67  (0.96)
>4 243  (2.26) 1.70  (1.14)
Total 2.32  (1.86) 1.66  (0.95)
off-schedule
0 0.55  (0.48) 0.46  (0.34)
1 1.30  (1.29) 1.04  (0.94)
2 1.46  (1.39) 1.37  (0.98)
3 1.42  (1.28) 1.31 (0.95)
4 1.47  (1.47) 1.31 (1.04)
>4 1.67  (1.63) 1.37  (1.24)
Total 1.30  (1.32) 1.20  (0.99)
all
0 0.55  (0.48) 0.46  (0.34)
1 1.30  (1.29) 1.04  (0.94)
2 2.12  (1.65) 1.37  (0.98)
3 1.95  (1.70) 1.53  (0.89)
4 1.96  (1.78) 1.49  (1.01)
>4 2.29  (2.18) 1.63  (1.17)
Total 1.93  (1.75) 1.41 (1.00)

9-6-11 SAC Agenda ltem 6

(iii) consumption is 25-35% higher for the SB category at all frequencies
compared to the OS group, and SB peaks exceed OS peaks by 45-55%.
In contrast to the full sample, these inter-type differentials persist for con-
sumption, but reduce to 25-30% for peaks.”

Tables 5 and 6 also suggest that both use and peaks are markedly reduced
in 2010 compared to 2008 for all week-types and frequencies. However, as

"The corresponding summary tables for the overlap sample are omitted for parsimony

but are available from the authors upon request.
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revealed by an analogous comparison for the overlap sample and our more
complete econometric analysis below, these differences are largely driven by
differences in household composition across the two years.

Figure 1 summarizes mean outcomes for the full and the overlap sample,
by week-types. To allow for a more even comparison between SB and OS
type weeks we only include weekly watering frequencies of two and higher
in the construction of this figure. The figure illustrates that overall weekly
use remains flat for the overlap sample, while peaks are slightly reduced.
Importantly, both the full and the overlap sample show a sizable gap in use
and peak between SB and OS type weeks, as discussed above.
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Figure 1: Average weekly use and peak, full and overlap sample

Figure 2 provides a system-wide look at the policy effect by plotting aver-
age daily use across all customers for the overlap segment, and by week-type.
Average weekly use (in units of 10 gallons) is super-imposed as a dotted line.
Overall, the policy change clearly reduced daily peaks and smoothed weekly
use. This effect is especially pronounced for the schedule-based contingent.
In contrast, daily peaks were already substantially lower for the off-schedule
group in 2008, and changed little in 2010. Weekly consumption for this
segment is almost flat before and after the policy change.
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Figure 2: Aggregate daily and weekly use, overlap sample

4.3. The wind effect

Given that few customers exhibit the same weekly watering pattern
throughout the entire season these pronounced differences in outcomes be-
tween weeks that more closely adhere to the official schedule and weeks with
a more flexible watering pattern are unlikely to be driven by customer het-
erogeneity alone. Rather, the table results suggest that there is an umbrella
effect at work that affects all households in similar fashion. This effect cat-
egorically reduces watering efficiency for SB-type weeks. This is consistent
with the notion of a ”rigidity penalty” mentioned above: weekly watering
that corresponds more closely to the official schedule is more likely to pro-
duce losses due to a higher probability of coinciding with adverse natural
conditions, such as high wind events. This increases both use and peak, as
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it takes more water per week and per daily application to provide adequate
irrigation for a given landscape.

The reduced rigidity effect for 2010 is likely due to the additional flexi-
bility afforded to law-abiding customers by the revised OWRs. Specifically,
schedule-adherent households now have more options to skip or reduce daily
watering on windy days (e.g. water only during the calm morning hours but
omit the afternoon sprinkler run). Since the average gap between assigned
days is shorter, this omission or reduction is less likely to affect yard health.
As a result, customers are less likely to face the dilemma of incurring wind
losses or violating official rules by making up for a skipped application on
non-assigned days.

As a preliminary examination of this ”"wind hypothesis” we compute the
the percentage of watering days, out of total watering days as identified
by the cluster analysis, that fall on a windy or very windy day. As before
we dis-aggregate the results by weekly watering frequency and week type.
"Windy days” are flagged as days with a maximum sustained wind speed
that exceed the sample mean of 16.51 knots (see Table 3). ”Very windy”
days are defined as days with a maximum sustained wind speed at the 75th
percentile or higher (19 knots).

The results are captured in 7. As is evident from the bottom row of the
table, in 2008 the average watering day had a 51% chance of occurring on
a windy day, and an 18% chance of coinciding with a very windy day. The
former percentage decreases slightly for 2010, while the latter remains essen-
tially constant. Importantly, and supporting our efficiency-loss hypothesis,
these percentages are higher for the SB group compared to the OS5 segment
at essentially all frequencies. In 2008, this difference is especially pronounced
for the S category, with a share of windy days exceeding the correponding
value for OS / twice a week by over 6%. In general, SB type weeks were
3-6% more likely to occur on a windy day and 2-3% more likely to fall on
a very windy day than OS type weeks of comparable frequency. The differ-
ence for windy days reduces to 1-2% in 2010, while the difference for very
windy days essentially vanishes.

For a more rigorous examination of the role of wind and other climate
conditions on weekly outcomes, while controlling for watering patterns and
weekly frequency, we now turn to our full-fledged econometric framework.

