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economics, has adapted the regression discontinuity framework to applications where time is the
running variable and treatment occurs at the moment of the discontinuity. In this guide for
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irrelevant, making the methodology closer to an event study than a regression discontinuity
design. Based on these features and motivated by hypothetical examples using air quality data,
we offer suggestions for the empirical researcher wishing to use the RD in time design.
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1 Introduction

As noted by Lee and Lemieux (2010), the use of RD has expanded rapidly in economics
for two reasons: (1) “RD designs require seemingly mild assumptions compared to those
needed for other nonexperimental approaches”; and (2) “the belief that the RD design is not
‘just another’ evaluation strategy, and that causal inferences from RD designs are potentially
more credible than those from typical ‘natural experiment’ strategies” (p. 282). An increas-
ingly popular application of the RD design uses time as the running variable, with treatment
occurring at the moment of the discontinuity. Examples of this “regression discontinuity in
time” (RDIiT) include Anderson (2014); Auffhammer and Kellogg (2011); Bento et al. (2014);
Burger et al. (2014); Busse et al. (2006, 2010); Davis (2008); Davis and Kahn (2010); Chen et
al. (2009); Chen and Whalley (2012); De Paola et al. (2013); Gallego et al. (2013); Grainger
and Costello (2014); Lang and Siler (2013). Papers using this “regression discontinuity in
time” (RDIT) span fields that include public economics, industrial organization, environ-
mental economics, marketing and international trade. Many are published in high-impact
journals and, as of the writing of this paper, have received a cumulative citation count that
exceeds 700.! In this paper, we describe pitfalls that may affect RDiT designs and suggest
that the name RDiT may imply more commonalities with cross-sectional RD designs than
is actually true in practice. Our goal is not to provide any formal additions to econometric
theory but rather to demonstrate to other practitioners, via simulations, possible issues that
may affect empirical work.

Many — although not all — of the papers using the RDiT methodology are in the field of
environmental and energy economics, where they have been used to estimate the treatment
effect of various policies. As a hypothetical example, imagine that some regulation caused
all coal-fired power plants in the United States to install an emissions control device at
the same time, on the same day. As a result, fewer local pollutants such as sulfur dioxide

would be emitted. Suppose this regulation had no other impact on the electricity sector,
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other industry, people’s behavior, or economic activity more generally. The hypothetical
RDiT researcher could then examine the impact of the power plant policy on ambient air
quality, by estimating the change in sulfur dioxide concentrations in the air at the time
the policy occurred. The typical RDiT application in energy and environmental economics
shares many features with this hypothetical example: (1) there is no cross-sectional variation
in policy implementation, so a difference-in-difference framework is not possible; (2) ambient
air quality data are available at a daily or hourly frequency over a long time horizon (e.g.,
years); and (3) there are many other potential time-varying confounders, but they must be
assumed to change smoothly across the date of the policy change.

In contrast, a hypothetical cross-sectional RD might, for example, be based around a
policy that required the device only for power plants of a size over a certain threshold (say,
1000 megawatts). While cities with smaller power plants (0 to 999 megawatts) may be
different in many observable and unobservable ways from cities with larger power plants
(1000 to 2000), the researcher applying the RD method would compare air quality after the
policy change only for cities with power plants very close to the threshold (e.g., with size 990
to 1010). This research design would require a mass of power plants close to this threshold.
In contrast to a difference-in-difference approach, it would not require pre-treatment data.
In this typical RD, then, the researcher can observe many units near the cut-off, and other
confounders are believed to change smoothly across the threshold that defines treatment.?

In this paper, we argue that the most common deployment of RDiT faces an array of
challenges due primarily to its reliance on time-series variation for identification. This is an
entirely different source of identifying variation than is used in the canonical cross-sectional
RD, rendering the traditional RD toolkit (for example, as described in Lee and Lemieux
(2010)) unavailable to the researcher. Furthermore, the differences from a cross-sectional

RD can lead to bias if ignored. We argue that some RDiT designs will drift further from

2 As another example, not from energy and environmental economics, a cross-sectional RD might estimate
the impact of a tutoring program on student educational outcomes. To quality for the program, a student
would need to have scored below some threshold (say, 500 points) on an exam. The researcher would then
look at student outcomes after the program only for students with exam scores close to 500 points.



the experimental ideal than others, and that their strength and reliability are thus not
homogenous. We describe our findings both qualitatively and via Monte Carlo simulations,
which allow us to highlight some of the common pitfalls and identify potential solutions. We
explore three main features of the RDiT setting.

First, there is a bias/precision trade-off in the context of RDiT. While this trade-off
exists for many empirical strategies, increasing the sample size by growing T rather than N
may make this particularly problematic for some RDiT applications. Identification in cross-
sectional RD designs rests upon a conditional expectation as one approaches the cut-off.
However, because the RDiT framework is frequently used in studies with no (or insufficient)?
cross-sectional identifying variation, the sample is too small for estimation as the bandwidth
narrows around the cut-off. As a result, the RDiT researcher must rely on observations away
from the cut-off in order to obtain sufficient power for precisely estimating the coefficient
of interest. The use of observations remote (in time) from the discontinuity is a substantial
conceptual departure from the identifying assumptions used in a cross-sectional RD, and it
can lead to bias resulting from unobservable confounders and/or the time-series properties
of the data generating process.

Second, RDiT requires that the researcher consider the time-series nature of the underly-
ing data-generating process. The time-series econometrics literature has developed ways to
account for processes that are autoregressive, for instance, but these have not been applied
in the RDiT context. We argue they are relevant for proper estimation and interpretation
of short-run versus long-run effects.

