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Abstract Water conservation in California has been a major subject of concern for agencies in their efforts
to satisfy their residential demand while coping with frequent shortfalls, especially in periods of drought.
During the 2012-2016 severe drought in California, the state enacted a conservation mandate that imposed
specific conservation targets of 4% up to 36% for water utilities. While the utilities met those targets in 2015,
water use, on average, has slowly crept up or rebounded subsequently, although not to pre-drought levels.
Understanding the manner and degree to which water use rebounds can be critically important for water
utilities in their planning and investment decisions. Using a unique panel dataset on single-family residential
water use by nearly 20,000 customers of a Northern California water agency from 2013 to 2019, this paper
explores the magnitude and character of the rebound effect that occurred after the cessation of a statewide
conservation mandate that was imposed on water use in response a severe drought enveloping California from
2014 through 2016. Our results suggest the presence of a significant rebound in water use—of approximately
9% on average—after the conservation mandate ended. Yet, and novel to our research, we find significant
heterogeneity in the rebound effects across seasons and water users, with a greater rebound in the warm season
months relative to other months and among lower water use households relative to higher water use households.
Our results also suggest a significant shift in water use to earlier periods of the day once the mandate was lifted.
Understanding the magnitude and variation in rebound effects both temporally and across different types of
water users can be useful to water agencies in their efforts to make informed decisions surrounding investments,
management, and messaging in response to drought, conservation, and water scarcity.

Plain Language Summary Given the prominence of demand-side management in the water utilities
toolbox for addressing increasing water shortages driven by drought and climate change, understanding how
water use changes during a drought along with how and to what extent it increases, or “rebounds,” afterward
can be useful if not necessary in making informed policy decisions and cost-effective investments. This research
develops a unique data set consisting of household-level daily and hourly water use by nearly 19,500 residential
accounts from a California water utility from 2013 through 2019. It explores how water use changed during

and post-drought relative to pre-drought levels. During this period, California entered a significant drought. Its
governor requested a voluntary cutback, imposed a conservation mandate, and implemented a self-certification
requirement lasting until the drought eased. We find that residential water use decreased by 26% during the
conservation mandate relative to pre-drought levels but rebounded by approximately 9% post-mandate. The
“rebound” effect varied across the season (greatest in summer months) and water user type (lower-end water
users showed a larger percentage rebound than higher-end water users). Our results suggest that due to the
mandate, the peak hour water consumption shifted to the earlier hours of the day.

1. Introduction

The frequency, longevity, and severity of droughts and rapidly growing populations are depleting water resources
in many arid and semi-arid regions globally, increasing the challenges urban water managers confront in their
efforts to balance water supplies and demands. In addition to the effects of climate change, water supply availa-
bility in California is not evenly distributed temporally and spatially relative to demand, putting municipal water
supplies in a precarious situation (Brown et al., 2019; Diffenbaugh et al., 2015; Hanak & Lund, 2012; Mann &
Gleick, 2015; Sandoval-Solis, 2020; Woodhouse et al., 2020). In response to these evolving realities and asso-
ciated challenges, policymakers and urban water managers are adopting demand-side management strategies
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to encourage water use reductions to buffer against short-term water supply shortfalls (Buck et al., 2021; Lee
et al., 2022; Nemati et al., 2018).

Within the U.S., California is a prime example of how water conservation has become a priority in urban water
management (Schwabe et al., 2014). The state and local water utilities continue to invest and encourage conser-
vation by introducing new technologies to increase water use efficiency. In addition, they may implement policy
measures for improved water-saving, such as water pricing, direct financial incentives, or regulations, includ-
ing water quotas and use bans (Baerenklau et al., 2014; Gilligan et al., 2018; Grafton et al., 2020; Nataraj &
Hanemann, 2011; Olmstead et al., 2007; Olmstead & Stavins, 2009; Zhang et al., 2017). During severe drought,
water managers often rely on the latter approach in the form of a mandate to require customers to change their
water use behavior in a particular way. In general, these bans or quotas on water use—which typically focus on
outdoor water use and vary dramatically from limiting days of outdoor irrigation (e.g., 2 days per week), hours
of irrigation, and method of irrigation (hand-watering)—have been shown to be inefficient relative to pricing in
achieving water use reductions (Brennan et al., 2007; Dupont, 2015; Grafton & Ward, 2008; Timmins, 2003).

During the 2012-2016 drought in California, one such ban labeled a “conservation mandate” was enacted. It
required water utilities to reduce their water use below some defined threshold so that the state would achieve
an overall 25% reduction in water use relative to a baseline (non-drought period), which was determined to be
2013. The mandatory urban water use restrictions imposed from June 2015 to May 2016 resulted in statewide
urban water use reductions of 25% relative to 2013 levels, with some utilities managing cumulative savings as
high as 31% (Buck et al., 2021; Nemati et al., 2018; Spang et al., 2018). However, water consumption bounced
back after the 2015 drought mandate was lifted (Gonzales & Ajami, 2017). This phenomenon, known as the
“rebound” effect, often occurs following a period of sustained low demand, such as during drought, and is trig-
gered after the cessation of water restrictions and media campaigns to conserve water (Beal et al., 2014; Gonzales
& Ajami, 2017).

A lack of understanding surrounding the rebound effect can have significant implications on water utility pric-
ing and investment decisions. For instance, most water utilities still tie a significant fraction of their revenues
to volumetric pricing while their costs are mostly fixed, often upwards of 80%—85% (Schmidt & Lewis, 2017;
Spang et al., 2015). As such, imposing a ban during a drought can result in a significant loss in revenue, which
in turn threatens financial stability. A common response by utilities to these revenue shortfalls is to raise prices,
especially if they don't recognize the possible rebound effect once the drought subsides. While raising prices can
be an efficient water conservation strategy, uninformed price increases—especially following water reductions by
customers in response to utility requests—can lead to customer relations challenges. Second, and from a longer-
term perspective, such misunderstanding as to how demand might evolve following drought can lead to poor
investment decisions by the utility through over- or under-investment strategies. Utilities are often under enor-
mous pressure to “do something” during a drought—even enact long-term investments that will not necessarily
affect water scarcity in the present drought. If based on a poor understanding of how demand may evolve after the
drought, such decisions may lead to inefficient investment choices.