5. Econometric Framework

We maintain a weekly level of analysis for our econometric specification
as this corresponds directly to the week-based design of OWR policies. We
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Table 7: Wind events by watering frequency and week type

2008 2010 All
weekly
watering % % % % % %
days windy  very windy windy  very windy windy  very windy
schedule-based
2 57.02% 21.40% - - 57.02% 21.40%
3 52.32% 19.50% 48.82% 18.09% 50.00% 18.57%
4 52.21% 19.37% 48.58% 17.66% 50.78% 18.69%
>4 46.75% 15.29% 47.09% 17.34% 46.92% 16.32%
Total 51.71% 18.58% 48.08% 17.72% 50.06% 18.19%
off-schedule
2 50.68% 19.08% 47.73% 18.38% 48.83% 18.65%
3 48.65% 16.60% 46.94% 17.67% 47.63% 17.24%
4 49.51% 17.18% 46.99% 17.25% 48.07% 17.22%
>4 47.40% 15.14% 46.58% 16.42% 46.94% 15.85%
Total 49.14% 17.09% 47.11% 17.57% 47.94% 17.37%
all
2 55.44% 20.82% 47.73% 18.38% 53.18% 20.11%
3 50.85% 18.34% 48.20% 17.95% 49.15% 18.09%
4 51.35% 18.67% 47.80% 17.46% 49.70% 18.11%
>4 46.86% 15.27% 46.99% 17.16% 46.93% 16.23%
Total 51.00% 18.17% 47.70% 17.66% 49.35% 17.91%

define an observed weekly irrigation scheme by household ¢ in period p as
a bundle of frequency y1;, (zero to seven), total use y2;p, weekly peak ys;p,
and schedule-based pattern (SB vs. OS), i.e.

IRip:IR(ylip7y2ipay3ipaSBip)7 ’izl,...N, p:lP (1)

where SB;, is an indicator equal to one if the weekly irrigation pat-
tern corresponds to a schedule-based implementation, and equal to zero for
an off-schedule pattern, as defined previously. The ex-post observed out-
come may reflect a pre-conceived weekly implementation strategy, a mix of
planned strategy and ad hoc updating throughout the week, or the result of
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sequential daily watering decisions.?

Our main policy focus lies on the effect of weekly watering frequency and
degree-of-adherence to the officially assign watering days on use and peak.
Thus, we aim to model yjip, = Yjip (Y1ip, SBip) , 7 = 2, 3. However, frequency,
usage, and peak are likely jointly affected by household-specific unobserv-
ables, such as: (i) vegetative cover and other physical characteristics of the
yard, (ii) preferences for ” greenness”, (iii) disutility from breaking the official
watering rule due to moral discomfort or loss in social standing (e.g Hatcher
et al., 2000; Licht, 2008; Traxler, 2010), iv) knowledge of yard’s water regime
and needs, (v) net-utility from manual watering, and (vi) awareness of daily
weather patterns. If some of these heterogeneity effects jointly contribute to
observed weekly frequency and use or peak, frequency becomes an endoge-
NOUS regressor in yaip (Yiip, SBip) and / or ysip (Y1ip, SBip). We thus model
all three outcomes as an inter-related equation system.’

Our econometric model thus builds on three equations with observed
outcomes Y1ip, Y2ip, and y3;,. The first outcome, the number of watering
days in a given week, takes the form of an integer that is naturally truncated
from above at U = 7. The remaining outcomes, weekly consumption and
peak, are continuous with support over 7. Each equation also includes an
individual-specific unobserved effect uj;, 7 = 1...3 that is invariant over the
entire watering season.'"

To incorporate these modeling considerations in a computationally tractable
fashion we combine a truncated Poisson density for the watering frequency
equation with two exponential- densities for weekly consumption and peak.
An application of a Poisson-Exponential system is given in Munkin and
Trivedi (2003). The exponential component has similar distributional char-

80ur data do not allow for the identification of these underlying behavioral heuristics.
Survey data would be needed to determine a household’s typical sequencing of watering
decisions. This would allow for the development of a structural behavioral model of
outdoor watering. We leave this extension to future research.

9Naturally, the same problem could arise with SB;, if degree of schedule-adherence
is also governed by these household-specific unobservable effects. We abstract from this
possibility for computational tractability and based on the notion that SB;, is, at least to
some extent, captured by frequency. For example, y1;p < 2 in 2008 and y14, < 3 in 2010
deterministically indicate OS, and y1;, = 7 deterministically flags SB.

10WWe also included an observation-specific error in an earlier specification. However,
this dual-error model exhibited poor identification and slow mixing in our Bayesian es-
timation routine. Furthermore, the parameter estimates generated by that model were
virtually identical to those produced by the single-error specification, and both variances
and covariances associated with the observational error emerged of negligible magnitude
compared to the variance component for the individual-level effect.
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acteristics as the familiar log-normal regression model, but exhibits more
desirable mixing properties in our Bayesian estimation framework. Adding
the household effects yields our full specification, which we label the Hier-
archical Truncated Poisson- Exponential (HTPE) model.

The Hierarchical Truncated Poisson (HTP) component of the HTPE is
given as

exp (—Aip) Al

with

U A1ip”

Yuip! <Z i) ) (2)
k=0

E (ylz‘p) = /\1ip = €xp (Xﬁ¢p51 + Uli)

I Wrip Mip, 0 < y1ip < U) =

where the log of the untruncated expectation, A1, , is a linear function
of vector x;, containing household and climate variables, and individual-
specific effect uy;.

The Hierarchical Exponential (HE) part is specified as

F Wiip| Ajip) = Ajip * exp (= XjipYjip)
)‘jip = exp (_Z;zp'l,bj - d;p(s] — uli) (3)
E (yﬂp) = )‘j_z;l; = exXp (Z;@'plbj + dgp(s]‘ + Uli) , j=2,3

where the z-vectors capture again household and climate information,
the random terms are as in (2) and E denotes the expectation operator.
Importantly, vector d;, comprises a set of U indicator variables, one for each
possible value of y1;, that exceeds zero. The element of d;, corresponding
to the observed value of y14, is set to one, all others to zero. More concisely:

1 i gy = K,
dip e = k=1...U 4
Pk {0 otherwise 4)

Thus, we are allowing the intercept of the logged expectation of y;i,, 7 =
2,3, to shift with the observed number of watering days compared to the im-
plicit baseline of zero outdoor watering. This implies a proportional change
of exp (d;p6j> for the expectation in absolute terms. The importance of

allowing each possible outcome in the watering frequency stage to have a
separate effect on equations two and three will become apparent in our em-
pirical application.