Finally, an important test that is standard in cross-sectional RDs is often not applicable
when time is the running variable. The McCrary (2008) density test allows practitioners
(and consumers) of RD to assess the presence and nature of strategic behavior near the

threshold, which can inject bias into the estimates. When the density of the running variable

3Some RDiT studies observe data series at multiple locations, but with policy implementation occurring
at a single date for all locations. Thus any spatial correlation will undermine the cross-sectional variation.
Other papers observe data series at multiple locations, but estimate a separate RDiT for each individual
location, so that asymptotics are conceptualized in T.



is uniform (e.g. time), the test becomes irrelevant. As such, the researcher can evaluate
endogenous movements around the threshold only indirectly. While the McCrary test does
not allow the researcher to rule out all forms of manipulation of the treatment variable, it
does substantially aid in evaluating the validity of an RD research design. In contrast, for
the RDiT design, concerns about self-selection into and out of treatment as well as concerns
about anticipation or avoidance behavior must be addressed on an ad hoc basis — much like
when deploying other non-experimental methods.

Commenters have noted the similarity between RDiT design and the widely-used event
study or interrupted time series methods. While the context in which RDiT is used is often
similar to the context in which event studies are used, the specifications used in practice have
tended to be quite different, as has the discussion of identification. For instance, widely-
cited event studies on stock returns in environmental economics? generally (1) do not use
long time horizons, instead focusing on short windows around the event; (2) do not use single
cross-sectional units, but rather a large sample of, e.g., firms; and (3) do not use high-order
polynomial controls in time. The stock-returns event study framework forms a useful part
of the empirical researcher’s toolbox, as it allows for empirical analysis in contexts where
cross-sectional variation is limited. However, this paper is the first to clarify how the RDiT
methodology as typically implemented differs from both the cross-sectional RD and the event
study frameworks. It is also the first to call for RDiT to explicitly account for time-series
properties of the data.

In what follows, we briefly review the canonical cross-sectional RD technology (Section
2), present results from Monte Carlo simulations that highlight some of the key insights we
wish to convey (Section 3), and offer guidance for the empirical practitioner on ways to check
the validity of the underlying assumptions and the robustness of the results (Section 4). One
of our conclusions in Section 5 is that more research is needed to understand the behavior

of the RDiT estimator.
4Examples include Hamilton (1995); Konar and Cohen (1997); Dasgupta et al. (2001).




2 RD Framework

In this section we briefly revisit the cross-sectional RD framework, with the main purpose
to reiterate the notation that has become common in the RD literature, following Lee and
Lemieux (2010) and Imbens and Lemieux (2008). Readers who are familiar with these papers
should feel free to skip to the next subsection, where our original contribution begins.

The appeal of the RD approach can be most clearly seen through the lens of the Neyman-
Rubin potential outcomes framework (Rubin, 1974; Neyman, 1923 [1990]) and the intuitive
similarity to the randomized controlled trial (RCT). The empiricist cannot observe an in-
dividual experimental subject (i) in more than one state of the world at once, rendering
comparison of outcomes impossible under both receipt and non-receipt of treatment (which
we denote YT and Y,°, respectively). The causal treatment effect is logically well-defined
(YT —Y,), but unobservable at the individual level. Instead, empiricists seek to estimate the
average treatment effect (ATE) using some representative sample of the relevant population.
Comparing average outcomes of subjects who receive treatment to that of subjects who do
not receive treatment provides an estimate of the ATE. If the expected outcome of treated
subject had they not been treated is equal to the expected outcome of non-treated subjects,
then this estimate is free from selection bias.

Under the stable unit treatment value assumption (SUTVA), a well-designed experiment
solves selection concerns by randomly assigning subjects into control or treatment status
(as in a RCT). This is generally implemented by assigning each subject a draw, v, from a
distribution. If the distribution is uniform over the range, say, [0, 1], then a simple assignment
rule can allocate subjects into control and treatment. For a 50/50 split, subjects with
a draw of v > 0.5 are given the treatment, and those with v < 0.5 are not. Phrased
differently, there exists a discontinuity at v = 0.5 such that subjects with draws (from a
continuous distribution) on different sides of the threshold receive interventions that are
discretely different.

The power and appeal of RD designs are derived from their close proximity to this



experimental ideal. Lee and Lemieux (2010) go so far as to describe RD designs as a “local
randomized experiment” (p. 289). Treatment assignment in the RD context occurs as
a result of the proximity of some treatment assignment variable® (X) with respect to a
threshold, or discontinuity, ¢. That is, if X > ¢, the subject is treated, and if X < ¢,
the subject is not. Typically, the mass of subjects is dense in the neighborhood of the
threshold, allowing estimation via a cross-sectional comparison of subjects “just above” and
“just below” the threshold. A compelling RD design thus shares an important feature of the
distribution of v in the RCT: in the neighborhood of the discontinuity, whether X > ¢ or
X < cis “as good as random.” If true, RD designs can be analyzed, tested and trusted like
randomized controlled trials.

The focus on the local randomization interpretation of the RD design is somewhat con-
troversial in the literature. As noted by Jacob et al. (2012), while some researchers have
focused on local randomization, others have emphasized instead the RD as characterized by
the discontinuity at a threshold. The randomization characterization is emphasized by, for
instance, Lee (2008) and Lee and Lemieux (2010), whereas the discontinuity characterization
is emphasized by Hahn et al. (2001). In part, the distinction is about whether the RD frame-
work is closer to a randomized experiment than are other quasi-experimental frameworks,
also a controversial issue (Shadish et al., 2002).

Lee and Lemieux (2010) develop a checklist of recommended diagnostics that can provide
evidence on the quality of causal inference using RD estimates. The purpose of the checklist
is, basically, to determine that there are no other explanations than the treatment itself for
differences in outcomes between treatment and control subjects. If the empirical setting
passes the tests, the RD is generally viewed as producing an internally valid estimate of the

causal local average treatment effect.

5Also referred to as the “forcing” or “running” variable.