With these concerns in mind, the motivation for the analysis is multifold. First, despite the growing importance
and adoption of voluntary and mandatory water conservation regulations in urban water management and the
significance of the behavioral response of community members, few empirical studies have explored the rebound
effects of these programs (Beal et al., 2014; Gonzales & Ajami, 2017). Using a unique dataset consisting of daily
and hourly water use from approximately 19,500 households within a utility in Northern California from 2013
through 2019, we estimate the magnitude and characteristics of the rebound effect following the cessation of
statewide conservation mandate that was imposed from June 2015 through May 2016.

Because we have data on water use at the individual residential household level, both daily and hourly, we extend
our understanding of the rebound effect in three dimensions. First, we extend the literature on rebound effects
in water usage by identifying how rebound effects differ across lower-end versus higher-end water users. Such
information can be important to effective and targeted messaging and marketing campaigns related to conserva-
tion and efficiency programs, but also in understanding where future reductions in water use might come from
(and how much). Second, with daily data across each year from 2013 through 2019, we can identify the degree
to which there is a seasonality that might characterize the rebound effect. Given the significant differences in
water use across seasons, with summer and warmer season months typically being characterized by significantly
greater water use than winter or cooler season months (Lee et al., 2022), information on the possibility season-
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ality associated with the rebound effect can help water agencies better identify effective strategies for future
conservation and efficiency efforts that recognize such seasonality.

Third, with hourly data on water use from 2015 through 2019, we investigate whether water use practices follow-
ing the cessation of the mandate changed throughout the day (e.g., peak vs. off-peak hours) and in a manner more
consistent with recommended water efficient practices. Previous studies of hourly water consumption showed
consumption concentrated during two periods: peak hour demand and peak day demand (Cole & Stewart, 2013).
Our analysis extends the literature by investigating how hourly water use changed over time, and specifically
how it changed after the drought mandate relative to during the drought mandate. Irrigation specialists and water
agencies are increasingly emphasizing in their messaging to water users that watering lawns earlier in the morn-
ing, and certainly not during mid-day, is a water-efficient practice due to more of the water percolating rather
than evaporating during a cooler part of the day (Park & Smith, 2008). Indeed, many agencies and the state have
enacted bans restricting the timing of outdoor irrigation (Riverside Public Utilities (RPU), 2022). Thus, under-
standing specific characteristics of outdoor water use and how it evolved following the drought can give agencies
a better understanding of the degree to which additional efforts are needed to encourage more efficient irrigation
practices.

In the analysis and discussion of possible water use reductions and rebound effects that follow, it is important
to recognize a general distinction between “conservation” and “efficiency.” Water conservation is defined as
a reduction in water use that may occur through short-term behavioral changes. Reducing water use through
increasing water use efficiency often is considered to be permanent, such as what might happen through hard-
wiring some technological improvement like reduced water use dishwashers, or low-flush toilets and low-flow
showerheads (Vickers, 1999). Rebounds occur only if water reductions were made from water conservation
(short-term reductions in water use) since efficiency improvements are more permanent.

2. Data and Methods
2.1. Study Area Background

Our analysis focuses on single-family residential households that receive water from a mid-sized water utility
located in Northern California. The area served by this utility has cool and humid winters with hot and dry
summers. The rainy season typically begins in November and ends in March, with low humidity during the
summer months. For the period 1998-2019, average annual rainfall was measured as 20.6 inches. The wettest
months are December, January, and February, and the driest months are normally July and August. Typically, July
and August are the hottest months of the year, with an average daily temperature of approximately 76°F, though
daytime high temperatures average close to 93°. December and January are generally the coolest months of the
year, with an average annual temperature of about 48°, with the average minimum dipping down to 39°. In terms
of income, according to the 2010 Census, the median household income in the utility service area is $94,642.

Nearly 70% of the utility's water supply comes from surface water sources, while 21% and 8% come from
purchased surface water and local groundwater sources, respectively. On the demand side, in 2019, there were
about 19,500 single-family residential, 6,000 multi-family, 1,500 commercial/industrial, and about 1,000 munici-
pal/park connections serving approximately 70,000 people. In terms of annual water consumption share, in 2019,
approximately 54% of total potable water was delivered to single-family residential customers, about 27% to
commercial and industrial customers, and approximately 10% to multi-family residential customers. Based on the
water utility's 2019 estimates, water consumption was about 256 gallons per capita day (gpcd).

Under the 2015 California conservation mandate, the water utility for our study was required to reduce water
consumption by 32% compared to 2013 levels. To achieve this goal, the utility offered rebates to replace lawns,
upgrade irrigation systems, and install high-efficiency toilets and clothes washers. During the mandate, water
use restrictions were enforced, including no runoff or gutter flooding and no emptying and refilling of pools and
water features except for health, structural or maintenance purposes. Additional restrictions included banning
spraying of impervious surfaces (sidewalks, streets, etc.), requiring shut-off nozzles for hoses, banning outdoor
watering during rain events or between the hours of 10 a.m. to 10 p.m., and limiting landscape irrigation to
a maximum of 2 days per week based on the odd-even schedule. In terms of pricing and pricing structure,
there were no changes in either over the study period—January 2013 to December 2019—by the utility, which
employed a three-tier pricing structure.
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Figure 1. Summary of single-family residential annual water consumption (gallons/day) from 2013 to 2019 in the study
area. Note: For each year, median daily water use is represented by the dark horizontal line; the upper and lower parts of the
colored box represent the third and first quartiles of the daily water use for that year; the line extending above and below the
colored boxes represent daily water use outside of the middle 50th percentile (fourth and first quartile).