The model is completed by stipulating a joint density for the household
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effect:

u; = [Uz'l U2 uig]/ ~ mun (O,Vu) (5)

where mwvn denotes the multivariate normal density, and the variance
matrix is ex ante unrestricted. If this matrix contains non-zero covariances,
a naive model ignoring the linkage across the three equations would be
plagued by endogeneity bias.!!

Letting 8, = [ 5], B3 = [ &5]', 8= [B) B, %], and col-
lecting all outcomes and explanatory data in vector y and matrix X, respec-
tively, the likelihood function for our model over all individuals ¢ = 1... N,
unconditional on error terms, takes the following form:

H / H Uzp A2ipA3ip €xXP (— (A2ipY2ip + A3ipY3ip))
i=1

= g '<Z Alz‘pk>
u; lip- k!
k=0
f (uZ\Vu) dui
(6)

Given the N multi-dimensional integrals over u; this model would be
challenging to estimate using conventional Maximum Likelihood procedures.
We therefore embark on a Bayesian estimation path, starting with the spec-
ification of prior distributions for our primary model parameters 3 and V.

We choose a standard multivariate normal prior for 3, and inverse Wishart
(IW) priors for V,, i.e. B8 ~ mon(pg, Vo), Vu ~ IW (¢, ¥p). The IW
parameters are the degrees of freedom and scale matrix, respectively. The
IW density is parameterized such that E (V,) = (Yo —k, — 1) . We
facilitate the implementation of our posterior simulator (Gibbs Sampler) by
augmenting the model with draws of the error components {uz}f\i 1- A gen-
eral discussion of the merits of this technique of data augmentation is given
in Tanner and Wong (1987). Applications with data augmentation involving
hierarchical count data models include Chib et al. (1998) and Munkin and

" Our primary reason for choosing individual random effects over fixed effects is that a
considerable proportion of households in our empirical sample always select the same num-
ber of watering days throughout the entire time period. This would cause identification
problems for the marginal effects of watering frequency in the HE part of the model.
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Trivedi (2003).
The augmented posterior distribution is proportional to the priors times
the augmented likelihood, i.e.

p (/vau’ {ui}i]\ila |y7X> X

p(B) *p (V) *p ({uz-}fvzl \Vu) %P (YIﬂ {ui}il, X)

The last term describes the likelihood function conditioned on all error
terms. Thus, the data augmentation step circumvents the need to directly
evaluate the integrals in (6).

The Gibbs Sampler draws consecutively and repeatedly from the con-

ditional posterior distributions p (,@ | {ui}i]il Y, X), P (VU | {ui}f\;), and

D ({uz}f\il 1B, Vu,y, X) Draws of 3 and {ui}i]\il require Metropolis - Hast-
ings (MH) subroutines in the Gibbs Sampler. Posterior inference is based
on the marginals of the joint posterior distribution. The detailed steps of
the posterior simulator and the Matlab code to implement this model are
available from the authors upon request.

6. Estimation Results

6.1. Posterior results

The regressors in the parameterized expectation of the frequency equa-
tion include the home characteristics log of lot size in square feet (”In-
land”), and log of tax-assessed land value (”"lnvalue”), plus the climate
variables ”mintemp” and ”"maxtemp”, capturing, respectively, the weekly
average of daily minimum and maximum temperature. Additional climate
indicators are ”avgwind”, the weekly average of daily average wind (in
knots), "maxwind”, the weekly average of maximum daily sustained wind,
and total weekly growing degree days ("gdd”). For a given calendar day,
the latter is computed as (maximum daily temperature + minimum daily
temperature)/2-50. All climate indicators are measured in units of 10 for a
more balanced scaling of the regressor matrix. Equation one also includes an
indicator for the 2010 irrigation season (”year2010”), as well as interaction
terms between ”year2010” and the climate variables.

The parameterized mean functions for weekly use and peak (equations
two and three) share the same set of explanatory variables. These include
the home features from equation one, plus the log of square footage (”Insf”),
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number of bedrooms, number of water fixtures, and age plus age squared.
We also add the same climate variables as in equation one, except for
"mintemp”, ”maxtemp”, and "gdd”, which are excluded for identification
purpose.

Equations two and three also feature indicators for weekly watering fre-
quency (the elements of d;, in (3)) with zero as the implicit baseline, and
frequencies beyond four days aggregated into a single category. The resulting
binary variables are labeled as ”freql” through ”freq567”. These frequency
indicators are implicitly associated with the year 2008 and the off-schedule
watering type O.S, as the 720107 effect is captured by interacting frequencies
with ”year2010”, and the ”SB” effect is highlighted via interactions of the
”SB” indicator with the frequency variables. In addition, we also include
the two-fold interaction of ”SB”, ”year2010”, and the frequency variables to
examine if any incremental changes in frequency effects for ”SB” over ” OS”
carry over into the 2010 season. By the same token, equations two and three
also include interactions of climate variables with ”year2010”, and two-way
interactions of wind measures with ”year2010” and ”SB”. We scale both
dependent variables in equations two and three to units of 10,000 gallons
for a more efficient sampler performance.

We estimate all models using the following vague but proper parame-
ter settings for our priors: puy = 0, Vg = 100 * I,v9 = 5, and ¥y = I3.
We first run the model using simulated data to assure the accuracy of our
computational algorithm. For the actual estimation run we discard the first
20,000 draws generated by the Gibbs Sampler as ”burn-ins”, and retain the
following 10,000 draws for posterior inference. We assess convergence of the
posterior simulator using Geweke’s (1992) convergence diagnostics (CD).
These scores clearly indicate convergence for all parameters. To gauge the
degree of (undesirable) serial correlation in our Markov chains we also com-
pute autocorrelation coefficients at different lags for all model parameters.
These AC values drop below 0.25 by the 10th lag for most parameters, and
by the 20th lag for all model elements. This indicates that our posterior
simulator has reasonably efficient mixing properties.