2.1 RD in Time Framework

There is nothing inherently wrong with using time as the forcing variable in a regression
discontinuity design. Our focus in this paper is the growing number of papers (and, indeed,
the vast majority of RDs that use time as the forcing variable in the environmental economics
literature today) that rely on time-series variation for identification. By way of contrast,
consider Ito (2015), which uses time as the forcing variable but relies on asymptotics in N.
The time threshold in that study determined eligibility for an electricity rebate program.
Customers who initiated service after the threshold date were ineligible, while those before
were eligible. Furthermore, the eligibility date was set long after it had passed. As such, there
is a credible claim to exogeneity of initiation date with respect to the threshold (no strategic
behavior), a substantial mass of customers on either side of the threshold (asymptotics in N),
and the ability to deploy the standard toolkit of cross-sectional RD diagnostics. This differs
markedly from studies that rely on a time discontinuity, but identify based on asymptotics
in T (rather than N).

The most common RDiT set-up uses time-series data, for instance daily or hourly ob-
servations, for a given geographic region (e.g., a city as in Chen and Whalley (2012) or a
building as in Lang and Siler (2013)).° A common application in the energy and environ-
mental economics literature is the evaluation of policies impacting air quality (Auffhammer
and Kellogg, 2011; Bento et al., 2014; Chen and Whalley, 2012; Davis, 2008; Gallego et al.,
2013). Recall the example in which a federal policy takes effect on a particular date, requir-
ing more stringent pollution abatement from all firms in a polluting industry. Suppose the
researcher does not observe emissions from individual firms, but rather ambient air quality
within a city. The researcher might then wish to estimate the impact of the policy on ambi-

ent concentrations of sulfur dioxide, a pollutant emitted by coal-fired power plants. Among

6Some papers leverage cross-sectional variation by observing multiple geographic regions, although typ-
ically the timing of the policy change is common to the different regions. Other papers observe multiple
geographic regions, but estimate a separate RDiT specification for each location. In either case, asymptotics
are primarily or entirely in T, not N.



the identification challenges in such a setting are that (1) there is no cross-sectional variation
in treatment, so no difference-in-difference is possible;” and (2) there are many confounders,
such as changes in weather and emissions from other industries, that may change at the
threshold.

In this set-up, the researcher knows the date ¢ of a policy change, and thus assumes that
for all t > ¢, the unit is treated, and for all t < ¢, the unit is not. The RDiT framework thus
clearly accords with the “discontinuity at a threshold” interpretation of RD designs, but it is
less clear that it accords with the “local randomization” interpretation of RD.® The running
variable is time itself, and thus cannot be thought of as randomly assigned. The threshold
(the date the treatment is implemented) is also not typically randomly assigned; rather it
is chosen by policymakers and announced in advance. This is in contrast to the canonical
test-scores cross-sectional RD, for which whether an individual falls just above or just below
the cut-off can be thought of “as good as random.”

Identification in the RDiT setting is different from the standard cross-sectional RD. The
standard RD is identified in the N dimension, allowing the researcher to grow the sample
size even as the bandwidth shrinks arbitrarily around the threshold. In contrast, RDiT is
typically identified using variation in the 7" dimension. A necessary assumption required
for identification in any RD is that unobserved determinants of the outcome variable Y
are continuous with respect to the forcing variable. For RDiT, there will almost always be
covariates that are discontinuous in time, such as day-of-week effects. These covariates need
to be included as controls, whereas in many cross-sectional RD frameworks these covariates

are used only to improve precision (Lee and Lemieux, 2010).

TAuffhammer and Kellogg (2011) are able to use a difference-in-difference framework as part of their
analysis. They additionally use the RDiT approach because they are interested in heterogeneous treatment
effects across space. This demonstrates that RDiT could provide value even in settings where a difference-
in-difference procedure is possible. Some papers also compare RDiT estimates and differences-in-differences
estimates, such as Chen and Whalley (2012) and Gallego et al. (2013). This can be useful where an untreated
unit exists but its validity as a control is in doubt.

8A brief discussion of RD in time is given in Lee and Lemieux (2010), motivated by the large number
of studies that use age as the running variable. The focus of that discussion is on the “inevitability” of
treatment.



The continuity assumption is weaker than, for instance, what is required for identification
in a pre/post analysis, which assumes that unobserved determinants of Y are not correlated
with time. As such, if this is the only assumption required, an RDiT may be identified
even when a pre/post analysis would not be. In the case of the power plant example, there
could be many confounding impacts on sulfur dioxide concentrations: there is seasonality in
electricity demand that leads to seasonality in coal-fired power plant emissions; electricity
demand similarly follows a specific pattern over days of the week; exogenous weather shocks
impact both electricity demand (and therefore generation) and also atmospheric chemistry
relating to the pollutant; etc. As such, a simple pre/post analysis that ignored confounding
factors that evolve over time would be noisy at best, and possibly biased. The justification
a researcher might provide for using the RDiT method is that by using daily data over a
multiple-year horizon, controls could be included to account for weather, seasonality, etc.
The inclusion of a flexible time trend would then require only an assumption that nothing
changes discontinuously across the threshold date t = ¢, so that the impact of the regulation
— local to the date of the policy change — can be identified.

Unfortunately, assuming continuity of unobservables is likely to be insufficient for identi-
fication in a typical deployment of the RDiT. A researcher using RDiT for the hypothetical
power plant example would need to also rule out additional challenges to identification. For
instance, she would want to verify that there are no anticipation effects close to the threshold.
She would also want to consider the possibility of time-varying treatment effects — power
plant owners, or electricity consumers, might adapt their behavior over time, causing the
long-run policy effect to be different from the short-run policy effect. The literature has
generally considered this to be simply a matter of whether RDiT measures a local average
treatment effect,” but below we show that current methods may not be reliable in this sce-
nario. Finally, the potential for auto-regression in time-series data could pose a threat to

identification, as we discuss below.

9Here and throughout, we refer to a “local” average treatment effect meaning local in time (“temporal
LATE”), not local in space.