2.2. Data Description

This analysis consists of 7 years of data—2013 through 2019—from approximately 19,500 single-family resi-
dential households that receive water from a mid-sized water utility located in Northern California. We were
able to collect daily data from 2013 through 2019 and hourly data from 2015 through 2019, resulting in
over 430 million data points. The ability to use hourly data arose as a result of the utility adopting, in 2014,
advanced metering infrastructure (AMI)—also known as smart meters—that transmit water use data contin-
uously to the utility. Given the importance of weather in driving residential water use, our dataset included
data on daily temperature and precipitation in the study area from the PRISM climate group (PRISM Climate
Group, 2020).

Figure 1 shows the average annual single-family residential water consumption from 2013 through 2019. On
average, water use in the study area is higher from 2017 through 2019 relative to 2015-2016, albeit lower than
2013 levels. The reduction in water consumption during the 2015-2016 period to approximately 220 gallons/day
was likely a direct consequence of the mandatory water restrictions the state of California implemented (from
June 2015 through May 2016) to cope with the extreme drought conditions it was experiencing. The mandate was
eased in May 2016 and replaced with a self-certification process until April 2017 due to the drought subsiding.
Following the lifting of the statewide mandate in 2016, utilities still had to meet the state conservation mandate
requirements if they could not “self-certify” that they had reasonable supply reserves to cover demand. As shown
in Figure 1, residential water use rose after 2016 relative to earlier years, increasing by approximately 45% during
the 2017-2019 period compared to 2015-2016.

Rather than comparing water use by year, Figure 2 (and Table A1 in the appendix) summarizes hourly water use
throughout the day for the mandate and post-mandate periods. During the mandate period, both average hourly
water consumption and standard deviations were lower than those after the mandate period for every hour of the
day. During the mandate period, average hourly water consumption stood at 9.07 gallons/hr, which was lower
relative to post-mandate (13.36 gallons/hr), implying a rebound of approximately 4.29 gallons/hr in water use, on
average. The peak hourly water consumption during the mandate was at 7 a.m., while it was 2 hr earlier (5 a.m.)
after the mandate period. By far, the most significant period of hourly water consumption during the mandate
period was between 6 and 9 a.m. versus from 4 to 6 a.m. after the mandate. As mentioned above, because the
utility installed the AMI in 2014, we are not able to compare hourly water use to the pre-mandate levels. Yet we
do know that while overall water use increased after the conservation mandate was lifted, on average, it did return
to pre-mandate levels.
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Figure 2. Average water consumption (gallons/hr) during (June 2015 to May 2016) and after (June 2016 to May 2019) the mandate.

2.3. Econometric Model

To explore how water use changed over time and the presence and characteristics of a rebound effect, a
fixed-effects regression model of water use at the household level is developed using both daily and hourly data.
The rich panel dataset allows us to control for omitted unobservable variable bias in the analysis via numerous
fixed-effects controls. Our fixed-effects estimating equation of household-level water use is given in Equation 1,
where i represents the household and ¢ time.

log(gir) = ai.Mandate;; + a,.PostMandate;; + IW; + yi + pm + 0 + 64 + €t 1)

As shown, the outcome of interest, log(g;/), is the natural log of water consumption for household i in day ¢. The
variables of interest are “Mandate” and “PostMandate.” Mandate;, is an indicator variable that is set equal to
one for all observations in the mandate period (June 2015 to May 2016), else zero; similarly, PostMandate;, is
an indicator variable that is set equal to one for the post-mandate observations (June 2016 to May 2019), else
zero. Weather controls are represented by W (i.e., cooling- and heating-degree days as well as precipitation). y;
indicates household fixed effects; u,, indicates calendar month fixed effects; 6, indicates the week of the year
fixed effects, and §, indicates the day of the week fixed effects. Lastly, g; captures all remaining unobserv-
ables that affect the dependent variable. The Halvorsen—Palmquist transformation is applied to calculate the
correct percentage changes for the “Mandate” and “PostMandate” indicator variables (Giles, 1982; Halvorsen
& Palmquist, 1980; Kennedy, 1981). For example, for calculating the percentage change in water consumption
associated with switching “Mandate” from 0 to 1, a transformation of 100 X (e”t — 1), where ! is the exponential
transformation of the estimated coefficient, is required.

In addition to testing for overall rebound effects, we investigate the degree to which heterogeneous rebound effects may
arise across different water user types. Specifically, we catalog residential water users into quintiles based on average
warm season months' pre-mandate water use as the baseline. Warm season months of water consumption in California
typically are defined from May through September (Jenkins et al., 2003; Lee et al., 2022), which is when households
use the most water due to the demands associated with outdoor water use. Indicator variables are created for whether
the mean warm season months pre-mandate water consumption is in the first, second, third, fourth, or fifth quintile of
the whole sample warm season months pre-mandate consumption (i.e., Q.1, Q.2, etc.). These quintile binary variables
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are interacted with time indicators to highlight how they change over time. Quintile thresholds are 446.12 gallons
per day (gpd) and lower in average warm season months water use for the first quintile, 446659 gpd for the second,
659-808 gpd for the third, 808—1,047 gpd for the fourth, and 1,047 gpd and higher for the fifth quintile. The estimating
equation is as follows, where Q; is the quintile indicator, and other variables are similar to the definitions in Equation 1.