The posterior results for the frequency equation are shown in Table 8.
The table also captures the results for the elements of the error variance
matrix 3, expressed as standard deviations and correlations. We report
posterior means, posterior standard deviations, and the probability mass of
a given marginal posterior that lies above the zero-threshold. The latter
provides an indication if the marginal effect of a given covariate is predomi-
nantly positive, negative, or ambiguous. In acknowledgment of the popular
5% level of significance in classical analysis, we will focus in our discussion
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of estimation results on posteriors that have at least 95% of mass in the
positive or negative realm.

With the exception of ”mintemp” all the elements of 1 satisfy this con-
dition. The home features have the expected positive effect, as larger, more
affluent properties are likely to have higher water needs, which - in part -
are covered via higher watering frequency. The same holds for ”maxtemp”
and "gdd”. An interesting pattern emerges with respect to ”avgwind” and
"maxwind”. The former has a pronounced negative effect on weekly fre-
quency, while the latter increases the expected count of weekly watering
days. Moreover, these wind effects, as well as the effect of "maxtemp”,
cancel out or are slightly reversed for the 2010 season.

We interpret this pattern as follows: In 2008, most households set their
automated sprinkler systems to a default twice / week schedule, with an
early morning and a late afternoon application. Many customers then added
additional watering days in a given week, either via manual watering or man-
ually controlled sprinkler runs (the average weekly frequency for 2008 is 2.8).
In weeks with high average winds, i.e. breezy conditions during both morn-
ing and evening hours, the additional application may have been foregone,
which would explain the negative effect of "avgwind”, relative to the typical
weekly frequency. In contrast, in weeks with predominantly calm morn-
ings and windy afternoons (a common pattern in our research area), some
households may have skipped a planned afternoon run and defer it to the
following morning, thus increasing the number of weekly watering days, as
captured by our data. This would explain the positive effect of ”maxwind”,
since maximum daily wind speeds almost exclusively occur during mid-late
afternoon hours.

In 2010, the default baseline frequency via automated sprinkler irriga-
tion moved to three days / week in reaction to the policy change for many
customers (mean frequency = 3.09). This general increase in frequency is
also evident from the positive coefficient for the ”year2010” indicator. In
this case reducing frequency during overall windy weeks (high ”avgweek”)
would entail re-setting the automated system for many individuals, as op-
posed to foregoing an extra manual application (the 2008 scenario). The
relatively higher transaction costs associated with the former compared to
the latter would explain the diminished negative ”avgwind” effect for the
2010 season. The reduced effect of "maxwind” may be related to the ”flex-
ibility” gain mentioned earlier. A windy afternoon application may or may
not be canceled, but in any case there is a less pressing need to make up
for lost irrigation the next morning, as the next scheduled irrigation event
is at most two days away. Overall, then, these results suggest that climate
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conditions, especially wind, have a more pronounced effect on the variability
of weekly watering days when the official OWR frequency ceiling is lower.

Turning to the elements of 3 in the lower half of Table 8, we note that
with exception of p13 all terms are estimated with high precision (i.e. ex-
hibit low posterior standard deviation relative to the mean). The standard
deviations are of non-negligible magnitude, which confirms the presence of
unobserved household effects in all three equations. These error components
are highly correlated for equations two and three, as indicated by the pos-
terior mean of pog of close to one, and the accompanying minute posterior
standard deviation. We also find a mild, positive correlation between the
frequency and the use equations, as captured by pis.

Table 8: Estimation results for frequency equation and error terms

mean std. prob (>0)

constant -4.415  (0.519) 0.000
mintemp -0.050  (0.050) 0.161
maxtemp 0.151  (0.048) 0.999
avgwind -0.988  (0.281) 0.000
maxwind 0.407  (0.134) 1.000
gdd 0.022 (0.012) 0.958
Inland 0.087  (0.007) 1.000
Invalue 0.237  (0.010) 1.000
year2010 4129 (0.731)  1.000
mintemp * 2010 -0.198  (0.064) 0.001
maxtemp * 2010 -0.395  (0.086) 0.000
avgwind * 2010 0.760  (0.295) 0.997
maxwind * 2010 -0.281  (0.139) 0.019
gdd * 2010 0.061  (0.019) 0.999
std.’s and corr.’s for u;
o1 0.434  0.004 1.000
P12 0.056 0.014 1.000
o2 0.477 0.005 1.000
P13 -0.005  0.014 0.364
P23 0.985 0.001 1.000
o3 0.527 0.005 1.000

Posterior results for the weekly use and peak equations are summarized
in Table 9. We will focus again on posteriors that lie primarily in the
positive or negative realm. Regarding weekly use, the table captures four
main results: First, and confirming our previous descriptive findings, con-
sumption increases clearly with weekly frequency. This is evident from the
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monotonically increasing posterior means for ”freql” to ”freq567”. Further-
more, this result remains essentially unchanged in 2010, as can be gleaned
from the near-zero means for the frequency interactions with the ”year2010”
indicator. Second, again supporting our descriptive results above, weeks as-
sociated with schedule-based (S B) watering exhibit increased use compared
to the implicit off-schedule (OS) baseline at any frequency. These rigidity
penalties amount to 20-23%'2, and are highest for weeks that follow the offi-
cial schedule exactly ("SB * freq2”). This ”SB” effect is reduced by 30-40%
in 2010, a judged by the posterior means of the ”SB * freq * 2010” interac-
tions, although a considerable portion of the posterior distribution for these
coefficients lies in the positive realm. Third, once we account for weekly
frequency, climate effects become of secondary importance, as indicated by
the relatively small posterior means and lack of posterior precision for vir-
tually all climate indicators and their interactions. Fourth, controlling for
frequency and watering pattern, the residual policy effect, as captured by
the ”year2010” indicator, is of negligible magnitude compared to the overall
constant term, and estimated with low posterior precision.