The assumptions needed for inference are also different from those in the cross-sectional
RD. In particular, the errors are likely to exhibit persistence. We refer the reader to the
large time series literature for how to deal with serially correlated errors. Two additional ob-
servations are worth making with regard to inference. First, for a local linear RD framework
(which typically uses a small bandwidth), small-sample inference may be necessary. This
differs from the cross-sectional RD framework, where the researcher may have a large sample
even local to the cut-off. Second, some series (such as commodity prices) will contain unit
roots and as such require different procedures for inference than are found in cross-sectional

RD designs.

2.2 Comparison to Other Methods

The RDIT is, of course, closely related to other designs, such as pre/post analysis, inter-
rupted time series, and event studies.!® In fact, the program evaluation literature has noted
the similarity between interrupted time series and RD (Shadish et al., 2002). One difference
between RDiT and some applications of these methods is the use in RDiT of high-frequency
data, which allows the researcher to either incorporate flexible controls in time or to use a
small sample window.' As noted by Davis (2008), the RDiT can have advantages over a
pre/post analysis using OLS, which must assume there are no unobservables correlated with
time. In contrast, the RDiT can allow for unobservables impacting the outcome variable,
so long as they do not change discontinuously at the threshold, and so long as the rela-
tionship can be controlled for nonparametrically. An additional benefit of RDiT, discussed
in Auffhammer and Kellogg (2011), is the possibility of uncovering spatially heterogeneous
treatment effects. We now describe three conceptual differences between RDiT and the cross

sectional RD.

10These three terms are sometimes used interchangeably.
HEvent study papers from the finance literature do, however, make use of high frequency data; typically
they use a small sample window and thus are closely related to the local linear methods we describe below.
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2.2.1 Time-Series Variation and Time-Varying Treatment Effects

In a standard cross-sectional RD, the gold standard study would have a “large-enough”
sample in the neighborhood of the cut-off. This would approximate the limit of the con-
ditional expectation of the outcome variable just-below and just-above the cut-off. In an
RDiT, the researcher frequently has little or no cross-sectional variation. For instance, a
study might analyze outcomes relating to a single cross-sectional unit, or evaluate separate
RDIT specifications for each individual cross-sectional unit (e.g. Auffhammer and Kellogg
(2011); Chen and Whalley (2012); Davis (2008); Davis and Kahn (2010); Lang and Siler
(2013)). In such cases, the researcher has two choices for increasing the sample size: (1)
increasing the frequency of data (“infill” or “fixed-domain” asymptotics) or (2) expanding
the time window (‘“increasing domain” asymptotics). In practice, RDiT practitioners have
done both by using, for instance, daily data across several years. Both approaches have
limitations. Increasing the frequency of the data will not add much variation if the data are
serially correlated. Expanding the time window increases the probability of bias, as data are
added away from the cut-off. This problem is not unique to RDiT; the RD literature has
documented the bias/precision trade-off as the sample size increases away from the cut-off.
However, the problem could be more severe for an RDiT application, and it is likely to be
an important consideration when there is only one cross-sectional unit.

Consider a time series of daily pollution levels, which will exhibit substantial noise from
seasonality and weather — as mentioned in Section 2.1, a common RDiT application is the
evaluation of a policy impacting ambient air quality. To absorb the seasonality and weather
effects, the researcher will want to include several years of data. However, this moves the
researcher away from the cut-off date when the treatment begins. Two assumptions are
then needed: (1) that the model is correctly specified. Any potential confounders — such as
other policy changes, weather events, or changes in pollution from other sources — must be
either controlled for directly or be sufficiently well-absorbed by the global polynomial ap-

proximation. And, (2) the researcher must assume the correct specification of the treatment
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effect. In particular, she must take a stand on whether the treatment effect is smooth and
constant throughout the post-period, or whether it varies (and, if so, how). Note that these
two assumptions may interact: the polynomial must be specified such that it is uncorrelated
with any unobserved (or mis-specified) variation in the treatment effect. Below, we give
examples from Monte Carlo simulations in which these conditions are met, and examples in
which they are not.

Of particular interest in environmental applications are time-varying treatment effects.
The assumption violated with time-varying treatment effects is that the researcher has cor-
rectly specified the treatment variable. Again, this is not unique to RDiT — researchers using
cross-sectional RD must address the possibility of heterogeneous treatment effects that vary
with the running variable. However, the long sample window frequently used in RDiT (to aid
with power) may make this problem more relevant than in many cross-sectional RD settings.
In addition, as with sorting behavior, this assumption is not testable in the RDiT framework.
To the extent that RDiT relies on observations far from the cut-off, the researcher must con-
sider whether the temporal LATE that she might uncover is a policy-relevant parameter. If
the long-run effect is of greater importance, an RDiT study may be inappropriate.

Beyond the question of whether the short-run temporal LATE is different from a longer-
run effect, a question arises as to how well the existing RDiT estimation procedures can
uncover the true LATE. In particular, the use of higher-order polynomial controls poses
issues when the treatment effect varies over time, as we show in Monte Carlo simulations. It
is possible that the polynomial could attenuate the estimated treatment effect much like a
model that is oversaturated with fixed effects (see Fisher et al. (2012)). Moreover, we show
below a setting with time-varying treatment effects where the global polynomial control
overfits the data and produces an estimated treatment effect that is too large, rather than
attenuated. While multiple papers have discussed possible time-varying treatment effects
(Anderson, 2014; Auffhammer and Kellogg, 2011; Bento et al., 2014; Burger et al., 2014;

Chen and Whalley, 2012; Davis, 2008; Gallego et al., 2013) we have not seen any discussion
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of the possibility in this context that a global polynomial could overfit the data.

The researcher could instead use a specification in which the treatment effect is explicitly
allowed to vary over time. This may be preferred whenever adaptation effects are plausible,
as it avoids issues related to the global polynomial (e.g. overfitting). However, it poses
additional challenges for the researcher: lack of power, and an inability to identify whether
the estimated change in the treatment effect comes from such adaptation effects or from

unobservable confounders.