Jj=5 Jj=5
log(gir) = Z ;Q; .Mandate;; + E p;0; PostMandate;; + IW; + yi + pm + 0o + 64 + €ir 2)

J=1 Jj=1

In addition to the daily data spanning 2013 through 2019, household-level hourly water use data is collected from
January 2015 to December 2019. This data set, which is available due to the utility's adoption of an AMI through-
out 2014, allows us to investigate at a much more granular level how water use (throughout the day) changed after
the state-imposed water restrictions relative to the mandate period. To do this, we estimate a second fixed-effects
model in which the dependent variable is the hourly water use at household i and time ¢, as shown in Equation 3.

g = ai.PostMandate; + W, + ¥i + pim + 0w + 8a + Th + € 3)

In Equation 3, the outcome of interest, g}, is the transformed hourly water consumption for household i and
hour 7 using the inverse hyperbolic sine transformation—a logarithmic-like transformation that allows us to keep
zero-valued observations and which allows us to interpret coefficients as semi elasticities as suggested by Burbidge
et al. (1988) and MacKinnon and Magee (1990) and used in the previous studies (e.g., Bellemare et al., 2013;
Moss & Shonkwiler, 1993; Pence, 2006). We use adjusted Halvorsen—Palmquist transformation as suggested
by Bellemare and Wichman (2020) to calculate the correct percentage changes (Halvorsen & Palmquist, 1980).

The variable of interest is “PostMandate;;,” which is an indicator variable that is set equal to one for all obser-
vations in the post-mandate period (June 2016 to May 2019) and zero otherwise (June 2015 to May 2016). In
addition to the fixed effects described in Equation 1, 7, is included to capture the hour of the day fixed effects,
and €, captures remaining unobservables that affect the dependent variable. Finally, using the following equation,
we capture the heterogeneity in the estimated changes in water consumption by the hour of the day post-mandate
relative to the mandate period. Note that H; is the hour of the day indicator, and other variables are similar to the
definitions in Equation 3.

h=23

q; = Z a; H; .ay.PostMandate;; + W, + y; + pm + 01 + 64 + Tn + €t “)

h=0
To address possible autocorrelation bias in the standard errors in all of our estimating equations, we clustered standard
errors at the household level, thereby allowing observations within a household to be spatially correlated but inde-
pendent across the water utility (Bertrand et al., 2004; Cameron & Miller, 2015). Note that while using a fixed effects
estimator, we can control for unobservable or unmeasurable characteristics that do not vary over time. Still, there is a
limitation in controlling for unmeasured characteristics that vary over time. Also, this estimator assumes the structural
relationship between water demand variables remains unchanged over time. If the 2015 drought event caused these
structural relationships to change, then caution is warranted in the interpretation of the estimated coefficients. Finally,
we reiterate that in this part of our analysis, we make comparisons with the hourly data between the mandate and
post-mandate periods and not relative to the pre-mandate period since the hourly data is not available prior to 2015.

3. Results

In the analysis that follows, we first investigate—with daily water use data—the extent to which single-family
residential water use changed during (mandate period) and after (post-mandate) the drought relative to the
pre-drought period. Following an analysis of inter- and intra-annual daily water use, we explore the character-
istics of the rebound on a much more granular level by evaluating how hourly water use changed post-mandate
relative to use during the mandate.

3.1. Exploring the Rebound Effect: Analysis of Daily Data

Figure 3 provides a comparison of average daily water consumption for single-family residential accounts across
each month of the calendar year from 2013 through 2019. In comparing the distributions, we see a reduction in
water consumption every month from 2013 through 2015. After 2015, water use during the warm season months
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Figure 3. Average monthly water consumption (gallons/day) from 2013 to 2019 in the study area.

relative to 2015 rose (e.g., including both after the mandate and self-certification period ended). While the higher
water consumption in the warm season months is not surprising, an interesting artifact that falls out of these
comparisons is the manner in which water use rebounded. Prior to the mandate, the distribution of water use had
much larger tails (higher non-warm season month usage) and a higher mode (high warm season month usage).
The effect of the mandate was to essentially shift the distribution of water use across months downward relative
to the pre-drought years, indicating that, on average, water use every month decreased.

After 2015, though, as illustrated by the narrower distributions and increasing modes, warm season month
water use crept up through 2019, yet water use in non-warm season months, particularly in the early part of the
year, stayed relatively constant. So, the “rebound” was driven by increases in water use during the warm-season
months—Ilikely as households increased their outdoor water use—but during non-warm season water consump-
tion, often represented by more indoor water use, did not rebound in any appreciable manner and, in some cases,
actually decreased. Overall, the distributions suggest a large rebound in water use after the mandate was lifted,
mostly occurring in the warm season months when outdoor water use predominates.

Figure 3 also highlights how, following the mandate, water use continued to stay low and even declined during
some of the non-warm season months while rebounding during the warm season months. From a water manage-
ment perspective, households, on average, continue to reduce water use in the non-warm season months, and util-
ities may want to focus efforts on understanding how to incentivize, encourage, and equip households to reduce
water use in the warm season months.

Table 1 presents the results of the estimated change in daily water consumption from (June 2015 to May 2016)
and after the mandate (June 2016 to May 2019) relative to the pre-mandate period (June 2013 to May 2015).
The columns of Table 1, moving left to right, increasingly add controls for unobservable time-invariant factors.
Column (1), which represents our baseline fixed-effects model, suggests that during the drought mandate, average
daily water use decreased by nearly 22.1% relative to the pre-drought period and decreased by approximately
9.60% post-mandate relative to the pre-mandate period. In columns (2) and (3), weather variables (cooling- and
heating-degree days as well as monthly precipitation) and month-of-year fixed effects are added to control for
seasonality. More granular temporal controls, such as the week-of-the-year fixed effects and day-of-week fixed
effects, are added in column (4).

Column (4) of Table 1 presents our final and preferred specification and shows that water consumption declined
by 26.10% during the conservation mandate period compared to the pre-mandate period. This finding is slightly
lower than the conservation mandate requirement for the water utility under the study. That is, under the 2015
California conservation mandate program, the water utility we focus on was required to reduce water consump-
tion by 32% compared to 2013 levels. Comparing the reductions during and after the mandate period to the
pre-mandate period indicates that overall water use post-mandate crept up approximately 9.01% relative to the

NEMATI ET AL.