The results for weekly peak are given in the last three columns of the
table. In contrast to use, and confirming our descriptive findings above,
peaks do not change much over frequency in either year, and are substan-
tially larger for SB-type weeks compared to OS-type patterns. As can
be seen from the ”SB * freq” interactions, this differential increases again
with decreasing weekly frequency, from approximately 26% at ”freq567” to
over 46% at ”"freq2”. Focusing on the 2010 interactions, we note that while
peaks tend to be slightly higher for OS-type weeks in 2010 compared to
2008'3, they decrease by 18-23% for SB-type implementations compared to
the 2008 season. This supports the descriptive results in Table 6 for the SB
group, and is consistent with the consumption patterns depicted in Figure
2. The remaining findings for the peak model mirror those from the weekly
use equation: climate effects play only a secondary role, and there are no
noteworthy residual policy effects ("year2010”).

12We use the conversion formula of exp(f) — 1 suggested by Halvorsen and Palmquist
(1980) to interpret marginal effects associated with binary variables, given the log-normal
form of the parameterized mean function.

13This is likely due to a ”transition” effect, with a considerable segment of former SB-
type customers watering on the old (i.e. now wrong) assigned days-of-week. Such weeks
would be captured as OS-type in the 2010 data, but would exhibit SB-type peaks.
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Table 9: Estimation results for use and peak equations

weekly use weekly peak

mean std. prob(>0) mean std. prob(>0)
constant -10.766  (0.773) 0.000 -12.706  (0.766) 0.000
freql 0.392  (0.025) 1.000 0.883  (0.026) 1.000
freq2 0.584  (0.025) 1.000 0.980  (0.026) 1.000
freq3 0.720  (0.026) 1.000 0.989  (0.027) 1.000
freqd 0.821 (0.029) 1.000 0.992  (0.031) 1.000
freqb67 0.967  (0.036) 1.000 1.048  (0.036) 1.000
SB * freq2 0.208  (0.066) 1.000 0.379  (0.068) 1.000
SB * freq3 0.197  (0.066) 0.999 0.334  (0.068) 1.000
SB * freq4 0.179  (0.068) 0.995 0.307  (0.071) 1.000
SB * freq567 0.200  (0.071) 0.999 0.233  (0.072) 0.999
Inland 0.389  (0.010) 1.000 0.439  (0.011) 1.000
Insf 0.170  (0.033) 1.000 0.154  (0.036) 1.000
Invalue 0.294  (0.028) 1.000 0.344  (0.030) 1.000
fixtures -0.002  (0.003) 0.324 -0.005  (0.004) 0.079
bedrooms 0.042  (0.009) 1.000 0.032  (0.009) 1.000
age 0.218  (0.011) 1.000 0.280  (0.012) 1.000
age2 -0.020  (0.001) 0.000 -0.025  (0.002) 0.000
avgtemp 0.051 (0.081) 0.735 -0.007  (0.079) 0.470
avgwind -0.070  (0.453) 0.442 -0.064  (0.462) 0.453
maxwind 0.050  (0.184) 0.615 0.008  (0.188) 0.506
avgwind * SB -0.222  (0.563) 0.349 0.002  (0.575) 0.500
maxwind * SB 0.032  (0.199) 0.567 -0.058  (0.204) 0.386
year2010 0.185  (0.740) 0.593 -0.178  (0.730) 0.403
freql * 2010 -0.010  (0.036) 0.393 -0.009  (0.036) 0.385
freq2 * 2010 0.034  (0.035) 0.837 0.073  (0.035) 0.978
freq3 * 2010 0.045  (0.036) 0.895 0.071 (0.036) 0.977
freqd * 2010 0.053  (0.041) 0.901 0.092  (0.041) 0.990
freq567 * 2010 0.038  (0.049) 0.786 0.064  (0.048) 0.909
SB * freq3 * 2010 -0.052  (0.144) 0.361 -0.257  (0.147) 0.039
SB * freqd * 2010 -0.049  (0.146) 0.357 -0.244  (0.150) 0.049
SB * freq567 * 2010 -0.041  (0.147) 0.395 -0.200  (0.151) 0.088
avgtemp * 2010 -0.025  (0.082) 0.391 0.016  (0.080) 0.583
avgwind * 2010 0.333  (0.486) 0.76 0.515  (0.500) 0.848
maxwind * 2010 -0.109  (0.187) 0.258 -0.143  (0.192) 0.240
avgwind * SB * 2010  -0.020  (0.063) 0.372 -0.033  (0.065) 0.304
maxwind * SB * 2010  0.010  (0.021) 0.688 0.021 (0.021) 0.837

6.2. Predictive analysis

For a more direct comparison of weekly consumption and peak across
weeks with different watering patterns we generate posterior predictive den-
sities (PPDs) for each irrigation type (SB vs. OS) and the predominant
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frequencies of two, three, and four watering days. Formally, these PPDs are
given as

p(yj | xu) =

/9(/%”((%‘ | xee, By uji) f (uji | Vu))duij)>p(0 ly,X)de, ®)

J

J=23,

where x¢f denotes a specific combination of watering pattern t€ {SB, OS}
and frequency fe {2,3,4}, and vector € comprises the entire set of model
parameters. Climate and property characteristics are set to their pooled-
data sample mean.!'* In practice, we simulate these PPDs by (i) drawing
10 random coefficients from f (uj; | V)), (ii) computing A;; for each u;; as
given in (2), and (iii) drawing y; from the exponential density with expec-
tation A\;;. We repeat steps (ii) and (iii) for all 10 draws of u;;, and steps (i)
through (iv) for all 10,000 draws of € from the original Gibbs Sampler.