2.2.2 Autoregression

Time-series data are likely to exhibit serial dependence. The first implication relates to
inference. If there is serial dependence in the residuals, standard errors must account for it.
The existing RDiT literature has generally addressed this by using clustered standard errors.
The second implication, which to our knowledge has not been addressed in the literature,
is that if there is autoregression in the dependent variable (even after accounting for serial
correlation in the exogenous variables and the residuals), this will impact estimation of short-
run versus long-run effects. Local air pollution, for instance, can dissipate in minutes or days
or weeks, depending on the pollutant and local atmospheric conditions (MacDonell et al.,
2014). To the extent that this impacts estimation, it is relevant for much of the existing
RDiT literature. To quantify the impact of autoregression in this setting, we estimate the
autoregressive parameters for six pollutants at air quality monitors in the U.S.; using daily
data. Table 1 shows the estimated autoregressive parameters, after controlling flexibly for
seasonality and weather (details in the Appendix). Overall, we obtain estimates of the AR(1)
parameter of 0.3 to 0.5, varying by pollutant.!?

This serial dependence introduces dynamic effects not generally estimated in the RDiT
literature (the two exceptions of which we are aware are Chen and Whalley (2012) and

Lang and Siler (2013)). Consider the power plant policy described above, and suppose the

12The coefficient in the ozone equation is surprising, given ozone’s short half-life; it is possible that serially
correlated unobservables are driving that estimate.
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Table 1: Estimated Autoregressive Parameters

CO NO2 Ozone PM10 PM2.5 SO2

Lagged pollution 0.42 0.35 0.41 0.33 0.51 0.30
(0.05) (0.04) (0.05) (0.06) (0.06) (0.06)
Monitors 101 148 280 28 29 101
Observations per monitor 584 581 573 450 490 562
R2 0.61 0.67 0.71 0.58 0.61 0.40

Note: This table reports the mean autoregressive coefficients, standard errors,
number of observations, and R2 values from 687 individual regressions at the level
of a monitor by pollutant, using daily data. Dates are 2004-2005. Controls include
a cubic function of the daily mean temperature, a cubic function of windspeed,
the interaction of mean temperature and windspeed, day of week effects, month
effects, and a cubic time trend. Standard errors are clustered by sample week.
The Appendix shows robustness to alternative specifications, such as including
precipitation.

regulation will decrease emissions by x%. Suppose the researcher observes daily pollution
levels in the city for several years before and after the policy change. Assume the plant
owners comply on the first date of the policy and there are no other confounders. Finally,
suppose the pollutant of interest dissipates at a rate of 1 — y% each day, implying that y%
remains from one day to the next. Then on the first day of the new policy, the treatment
effect on air pollution levels will be a decrease of x%. On the second day, however, the
treatment effect will be a combination of lower emissions that day and lower pollution left
over from the previous day: the total treatment effect on air pollution levels will be a decrease
of 2% + 2% - y%. The long-run effect will be lf—?%.

The magnitude of the estimated treatment effect will depend on whether the researcher
accounts for this autoregression, and on the extent to which identification is being achieved
from the discontinuity (i.e. as the bandwidth shrinks towards the threshold) or from time-
series variation outside of the neighborhood of the discontinuity. The researcher could include
the lagged dependent variable in estimation, then recover both the short-run and long-run
effects if the regression is properly specified. However, if the researcher omits the lagged
dependent variable, bias arises from a similar source as that of the time-varying treatment

effects problem described above. In particular, over-fitting of the global polynomial may
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arise. The degree to which these dynamics will matter in practice depends on how large
the true autoregressive coefficient is, and on research choices about bandwidth and specifi-
cation. High-frequency data, while allowing for more power, may be more likely to exhibit
qualitatively-important autoregression. Below, we give examples from Monte Carlo simula-

tions to illustrate these points.

2.2.3 Sorting Behavior and Anticipation Effects

Finally, if the intervention may alter behavior in the neighborhood of the discontinuity, we
would like to be able to test for this and, if necessary, control for it. In a cross-sectional RD, a
density test such as the McCrary (2008) test is a key check for strategic behavior or selection.
It is generally used to rule out these confounding factors, thus making it unnecessary to
control for them. When time is the running variable, however, it is generally not possible
to test for strategic behavior or selection around the threshold. While the researcher can
check for discontinuities in other covariates at the threshold, and for discontinuities in the
outcome variable at other thresholds, the researcher cannot check for discontinuities in the
conditional density of the forcing variable. That the density of the forcing variable (time) is
uniform renders such tests logically irrelevant.

Consider the hypothetical power plant example. In this RD design, the outcome variable
would be air quality in a city, and the unit of observation would be a daily pollution monitor
reading in that city. One could imagine a type of “sorting” in which power plants change
their behavior to avoid the policy or to preemptively comply. For instance, some of the plants
could decide to install the emissions control device early. Thus the plant would be treated
in the pre-period — this is analogous to the test scores example of a canonical RD in which
an untreated student successfully changes her behavior in order to be treated. However, in
the RDiT case there is an important difference relating to the researcher’s ability to identify
this behavior. With a cross-sectional RD, one can test for these effects (via the McCrary

test, for example), but in RDiT with data on regional averages, it is untestable.
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As a result, estimates retrieved from RDiT are of a compound effect: the causal treatment
effect of interest (i.e. what we try to retrieve from, say, a randomized controlled trial) and
any unobserved sorting/anticipation/adaptation/avoidance effects that may exist but cannot
be tested for. The extent to which the results should be interpreted solely as the causal
treatment effect of interest depend on the researcher’s ability to make a compelling case that
the sorting effects are not present. Furthermore, the absence of these effects is a necessary

but insufficient condition for identification, as we discussed above.