7 of 18

85U8017 SUOWILLIOD 8AIERID 3|qeal|dde au Aq peusenob ase SajoiLe YO ‘88N Jo s8N Joj Aeig18uluQO /8|1 UO (SUONIPUCD-PUE-SWLB/L0D A8 | IM"Ake.q 1 [pul [UO;/:SdL) SUOTIPUOD pue SWe | 8y} 89S *[£202/60/y2] Uo Akeiq1Tauljuo A8|IM ‘69TZE0MZZ02/620T 0T/10pwod Ao |m Atelq puljuo'sgndnBe//:sdny woiy pepeojumod ‘v ‘€202 ‘SL6./ 76T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2022WR032169

Table 1

The Estimated Change in Water Consumption (gallons/day) During and After the Mandate Relative to the Pre-Mandate Period (June 2013 to May 2015)

() (@) 3 @

During the mandate (June 2015 to May —0.221%%%* (0.003) —0.220%%* (0.003) —0.258%%%* (0.003) —0.261%**
2016) (0.003)
After the mandate (June 2016 to May 2019) —0.096*** (0.003) —0.095%%%* (0.003) —0.170%%* (0.003) —0.171%%*
(0.003)
Difference (%) 12.513 12.526 8.797 9.011
Number of observations 32,098,745 32,098,745 32,098,745 32,098,745
Number of accounts 19,476 19,476 19,476 19,476
Household fixed effects Yes Yes Yes Yes
Weather controls No Yes Yes Yes
Month fixed effects No No Yes Yes
Week of the year fixed effects No No No Yes
Day of the week fixed effects No No No Yes

Note: Robust Hubert-White standard errors are clustered at the household level in parentheses ***p < 0.01, **p < 0.05, *p < 0.1. The dependent variable is the log of
daily water consumption. Average water consumption during and after the mandate was 431.17 and 506.79 gallons/day, respectively.

mandate period (although it was still lower than the pre-drought averages). The change in average gallons per
day is an estimated 112 fewer gallons for the average household during the mandate period compared to the
pre-drought period and 86 fewer gallons post-mandate period compared to the pre-drought period. The results
agree with previous research finding a rebound in water use following a period of sustained low demand, such
as during drought, but not to pre-drought levels (Beal et al., 2014; Gonzales & Ajami, 2017). To consider the
cases where water users might have started to cut back on water use before/after the mandate took effect, we
also estimated the change in water consumption a month prior to and a month subsequent to the mandate period.
These changes did not result in any appreciable differences in our estimates and, thus, did not alter the general
conclusion that water consumption after the mandate did not bounce back to the pre-mandate levels.

Figure 4 (and Table A2 in the appendix) explores whether and the extent to which water use and the rebound effect
varied across different user groups as defined by the water use quintile. Using the preferred specification from Table 1
(Column 4) results in Figure 4 show that water use by higher quintile water users decreased by more in percentage
terms during both the mandate and post-mandate period relative to the pre-drought period. Yet, as shown, the rebound
effect for these high-water users was lower in percentage terms relative to water use by the lower quintile users. The
lower percentage rebound by the highest quintile group suggests adopting strategies to reduce water use more perma-
nently during the mandate relative to lower water users. For example, users in quintile 5 reduced their water consump-
tion by nearly 25.20% post-mandate compared to pre-drought. This is only a few percentage points less than what they
achieved during the mandate than pre-drought (i.e., 29.90% during the mandate compared to the pre-mandate).

The most significant “rebound” effects—in percentage terms—occur for those users in quintiles 1 and 2, with an
approximate 13.47% and 14.45% increase in water use after the mandate. The initial water use reductions were
somewhat similar to the higher water users, but the higher water users only had an increase of approximately
6.76% (quintile 3), 5.59% (quintile 4), and 4.71% (quintile 5) in water use following the mandate. While our data
does not allow us to identify whether higher water user types engaged in more permanent water-efficient practices
while lower water user types engaged in shorter-term behavioral adjustments that were relaxed after the mandate,
we do know that a significant number of ratepayers replaced their lawns with more drought-friendly landscap-
ing and that numerous households also let their lawns turn brown and/or die (Yachnin, 2022). For instance, the
Metropolitan Water Agency of Southern California provided rebates to over 46,000 homeowners resulting in the
replacement of over 165 million square feet of turfgrass.

3.2. Exploring the Rebound Effect: Analysis of Hourly Data

Having established with the daily data the presence of a rebound in water use following the drought mandate and
identifying characteristics of the rebound effect both seasonally and across different user types, we now turn our atten-
tion to better understanding the characteristics of the rebound with more temporally granular hourly data. Figure 5
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Percent Change in Water Consumption
(Baseline: Pre-Mandate)
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5th Quintile

o During the mandate (June 2015—May 2016)

+ After the mandate (June 2016—May 2019)

Figure 4. Heterogeneity in the estimated rebound effect of California mandate on daily water consumption by quintile of water consumption. Note: Robust

Hubert-White standard errors are clustered at the household level in parentheses ***p < 0.01, **p < 0.05, *p < 0.1. The dependent variable is the log of daily water

consumption. Average water consumption during and after the mandate was 431.17 and 506.79 gallons/day, respectively. The average and standard deviation of water
consumption in first quintile are 214.31 and 214.77, in second quintile are 404.05 and 335.29, in third are 560.95 and 396.78, in fourth quintile are 689.59 and 475.95,
and in the fifth quintile are 995.65, and 704.80 gallons/day, respectively.
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Figure 5. Average hourly water consumption (gallons/hr) from 2015 to 2019 in the study area.
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Figure 6. Average hourly water consumption (gallons/hr) in the warm season months (May—September) and other non-warm season months (October—April) from

2015 to 2019.

provides the distribution of average hourly water use over the hours of a day each year from 2015 to 2019. While all
the distributions are bimodal, albeit with a clear mode (peak-hour demand) in the morning hours, there is a distinct
difference between 2015 and 2016 relative to 2018 and thereafter. The modes for 2015 and 2016 are significantly lower
and later in the morning than those after 2016. Additionally, the lowest water use occurred around 3 p.m. in 2015 and
2016. A takeaway from these comparisons is that peak demand grew significantly from 2015 through 2019, together
with much tighter distributions.