Except for the combination t=5B, f=2, which is only meaningful for
2008, we derive separate PPDs for y; | x¢ for 2008 and 2010 by setting
the 2010 indicator and interaction terms accordingly in the covariate matrix
for the use and peak equations. However, since after controlling for climate,
property features, watering pattern, and frequency there remains no inherent
difference between watering behavior across the two years, we then combine
these year-specific PPDs for final analysis. Overall, we thus obtain 100,000
draws of y; | xgp,2 and 20,000 draws for all other combinations.

The resulting PPDs are depicted in Figure 3 for use and Figure 4 for
peak. Each subplot shows PPDs for SB and OS types for a given frequency.
Posterior predictive expectations are superimposed as vertical lines and la-
beled with their respective numerical value. As is evident from Figure 3,
the SB pattern produces higher expected use than the OS pattern at all
frequencies, with a slightly decreasing relative gap from 14% at f = 2 to
12% at f = 4. As shown in Figure 4 these differences in posterior predicitive
expectation are even more pronounced for peak, as is the diminishing trend
in gap from lower to higher frequency. Specifically, at two watering days,
the SB pattern generates a peak that is approximately 28% higher than the

M These settings are as follows: "Inland” = 8.95, ”Insf” = 7.48, ”Invalue = 12.13, ”fix-
tures” = 11.56, "bedrooms” = 3.25, "age” = 22.04, "avgtemp” = 75.73, "avgwind” =
5.45, and "maxwind” = 16.48.
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Figure 3: Predictive distributions of weekly use for a typical household (1000 gallons)

OS peak. At three watering days, this difference reduces to 22%, and at a
frequency of four it amounts to close to 18%.

The figures also illustrate that the predictive densities for the two types
differ little in their tail behavior. There is an approximately equal proba-
bility of high-volume outcomes for both patterns. The differences in distri-
butional shape are more pronounced at lower consumption levels, say below
4,000 gallons for use, and 1,000 gallons for peak. At any watering frequency,
there is a substantially higher probability for a typical household following
an OS pattern to have a lower consumption level than the same household
implementing an SB schedule.

Overall, these predictive results support our descriptive findings above.
After controlling for climate and property characteristics, a watering pat-

30



9-6-11 SAC Agenda ltem 6

tern that closely follows the officially assigned days still produces noticeably
higher weekly consumption and substantially higher peaks than a more flex-
ible distribution of the same number of watering days across a given week.

Figure 4:

Frequency = 2 watering days
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Predictive distributions of weekly peak for a typical household (1000 gallons)

6.3. Policy simulation

So far our results suggest that a more relaxed OWR, allowing households
to choose their own watering days within the current weekly quota of three
should reduce both weekly use and peak for the typical household. We can
examine this conjecture more formally by generating PPDs that fit such a
policy scenario. We start by assuming that the current 2010 proportion of
weeks with frequencies under two and above four would remain constant un-
der the new policy. This leaves the tf-categories OS2, SB3, 053, SB4, and
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084 for further examination. This group comprises 70% of all observations
for the 2010 data set.

We consider two scenarios in terms of how the existing proportions of
these t/f combinations may change under the new OWR. For each scenario
we generate a mixture PPD by drawing from the type / frequency spe-
cific PPDs from the previous analysis with relative probabilities equal to
stipulated population weights. We compare the resulting scenario-specific
PPDs to the PPD for the status quo, which employs empirical sampling
weights for 2010 in the mixture. The status quo weights for the five t/f
combinations listed above are wsq = [0.24,0.37,0.18,0.11,0.10]. For both
scenarios 1 and 2 we assume that 50% of existing OS2-type weeks will
become OS3. This is a conservative strategy, allowing for the possibility
that some 2010 customers were still habitually following the old twice /
week schedule, and that they would switch to three watering days in the
near future. In addition, scenario 1 stipulates for 50% of current SB3 and
S B4 weeks to turn, respectively, into O.S3 and OS54 patterns. This yields
weight vector wge1 = [0.12,0.185,0.485,0.055,0.155]. Scenario 2 envisions
a complete switch of all SB types to a respective OS pattern at unchanged
frequency, resulting in wge1 = [0.12,0,0.67,0,0.21]. Thus, scenario 1 can be
interpreted as a transition season, while scenario 2 could become the new
long-run status quo.

The results from this simulation are captured in Table 10. The first
two columns show the mean and standard deviation of predicted use and
peak for the typical household and weather conditions. The third column
depicts the percentage reduction in mean outcomes compared to the status
quo for the specific sub-group under consideration (052, SB3, OS3, SB4,
and 0S4). Scaling these figures by 0.7 yields a translation of this reduction
in system-wide terms. The final column expresses system-wide savings in
terms of the equivalent number of customers. For weekly use this figure was
derived by multiplying system-averaged per-household savings by the total
number of customers served by the utility in 2010 (69,500), and dividing
by the mean weekly use observed for our 2010 sample (4,820 gallons). For
weekly peak we multiply system-averaged per-household savings by 1/7 of
the total customer base (conservatively assuming a uniform distribution of
peaks across week days), and divide by 1,410, the observed 2010 sample
average for peak days.

Under transition scenario 1, system-wide savings in consumption are ex-
pected at 0.89%, which would be equivalent to taking 713 households off the
utility grid. Under scenario 2, which essentially stipulates that all customers
in the 2-4 frequency range will follow a more flexible weekly watering pat-
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Table 10: Predicted weekly use and peak under a flexible 3-day OWR

use (1000 gallons)

mean std. % less % less  customer
group system equivalent

sq. 5524 (6.819) - ; ;
scen. 1 5453 (6.732) 1.28%  0.89% 713
scen. 2 5301 (6.535) 4.03% 2.82% 2,246

peak (1000 gallons)

mean std. % less % less
group  system

sq. 1767 (6.819) - - -
scen. 1 1.684 (6.732) 4.68% 3.28% 408
scen. 2 1.608 (6.535) 8.97% 6.28% 781

tern, system-wide savings increase to 2.82%, or an equivalent of over 2,200
households. For predicted peak, expected sytem-wide savings exceed 3% for
scenario 1, and 6% for scenario 2. In the first case, this is equivalent to
taking over 400 households that would have had their peak use that day off
the grid. This figure almost doubles for scenario 2.