3 Monte Carlo Simulations

In this section, we describe Monte Carlo simulations that allow us to examine and decompose
threats to identification in the RDiT, and test potential remedies. We use the Monte Carlo
simulations to examine the potential pitfalls of relying on time-series variation in the presence
of constant and non-constant treatment effects, as well as to determine the importance of
correctly specifying any autoregressive process in the dependent variable. Using real-world
pollution monitoring data as a base, we impose simulated treatment effects with “known”
magnitude, timing, and persistence properties. We then attempt to retrieve them using
RDiT approaches. This procedure offers a transparent and compelling laboratory to test our
main hypotheses. In addition to results using pollution monitoring data, we present results
using simulated data in which we control the data-generating process completely. While the
former dataset has properties similar to data used in many existing RDiT applications, the

latter allows us to examine how our results might generalize to other settings.

3.1 Data

For the results using air quality data, we use the daily ozone and weather data from Auffham-
mer and Kellogg (2011) (AK). We drop monitors in California, since those are subject to

the sharply discontinuous treatment found in AK. It is important to note that the remaining

16



monitors may also face confounding treatments, such as power plant emission restrictions, or
other (unobserved to the researcher) environmental policies. However, these are the sorts of
confounders that the RD approach is meant to control for. We restrict the sample to those
monitors open for the entire sample period and with no two-month gaps in coverage. This
leaves us with 108 monitors. The AK data contain daily observations of the maximum mea-
sured ozone concentration. As is standard in the literature, we take the log of the dependent
variable and then interpret the coefficient on our policy dummy as the approximation of
a percentage change. Control variables include daily minimum and maximum temperature
and daily rain and snowfall totals. Table Al in the Appendix gives summary statistics. The
mean ozone concentration for this time period was 0.05 parts per million (ppm). For com-
parison, the EPA standard for ozone over this time period ranged from a daily maximum of

0.12 ppm to an eight hour standard of 0.08 ppm (Auffhammer and Kellogg, 2011).

3.2 Results

For the first set of Monte Carlo simulations, we construct a simulated treatment effect that
begins at a known start date (using ten randomly selected start dates).’®> Then for each

monitor’s data series z;;, and using 8 = —0.2, we construct our outcome variable y; ;:

Vit = Tig + B T{t > torare} (1)

A representative figure of both the true pollution data series z;; and the constructed outcome
variable y;; is given in the Appendix (Figure Al), for ozone concentrations at a monitor in
Louisiana.

We evaluate the RDiT method for our constructed outcome variable. We assume the
researcher knows the true start date and wishes to uncover the treatment effect 5. We run

the usual RD regressions, both using a global polynomial approach (with the order of the

13We exclude potential start dates that do not have four years of data each for the pre- and post- periods.
A full list of the treatment start dates is given in the Appendix.
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polynomial chosen by BIC) and a local linear approach.!* For the global polynomial, we
follow Davis (2008) and use an eight-year window around the treatment start date. As is
standard in the air pollution policy evaluation literature, we control for seasonality with
month effects and day of week effects and for weather using cubic functions of minimum
daily temperature, maximum daily temperature, precipitation, and snowfall.

Ambient air quality data can be highly variable (see e.g., Figure Al in the Appendix),
so controls have proven important in empirical applications for absorbing noise. A difficulty
with a local linear specification using only a few weeks of observations is that controls can
be difficult to include. For instance, if the treatment happens to begin on a Monday, a local
linear specification needs to separately identify the “Monday effect” from the treatment effect
of interest. As such, we propose an alternative to the standard local linear specification. We
use a two-step procedure, which we refer to hereafter as “augmented local linear.” First,
the impacts of weather and seasonality controls are estimated, and the residuals are saved,
using an eight-year data window. Then, a local linear specification is estimated using just the
residuals for dates that are within a narrow bandwidth (e.g., 30 days in the pre-period and 30
days in the post-period). The researcher can retrieve consistent estimates of standard errors
by implementing a bootstrapping procedure that allows first-stage variance to be reflected
in the second stage.

Additionally, to compare the RDiT approach using high frequency data to a simple
pre/post analysis where high frequency data are not available, we collapse the data to
monthly averages and run a regression that controls for the weather and seasonality variables
as well as a linear trend. A separate regression is run for each monitor. For all results, we
show averages across the ten randomly selected start dates and 108 monitors.

We also show Monte Carlo simulations for a dataset in which the counterfactual data

is simply an error term that follows a standard normal distribution (the realization of a

For the local linear specifications, we use a rectangular kernel and 30 days of data in the pre- and post-
period — so the specification is an OLS regression using only observations within one month of the treatment
start date.
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Gaussian white noise process). The length of the observed data is the same as for the air
quality data, and we show results for 1000 iterations. We again construct a treatment effect
beginning at the known start date: y;+ = - 1{t > tst4rt} + €ir, where now g;, ~ N(0, 1).
As can be seen in Table 2, the RDiT performs well when the treatment start date is
precisely known by the researcher and the treatment effect is constant over time. All five
columns show estimate close to the true treatment effect, although with varying degrees of
precision.!® The global polynomial results are more precise than the local linear, a standard
finding in the RD literature. The augmented local linear, which strips out the effects of
controls using a much longer data series, is substantially less noisy than the traditional local
linear, as expected. The global polynomial results are similar to the pre/post results.
Figure 1 plots these results at a representative monitor, where “representative” is defined
as having an estimated beta close to the average estimated beta. Panel A shows the global
polynomial estimation; Panel B shows estimation using separate polynomials for the pre-
and post- periods.'® Panel C shows a local linear specification with a bandwidth of 30 days
before and 30 days after the treatment date. Panel D shows the augmented local linear
specification with the estimation window used in the first step; Panel E zooms in on the
subsample used in the second step. Panel F shows the pre/post specification using monthly

data.