To better understand the characteristics associated with what appears to be a structural change in water use
between 2015 and 2016 relative to 2017 through 2019, Figure 6 presents the average hourly distributions from
2015 to 2019 by high water use months (May—September) and low water use months (October—April). As shown,
the distributions of hourly water use during the warmer season months are significantly more dispersed than those
for the cooler season months. More specifically, water use during cooler months in the years 2015 and 2016 was
similar to the levels from 2017 through 2019. The highest rebound happened during the warm season months. It
is apparent that the peak hourly demands were between 4 and 6 a.m., although, consistent with Figure 5, a general
leftward shift of the mode of the distribution occurred from 2015 through 2019. The change in water use pattern
over time, with warmer season water use at an earlier (i.e., 4 a.m.) hour, would be consistent with households
increasing outdoor irrigation following the drought yet moving more watering to a few hours earlier in the day.
Moving irrigation to earlier in the morning is a practice recommended by water agencies and professionals to
allow more infiltration of water for plant uptake and less evaporation of the water as the day warms.

Table 2 reports the estimated rebound effect using different model configurations, from no control and no fixed
effects to various weather controls and fixed effects. As shown, the estimated increase in post-mandate water
use compared with use during the mandate is positive and significant regardless of the model configurations
considered. Second, except for the month-fixed effects that control for seasonality, other time-fixed effects
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Table 2

The Estimated Hourly Change in Water Use Post-Mandate Compared to During the Mandate Period (gallons/hr)

(C)) ()] 3 “) 6)) 6)

After the mandate (June 2016 to May 2019)  0.188*** (0.004)  0.189*** (0.005) 0.143*** (0.005) 0.145*** (0.005) 0.146*** (0.005) 0.100*** (0.005)

After the mandate X warm season

Household fixed effects
Weather controls

Month fixed effects

Week of the year fixed effects
Day of the week fixed effects
Hour of the day fixed effects

- . = - - 0.113%%* (0.004)

Yes Yes Yes Yes Yes Yes
No Yes Yes Yes Yes Yes
No No Yes Yes Yes Yes
No No No Yes Yes Yes
No No No Yes Yes Yes
No No No No Yes Yes

Note: Robust Hubert-White standard errors are clustered at the household level in parentheses ***p < 0.01, **p < 0.05, *p < 0.1. Observations are equal to 429,589,840

in all the columns.

(week-of-the-year, day-of-the-week, and hour-of-the-day fixed effects) seem to have little impact on the point
estimates. As indicated in column 5, hourly water use increased by nearly 14.60% post-mandate compared to the
mandate period.

The last column of Table 2 shows how the change in water consumption differs by warm season (May—September)
versus non-warm season months. As shown, warm season month water use post-mandate relative to the mandate
period increased by 21.30% compared to the 10.00% increase during the non-warm season months. As a robustness
check, we alternatively define the warm season as July—September months as well as June—August. As presented
in Table A3 in the appendix, our overall findings are robust across these definitions—the rebound effect during the
warm season months is about 11.30%—12.60% higher than in non-warm season months.

Figure 7 (also Table A4) presents the estimated changes in water use by the hour of the day post-mandate relative
to the mandate period. As shown, the increase in water use was high during the early morning hours and then
reduced rapidly after reaching its peak at 5 a.m. Also, we see that the change in water use was negative at some
hours, indicating that water users shifted their water usage patterns to using less water during the daytime hours
after the mandate was lifted. These findings again highlight the shift in the hourly distribution of water use after
the mandate, most likely by increasing water use for irrigation while reducing water usage around midday, when
average daily temperatures and thus evaporation would be high relative to morning. Water experts and popular
press (Crotta, 2014; Hughes, 2020) have been highlighting the benefits of watering during the early morning
hours for years. As such, to see a shift in average watering toward these early morning hours is consistent with
best practices. While we cannot test specifically if such outreach was responsible for this change, there is strong
evidence that such outreach can impact water use (Gonzales & Ajami, 2017).

Figure 8 summarizes hourly water use throughout the day for the mandate and post-mandate periods by quintile
of water use. Regardless of the baseline quintile, during the mandate period, average hourly water consumption
was lower than those after the mandate period. The peak hourly water consumption during the mandate was at
7 a.m., while it was 2 hr earlier (5 a.m.) after the mandate period. In all quintiles, the most significant period of
hourly water consumption during the mandate period was between 6 and 9 a.m. versus from 4 to 6 a.m. after the
mandate.

4. Conclusions

Water managers often use demand-based policies to cope with supply shortfalls during drought periods, but water
use tends to rebound after these policies are no longer in effect (Beal et al., 2014; Gonzales & Ajami, 2017).
We investigated California's 2015 “conservation mandate” rebound effects to identify the magnitude and char-
acteristics of these effects temporally and across different types of water users using daily and hourly data on
single-family water consumption provided by a water utility in Northern California from 2013 through 2019.

Consistent with previous studies (e.g., Gonzales & Ajami, 2017), our baseline estimates indicate a rebound in
water consumption after the 2015 mandate was lifted. That is, the results showed that water consumption after
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Figure 7. Heterogeneity in the estimated hourly change in water use post-mandate relative to mandate period (gallons/hr). Note: The figure plots point estimates
showing percent changes in water consumption post-mandate (June 2016 to May 2019) compared to during the mandate (June 2015 to May 2016) period by the hour
of the day. The point estimates are denoted as circles. The 95% confidence intervals are plotted. Robust Hubert-White standard errors are clustered at the household
level. The estimated regression includes weather controls, calendar month, week of the year, day of the week, and hour of day fixed effects. Observations are equal to

429,589,840.

the mandate crept up by around 9.01% after the mandate was lifted. Yet the rebound did not fully erase all water
reductions since 2013 since overall water use was still around 17.1% lower than the pre-mandate period.