In summary, these policy simulations indicate that there could be sub-
stantial conservation gains from relaxing the assigned-day component of the
existing OWR, even if the frequency cap is left unchanged. In addition, the
expected lower peaks would allow for a more cost-effective water delivery,
thus translating into further savings to the utility and its customers.

7. Conclusion

This study is the first to examine the impact of design features of outdoor
watering restrictions on residential water use. Benefitting from a unique
data set of daily consumption at the household level over multiple irrigation
seasons, an inter-season policy change, and a diverse set of weekly watering
patterns, we arrive at several important and novel findings. In a nutshell,
both the cap on weekly frequency and the address-based assignment of spe-
cific watering days matter for conservation outcomes. While the former is
confirmed to be necessary for curbing consumption, the latter leads to usage
inefficiency and thus undermines conservation goals.

Specifically, we find that regardless of weekly watering pattern higher
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frequencies unambiguously translate into higher weekly use for the typical
customer. This confirms the results from virtually all existing OWR studies.
However, and this constitutes the key result from our analysis, weekly use
and peak depend crucially on how closely a given household follows the
DoW assignments. Specifically, we find a substantial "rigidity penalty” in
both use and peak for schedule-adherent watering patterns, regardless of
overall frequency. We interpret this finding as a regulation-imposed mandate
to ignore time-varying natural conditions for the timing of yard irrigation.
Supporting this notion, we find that schedule-based weekly patterns are
more prone to coincide with windy conditions, which can lead to major
water losses.

The policy change from two to three assigned days per week produced
two main effects: First, it induced the intended switch from watering pat-
terns based on two assigned days to patterns including three assigned days
for a considerable segment of customer-weeks. Second, for this schedule-
based contingent we observe a clear reduction in peaks at any frequency
compared to schedule-based weeks prior to the policy. This also leads to a
pronounced reduction in peaks at the system-wide level. In contrast, overall
weekly use changes little in reaction to new policy, regardless of the degree
of schedule-adherence. In combination, these findings suggest that the pri-
mary effect of the new policy lied in inducing many customers to spread
an essentially unchanged amount of automated sprinkler irrigation over a
larger number of week days.

While this policy change can thus be considered a step in the right di-
rection, it did not fully eliminate the rigidity penalty for peak and only
slightly alleviated the rigidity penalty for overall weekly use. All of our
results - descriptive, analytic, and predictive, point to the potential for ad-
ditional conservation gains by relaxing the assigned-day component of the
regulation. We predict that such a modification, once adopted by all cur-
rent schedule-adherent customers, could lead to an additional reduction in
system-wide use of 2-3%, and decrease daily peaks by over 6%.

Naturally, several caveats remain. Most importantly, a ”frequency-cap-
only” policy would undoubtedly be more difficult to enforce than a regula-
tion based on assigned days. One would have to literally monitor a given
residence’s entire week of irrigation activities to detect any violation. In
addition, the current system may benefit from ”police-thy-neighbor” effects,
where customers more or less follow the OWRs to avoid a loss in neigh-
borly goodwill and social standing. These self-policing effects would likely
be diminished under the flexible-day implementation.

Furthermore, while intuition and our data suggest that the observed
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rigidity penalty is related to a reduced avoidance of adverse wind conditions,
determining its exact composition would require a survey-based analysis
of household watering decisions. This would also provide insights into the
potential for the utility to enhance ”wind awareness” before or in conjunction
with the implementation of a flexible-day schedule.

If wind is indeed the main driver of this inefficiency, our results should
at least generalize to other wind-prone areas in the south-west and beyond.
Thus, adjusting existing OWRs according to our findings could produce sub-
stantial region-wide water savings at relatively low implementation costs.
Our findings also cast doubt on the effectiveness of existing policies that
reduce the number of assigned days under progressively severe drought con-
ditions, as inefficiency penalties are highest at low frequencies. A frequency
reduction combined with a ”choose-your-days” policy is likely to produce
superior conservation outcomes in such cases.
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Appendix A. Outdoor watering restrictions in the United States
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Appendix B. Identification of outdoor watering days

Our identification of outdoor watering days thus proceeds in the following
steps:

1. We start with a simple K-means clustering algorithm (MacQueen,
1967) at the household level to classify each day as a “high use” or
“low use” occurrence. Our objective is to confidently interpret high
use days as days with outdoor irrigation, and low-use days as days
with strictly non-irrigation consumption. We use six different clus-
tering algorithms. The first three are based on actual daily use, the
second set of three on logged use.!> Within each set, the first algo-
rithm uses the Euclidean distance between observation points and the
current pair of cluster centroids as a sorting criterion, the second uses
Euclidean distance squared, and the third absolute distance (Vinod,
1969; Massart et al., 1983). In each case we use the mean consumption
on assigned and unassigned days, respectively, as starting values for
the cluster centroids.

We find that within each triplet all three algorithms agree on sorting
for every single observation in both the 2008 and 2010 data sets. This
indicates robustness to the choice of similarity measure, which is reas-
suring. As expected, the versions based on logged use, which are less
sensitive to outliers and thus lower the threshold for observations to
fall into the higher category, identify about 10-15% more observations
as watering days than the versions based on actual use in gallons in
each data set.