3.2.1 Time-Varying Treatment Effects

Next, we assume the treatment effect is not constant, and that this is not known to the
researcher. Suppose the treatment effect lasts a given number of days tjengn € [1, 7], where
n is the number of days in the post-period. After t;c,gn days, the true treatment effect goes

immediately to zero. (In the next section, we consider a smooth decay process, which may

I5We report the standard deviation of the estimated treatment effect across all monitors and start dates
to give a sense of the variation in the estimated treatment effect. The standard error of the mean of the
estimates would naturally be smaller.

16While the BIC-chosen polynomial order happens to be low for this monitor for both Panels A and B,
on average the BIC-chosen order is 4 for the global specification and 1.6 to 1.7 for the separate polynomials
(see Table 2).
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Table 2: RD in Time Estimates for Simulated Treatment, g = —0.2

1) (2) (3) 4) (5)
BIC-chosen BIC-chosen Augmented Pre/Post,
Global Separate Local Local Monthly
Polynomial Polynomials Linear Linear Observations

A. Air Quality Data

Estimated Beta -0.20 -0.21 -0.19 -0.19 -0.19

S.D. (0.11) (0.11) (0.29) (0.14) (0.10)

Observations 2822 2822 59 2822 96
(72) (72) (3.5) (72) (1.0)

Polynomial Order 4.0 1.7, 1.6 - - -
(2.9) (0.8), (0.8)

B. Simulated Data

Estimated Beta -0.20 -0.20 -0.19 -0.20 -0.19

S.D. (0.07) (0.08) (0.51) (0.26) (0.08)

Observations 2921 2921 61 2921 96

Polynomial Order 1.0 1.0, 1.0 - - -
(0.05) (0.03), (0.06)

Note: Each column of this table reports the mean treatment effect coefficient and number of observations across 2,080
regressions. Panel A uses ambient air quality data with a simulated treatment effect, while Panel B uses white noise with
a simulated treatment effect. For both panels, the true treatment effect is -0.2. The empirical specification varies across
the columns. Column 1 uses a global polynomial approach, and Column 2 uses separate polynomials in the pre- and
post-periods. Both display the mean order of the BIC-selected polynomial. Column 3 uses a local linear approach with
30 days of observations on either side of the cut-off. Column 4 uses a two-step augmented local linear approach, where
controls are estimated and residuals saved using eight years of data, while the treatment effect is estimated with just 30
days of observations on either side of the cut-off. In Column 5, observations are collapsed to monthly averages before the
regression is estimated. All regressions include weather and seasonality controls, as described in the text. Differences in
the sample size across regressions arise because of missing data points in the air quality data series.
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Simulated log ambient ozone (residuals)

Figure 1: Representative RDiT Graphs, No Confounders
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Note: These figures plot regression discontinuity in time estimates for a single representative monitor, with separate panels
for different empirical specifications. All six panels shows residuals after controls have been removed (grey circles) and a line
fitted to those residuals (black line). Panel A uses a global polynomial approach and Panel B uses separate polynomials in the
pre- and post-periods (for this particular monitor, the BIC-chosen polynomial is of low order and thus appears approximately
horizontal. Across all monitors, the average polynomial chosen is given in Table 2). Panel C uses a local linear approach with
30 days of observations on either side of the cut-off. Panels D and E use a two-step augmented local linear approach, where
controls are estimated and residuals saved using the sample as a whole (Panel D) while the treatment effect is estimated with
just 30 days of observations on either side of the cut-off (Panel E). In Panel F, observations are collapsed to monthly averages

before the regression is estimated. All regressions include weather and seasonality controls, as described in the text.
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Table 3: Treatment Sharply Decays after One Year, Binitiar = —0.2 and Bjong—run = 0

BIC-chosen BIC-chosen Augmented Pre/Post,
Global Separate Local Local Monthly
Polynomial Polynomials Linear Linear Observations

A. Air Quality Data

Estimated Beta -0.27 -0.29 -0.19 -0.19 -0.15

S.D. (0.11) (0.12) (0.29) (0.14) (0.11)

Observations 2822 2822 59 2822 96
(72) (72) (3.5) (72) (1.0)

Polynomial Order 5.8 1.7, 2.1 - - -
(2:3) (0.8), (0.6)

Treatment Length 365 365 365 365 365

B. Simulated Data

Estimated Beta -0.17 -0.18 -0.19 -0.21 -0.15

S.D. (0.08) (0.10) (0.51) (0.26) (0.08)

Observations 2921 2921 61 2921 96

Polynomial Order 1.1 1.0, 1.1 - - -
(0.33) (0.03), (0.32)

Treatment Length 365 365 365 365 365

Note: Each column of this table reports the mean treatment effect coefficient and number of observations across 2,080
regressions — see Table 2 for details. In contrast to Table 2, the true treatment effect of -0.2 lasts only one year, then
sharply drops to 0.

accord with adaptive behavior in general equilibrium.) Assume that, since the researcher
does not know the treatment effect varies over time, she models a standard RDiT with a
single dummy for the entire post-treatment period (recall she accurately knows the start
date). For this framework, we again estimate a global polynomial with BIC-chosen order
and a local linear regression. Table 3 shows results for a treatment length of one year.!”
Table 3 shows that the results are sensitive to the specification and the underlying data.!®
The local linear specification again performs well, since the treatment effect is constant within
the window studied. However, the BIC-chosen global polynomial gives an estimate that could

be either too large or too small. In Panel A, the estimated treatment effect is substantially

larger than the true beta, while in Panel B the estimated effect is somewhat smaller than

"In the Appendix, we show results for a treatment length of one month.
18 As Table A2 in the Appendix shows, results are also sensitive to the length of the treatment.
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the true effect. The estimate in Panel B would accord with intuition that the specification is
giving an attenuated estimate. However, this intuition does not hold in Panel A. When the
treatment lasts for one year with the simulated air quality data, the BIC-chosen polynomial
gives an estimate that is larger (-0.27) than the true immediate effect (-0.2). One explanation
is that the polynomial in time adjusts its shape.