One novel contribution to better understanding the rebound effect is our exploration into user characteristics that may
be associated with more or less of a rebound. We found that the highest water users had the lowest percentage rebound.
In contrast, those water users in the lower quintiles of water use had the largest percentage rebound. Unfortunately, our
current data set does not allow us to explore this issue in more detail to identify whether there were distinct differences
in the strategies that different user groups enacted during and after the drought. A promising area of future research
would be to explore this issue with household-level data on water conservation program participation which is available
from some agencies and investigate the means by which the higher water use households responded to the mandate
relative to the lower water use households. Such knowledge can be useful in the development, financing, and messaging
of conservation programs. Given the significant investments that water agencies are making to encourage water use
reductions—e.g., Metropolitan Water District of Southern California alone has spent nearly $900 million on conser-
vation programs (MWD, 2023)—understanding these responses—whether there are particular types of households
that engage in particular types of strategies—can be useful to water utilities in their efforts to better understand to what
extent different types of customers respond to conservation requests, how they respond, and how agencies can develop
and message programs more effectively to help customers meet such requests (Vercammen, 2015).

A second novel contribution of this research is to identify temporal characteristics of how water use changed
during and after the conservation restrictions—both seasonally and hourly. From a seasonal perspective, our
results illustrate that the rebound effect occurred primarily in the summer months rather than the non-summer
months. Indeed, water use in the non-warm season months has continued to decrease following the end of the
mandate. As such, future efforts for increased water use efficiency and conservation will likely have the highest
returns through focusing on water use during the warmer parts of the year, that is, the summer months. This is
not surprising since approximately 50% or more of residential water use is used for outdoor irrigation of yards
and lawns, and water demand by lawns and yards is greatest in the warm season months. Consequently, efforts to
both reduce water use as well as encourage conservation would likely be best served by focusing attention—both
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Figure 8. Average water consumption (gallons/hr) during (June 2015 to May 2016) and after (June 2016 to May 2019) the mandate by the quintile of baseline water

consumption.

financial resources such as rebates and information resources such as messaging—on opportunities to reduce
outdoor watering.

From an hourly perspective, we find distinct differences in the timing of water use, with water use after the
mandate migrating toward the early morning hours of, say, 3—4 a.m. post-mandate relative to 5-6 a.m. during
the mandate. Changes in water use post-mandate varied considerably by the hour of the day, season, and user
baseline consumption levels. Relative to the mandate period, the highest increase post-mandate was observed
at 5 a.m., while changes during the 4 p.m. to 2 a.m. period were noticeably flat. Interestingly, we found that
average water use declined during the post-mandate 8 a.m. to 2 p.m. period relative to the mandate period. From
a water use efficiency perspective, such a shift in water use—which is most likely associated with outdoor
water use—is consistent with best practices for outdoor irrigation due to the lower evaporative loss that occurs
earlier in the morning relative to later in the morning thereby allowing more of the applied water to reach the
plant's roots. Unfortunately, we do not have access to hourly data prior to the enactment of the drought mandate
and thus cannot identify to the extent to which hourly water use behavior subsequent to the drought mandate
was similar to hourly water use behavior pre-drought.

Combined, these three novel contributions, which provide further insight into the rebound effect and changes
in water use following the cessation of water use restrictions, can help inform water utilities in their efforts to
develop more effective conservation policies as well as better understand how water use might change following a
drought. Such information is important for the efficient adoption of management actions during and after periods
of drought.

While our results support previous findings that short-term restrictions and/or mandates on water use imple-
mented during drought typically result in increased use post-mandate, we characterize this rebound effect on a
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more granular level temporally and across different user groups than previously presented. In addition to high-
lighting how the rebound effect is more prevalent in the warm season months than in other months, we show
that the distribution of water use after the mandate shifted to the earlier hours of the day, which is a strategy
that is consistent with best outdoor irrigation practices to avoid excessive evaporation due to aridity and wind
(UCIPM, 2022).
Appendix A: Additional Summary Statistics and Robustness Check Results
Table A1 summarizes hourly water use throughout the day for the mandate and post-mandate periods. During the
mandate period, both average hourly water consumption and standard deviations were lower than those after the
mandate period for every hour of the day.
Table A2 explores whether and the extent to which water use and the rebound effect varied across different user
groups as defined by the water use quintile.
Table A3 explores the robustness of the findings to various definitions of the warm season. As indicated, our
overall findings are robust across these definitions—the rebound effect during the warm season months is about
11.30%-12.60% higher than in non-warm season months.
Table A1
Summary of Water Consumption (gallons/hr) During and After the Mandate
Mandate (June 2015 to May 2016) After the mandate (June 2016 to May 2019)
Hour Mean Standard deviation Mean Standard deviation Difference
12 a.m. 8.72 [43.55] 11.97 [55.06] 3.25
01 a.m. 9.06 [49.00] 11.76 [56.68] 2.70
02 a.m. 6.94 [41.67] 11.73 [56.47 4.80
03 a.m. 6.95 [42.88] 16.15 [67.52] 9.20
04 a.m. 8.01 [47.42] 20.55 [75.36] 12.54
05 a.m. 10.35 [53.12] 23.22 [76.43] 12.87
06 a.m. 12.62 [55.39] 22.98 [72.41] 10.36
07 a.m. 14.83 [54.72] 19.82 [63.93] 4.99
08 a.m. 14.42 [49.20] 16.16 [53.50] 1.74
09 a.m. 12.00 [42.63] 12.95 [44.21] 0.94
10 a.m. 10.09 [36.29] 10.88 [38.15] 0.79
11 am. 8.70 [30.69] 9.56 [33.82] 0.86
12 p.m. 7.73 [28.17] 8.61 [31.45] 0.88
01 p.m. 7.03 [26.31] 8.03 [30.17] 1.00
02 p.m. 6.45 [24.95] 7.83 [29.64] 1.38
03 p.m. 6.11 [24.11] 8.07 [30.22] 1.96
04 p.m. 6.17 [24.03] 8.75 [31.84] 2.58
05 p.m. 6.68 [25.44] 9.98 [35.42] 3.29
06 p.m. 7.37 [27.27] 11.51 [40.36] 4.14
07 p.m. 8.22 [29.84] 13.09 [46.15] 4.86
08 p.m. 9.28 [34.20] 13.93 [50.74] 4.65
09 p.m. 9.88 [37.72] 14.24 [54.87] 436
10 p.m. 9.90 [40.46] 13.43 [54.88] 3.52
11 p.m. 10.24 [46.55] 15.36 [64.28] 5.12
All 9.07 [39.55] 13.36 [52.08] 4.29
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Heterogeneity in the Estimated Rebound Effect of California Mandate on Daily Water Consumption by Quintile of Water Consumption
@)
(1) Difference (%)*
During the mandate X Quintile 1 (June 2016 to May 2019) —0.202**%* (0.006) 13.468
After the mandate X Quintile 1 (June 2016 to May 2019) —0.068*** (0.007)
During the mandate X Quintile 2 (June 2015 to May 2016) —0.267*** (0.006) 14.450
After the mandate X Quintile 2 (June 2016 to May 2019) —0.123**%* (0.007)
During the mandate X Quintile 3 (June 2015 to May 2016) —0.265*** (0.007) 6.760
After the mandate X Quintile 3 (June 2016 to May 2019) —0.197**%* (0.008)
During the mandate X Quintile 4 (June 2015 to May 2016) —0.272**%* (0.007) 5.588
After the mandate X Quintile 4 (June 2016 to May 2019) —0.217*** (0.007)
During the mandate X Quintile 5 (June 2015 to May 2016) —0.299**%* (0.008) 4.709
After the mandate X Quintile 5 (June 2016 to May 2019) —0.252**%* (0.008)
Number of obs. 32,098,745 -
Household fixed effects Yes -
Weather controls Yes -
Month fixed effects Yes -
Week of the year fixed effects Yes -
Day of the week fixed effects Yes -