However, all siz versions are in complete agreement for all daily ob-
servations associated with 1644 (18.8%) of households in 2008, and
890 households (11.7%) in 2010. These are likely customers that
exclusively water via automated sprinkler systems, producing very
pronounced differences in usage between irrigation and non-irrigation
days. Within these subgroups, the sorting into watering and non-
watering days perfectly aligns with assigned watering days for 604
(6.9%) of customers in 2008, and 422 (5.5%) of customers in 2010. For
these households we can be especially confident that the observations
flagged as non-watering days truly and exclusively capture indoor, or
non-irrigation, use. In the following, we label these households as “Full
Agreement, Full Compliance” (FAFC) cases.

15We add an increment of one gallon to each zero-usage observation before taking logs
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An inspection of sample statistics on basic building and lot character-
istics assures us that these FAFC cases are not systematically different
in measurable ways from the remainder of the data set.'® Thus, we
deem them suitable as a representative sub-sample that provides reli-
able and important information on non-irrigation use.

2. Our next goal is to utilize information on winter use and the fact
that the Reno/Sparks climate precludes any water use for outdoor
irrigation during the cold season to validate the cluster analysis re-
sults. Specifically, using available data on monthly consumption dur-
ing the January-March period preceding our summer data collections,
we compute average daily winter use and the ratio of daily summer
use to average daily winter use for each household in both data sets.
Focusing again on the FAFC observations, we then inspect the sample
distribution of this ratio for unassigned days. For 2008, the mean and
standard deviation for this ratio amount to 2.3 and 2.4, respectively.
For 2010, the mean equals 1.85, and the standard deviation is 1.7.
According to TMWA, indoor use is higher in summer for the typical
household due to factors such as a larger average daily household size
as school and college-age children spend more time at home, a higher
level of outdoor and athletic activities, increasing water use for drink-
ing, cleaning, laundry, and showers, increased use for the watering of
indoor plants, and water use for cooling units. The lower average for
2007 is likely due to the slightly cooler summer that year, as described
in the main text.

3. We interpret the above results as indicative of the typical household in
the Reno/Sparks area consuming approximately twice as much water
per day for non-irrigation purposes in summer than in winter. Based
on the standard deviations for the FAFC segment given above, we
would further expect daily non-irrigation use for any household not to
exceed a ratio to winter use in excess of 3 x 2.4 = 7.2 in 2008 and of
3x1.7=1>5.11in 2010.

4. For our final classification step we generally adopt the cluster analysis
results based on absolute use, but we recode all observations flagged as
“non-watering” days that exceed the three-standard deviation thresh-
olds given above as “watering days”. This results in 19,479 changes

1These comparison tables are available from the authors upon request
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(8.2% of observations originally flagged as non-watering) for the 2008
data, and 17,818 changes (8.6% of observations originally flagged as
non-watering) for the 2010 set. These recoded observations are likely
associated with households that employ some daily baseline watering
system, as mentioned above. Due to the latency of the baseline ir-
rigation the cluster analysis fails to identify these non-sprinkler days
as irrigation days. Adding information on winter use to our analysis
allows us to correct this shortcoming.
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Monthly water use, typical Reno resident
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Outdoor Watering Restrictions genda ltem

Standard DSM tool in many communities

More effective than price signals

Politically palatable

Likely to grow in popularity
(increasing storage costs under global warming)
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Motivation 9

¢ No existing research on optimal design of OWRs

e Exploit local policy change
(2 assigned days — 3 assigned days)

e Exploit rich variation in weekly watering patterns
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Main questions 9

e Did policy change affect weekly use?
e Did policy change affect weekly peaks?

e Do households that follow policy conserve more?
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Main findings

Policy change did not affect consumption.

Policy change lowered peaks.

Households that follow policy more closely use more water,
have higher peaks.

This holds under old and new policy, at any weekly frequency.



. . 9-6-11 SAC Agenda ltem 6
Policy recommendations 9

e Frequency cap is is necessary to curb consumption
o Assigned weekly watering days is counter-productive
o Let households choose their watering days

10/1
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Data

Daily consumption (drive-by remote readings)
summer 2008: 8,747 HHs, 52,666 obs.

e summer 2010: 7,652 HHSs, 48,573 obs.
overlap: 1,766 HHs, ~ 10,000 obs. / year

1/1
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Data 9

2008: 2 assigned days / week
2010: 3 assigned days / week

"mild" enforcement

no restrictions on hand watering

12/1
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|dentification of watering days 9

e K-means Cluster Analysis
e Separate for each household

e Augmented with info on winter use

13/1
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Watering days, id #2667
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Sample composition

Typical household has a variety of weekly watering patterns
We group them into schedule-based, SB and off-schedule, OS

SB: assigned days, plus > 0 additional days

OS: at least 1 assigned day is skipped

SB also includes category S, a perfectly schedule-consistent
week

15/1
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weekly irrigation scheme by household i in period p:
lip = 1 (V1ips Y2ips Y3ip» SBip) , i=1,...N, p=1...P

yiip = frequency (number of watering days)
y2ip = weekly use

y3ip = weekly peak

SBj, = indicator for "schedule-based"”

19/1
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Correlated triple-equation system:

yiip = HTP (h,x, 01, uj1)
Yjip = HE (haxaylipa Spr7 0]7 ulj) J = 27 3

u;, = [U,’l uio u;3]/ ~ mvn (O,Vu)

"HTP" = Hierarchical Truncated Poisson
"HE" = Hierarchical Exponential
ujj = unobserved household effect

20/1
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Estimation confirms descriptive results

e consumption increases with frequency, peaks stay flat

SB-type has 20% higher use than OS-type at same frequency

SB-type has 30-40% higher peak than OS-type at same
frequency

e peaks are reduced for SB-types in 2010

21/1
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Conclusion

Policy change was move in right direction

HH welfare can only increase (relaxed constraint)

Now let them choose days

"Enforce” via outreach, nudging

Another example of unintended consequences

25 /1
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