Note: Robust Hubert-White standard errors are clustered at the household level in parentheses ***p < 0.01, **p < 0.05, *p < 0.1. The dependent variable is the log of
daily water consumption.

Quintiles are defined using average warm season months (May through September) pre-mandate water use as the baseline (2013 and 2014). Indicator variables are
created for whether mean warm season months pre-mandate water consumption is in the first, second, third, fourth, or fifth quintile of the whole sample warm season
months pre-mandate consumption (i.e., Q.1, Q.2, etc.). Quintile thresholds are 446.12 gallons per day (gpd) and lower in average warm season months water use for the
first quintile, 446.12—658.87 gpd for the second, 658.87-808.24 gpd for the third, 808.24—1,046.97 gpd for the fourth, and 1,046.97 gpd and higher for the fifth quintile.
aDifference is calculated using the after-the-mandate and during-the-mandate estimated semi-elasticities (columns 1 and 2).

Table A3
The Estimated Hourly Change in Water Use Post-Mandate Compared to During the Mandate Period (gallons/hr) by
Various Warm Season Months Definitions

@ )] 3
After the mandate (June 2016 to May 2019) 0.100*** (0.005) 0.117%** (0.004)  0.117*** (0.005)
After the mandate X Warm season months (May—Sep) 0.113*** (0.004) - -
After the mandate X Warm season months (July—Sep) - 0.126*** (0.005) -
After the mandate X Warm season months (June—Aug) - - 0.126*** (0.004)
Household fixed effects Yes Yes Yes
Weather controls Yes Yes Yes
Month fixed effects Yes Yes Yes
Week of the year fixed effects Yes Yes Yes
Day of the week fixed effects Yes Yes Yes
Hour of the day fixed effects Yes Yes Yes

Note: Robust Hubert-White standard errors are clustered at the household level in parentheses ***p < 0.01, **p < 0.05,
*p < 0.1. Observations are equal to 429,589,840 in all the columns.
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Table A4
Heterogeneity in the Estimated Hourly Change in Water Use Post-Mandate Relative to Mandate Period (gallons/hr)
Hour of the day Estimated effect 95% Confidence interval
12:00 a.m. —-0.065 -0.076 —0.053
1:00 a.m. —-0.012 —-0.024 0.000
2:00 a.m. 0.086 0.073 0.099
3:00 a.m. 0.293 0.276 0.310
4:00 a.m. 0.588 0.565 0.611
5:00 a.m. 0.910 0.880 0.941
6:00 a.m. 0.838 0.809 0.868
7:00 a.m. 0.287 0.268 0.307
8:00 a.m. 0.017 0.003 0.031
9:00 a.m. 0.000 -0.013 0.012
10:00 a.m. 0.004 —0.008 0.016
11:00 a.m. 0.021 0.010 0.033
12:00 p.m. 0.031 0.020 0.042
1:00 p.m. 0.035 0.025 0.046
2:00 p.m. 0.085 0.074 0.096
3:00 p.m. 0.162 0.151 0.174
4:00 p.m. 0.224 0.211 0.237
5:00 p.m. 0.239 0.225 0.252
6:00 p.m. 0.202 0.189 0.216
7:00 p.m. 0.174 0.160 0.188
8:00 p.m. 0.125 0.111 0.139
9:00 p.m. 0.020 0.007 0.034
10:00 p.m. —0.095 —0.107 —0.083
11:00 p.m. —-0.092 —-0.104 —0.080
Note: The figure plots point estimates showing percent changes in water consumption post-mandate (June 2016 to May 2019)
compared to during the mandate (June 2015 to May 2016) period by the hour of the day. Robust Hubert-White standard errors
are clustered at the household level. The estimated regression includes weather controls, calendar month, week of the year,
day of the week, and hour of day fixed effects. Observations are equal to 429,589,840.
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