To see the overfitting of the polynomial, Figure 2 shows a monitor for which the esti-
mated treatment effect (discontinuity in the thin black line) is larger than the true effect
(discontinuity in the thick grey line). Because of the noise in the series, this confounder is not
apparent in the residuals to which the polynomial is fitted. While the existing RDiT litera-
ture has discussed the possibility of a difference between short-run and long-run treatment
effects, we have not seen it address the possibility that the polynomial overfits. We believe
that this could be an issue of bias, separate from the question of local average treatment
effects.

As can be seen by comparing Tables 3 and A2, the estimated effect also varies by the
treatment length. To further explore the impact of time-varying treatment effects, we show
plots in the Appendix of the estimated effect for varying treatment lengths and polynomial
orders. Overall, the direction and magnitude of the difference between the estimated and
true effect depend on the underlying data and the treatment window used by the researcher.
However, what these simulations make clear is that given a time-varying treatment effect,
the RDiT estimate may not simply be a weighted average of the short-run and long-run
effects.

The assumption that the treatment sharply decays may be unrealistic. Consider instead
a smooth decay of the treatment effect, which one might expect with, for instance, adaption
behavior in a general equilibrium framework. To approximate this smooth decay, we use the

generalized logistic function to represent an S-shaped decay path. This function is given by:

K—A
At 1+ Q -exp(—B * (date — M))/v (2)
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Figure 2: Representative RDiT Graph, Global Polynomial when Treat-
ment Sharply Decays
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Note: This figure plots the regression discontinuity in time estimate for a single representative monitor,
with an estimated treatment effect qualitatively similar to the average in Panel A of Table 3. The grey
circles plot the residuals (after removing weather and seasonality controls, see text) of log ambient
air quality with a simulated treatment effect of -0.2 lasting one year. The thick grey line shows the
resulting polynomial a researcher would fit when (correctly) modeling the temporary nature of the
treatment. The thin black line shows the resulting polynomial a researcher would fit when (incorrectly)
modeling the treatment effect as constant in the post-period. Four outliers (with residuals greater than
1.5 in absolute value) have been used for estimation but dropped from the plot.
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We fix A, the lower asymptote, at 0; K, the upper asymptote, at 1; v at 0.5 and @ at 0.01.
We vary the parameters B and M, which together affect how quickly the treatment decays.
In the Appendix (Figure A5), we show four representative combinations of B and M. In
simulations, we allow the B parameter to vary from -0.005 to -0.015, and the M parameter
to vary from 0 to 1000. We only include decay functions for which the true treatment value
has decayed by at least 90 percent by the end date, for ease of comparison with the sharp
decay parameterization. This leaves us with a total of 30 parameter combinations.

Table 4 shows the estimated treatment effect as it varies across the B and M parame-
ters. The estimates are generally close to the true short-run effect, although whether they
are larger or smaller than the true short-run effect depends on the decay process and the
underlying data. Additionally, while Table 4 uses the BIC-chosen polynomial order, we also
explore (in the Appendix) how the polynomial order selected impacts the estimated treat-
ment effect. Overall, the potential for problems in the estimate depends on the shape of the

decay function, how quickly the effect decays, and the RDiT specification.

3.2.2 Autoregression

We next simulate an AR(1) process, with varying degrees of dependence. This would oc-
cur, for instance, in an ambient air quality setting, where pollution does not immediately

dissipate. The process is given by the following equation:

Yir = Yig1 + 0 1{t > toare} +in (3)

where the error component is standard normal. We allow for a burn-in period of approx-
imately 20,000 observations. We fix f = —0.2 but allow « to vary from 0.1 to 0.9 in
increments of 0.2.'° Table 5 shows the estimated treatment effect when the autoregressive

component is not included in the regression. Here the true treatment effect grows with time;

19As described in 2.2.2, we estimate historical average AR(1) parameters ranging from 0.3-0.5 for daily
data.
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Table 4: Treatment Smoothly Decays, Binitial
—0.2 and 6long—run =0

B parameter 0
-0.005 -0.21
(0.11)
-0.0075 -0.22
(0.11)
-0.01 -0.23
(0.11)
-0.0125 -0.23
(0.12)
-0.015 -0.22
(0.12)
B parameter 0
-0.005 -0.23
(0.07)
-0.0075 -0.19
(0.08)
-0.01 -0.16
(0.08)
-0.0125 -0.13
(0.08)
-0.015 -0.11
(0.08)

A. Air Quality Data

200

-0.21
(0.11)

-0.21
(0.11)

-0.22
(0.11)

-0.23
(0.11)

-0.24
(0.11)

B. Simulated Data

200

-0.24
(0.08)

-0.23
(0.08)

-0.21
(0.08)

-0.20
(0.08)

-0.19
(0.08)

M parameter

400

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.12)

600

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

-0.20
(0.11)

M parameter

400

-0.24
(0.08)

-0.25
(0.08)

-0.25
(0.07)

-0.24
(0.08)

-0.23
(0.08)

600

-0.23
(0.07)

-0.25
(0.08)

-0.26
(0.08)

-0.26
(0.08)

-0.26
(0.08)

800

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

-0.21
(0.11)

800

-0.22
(0.07)

-0.23
(0.08)

-0.25
(0.08)

-0.26
(0.08)

-0.26
(0.08)

1000

-0.21
(0.11)

-0.21
(0.11)

-0.20
(0.11)

-0.20
(0.11)

-0.20
(0.11)

1000

-0.21
(0.07)

-0.21
(0.08)

-0.22
(0.08)

-0.23
(0.08)

-0.24
(0.08)

Note: Each cell of this table reports the mean treatment effect
coefficient and number of observations across 2,080 regressions. The
specification is identical to that of Column 1 in Table 2: a global
polynomial using eight years of data and controlling for weather and
seasonality. In contrast to Table 2, the true treatment effect of -0.2
smoothly decays towards 0, following a generalized logistic decay
function. The B and M parameters govern the speed and shape of
this decay; see Figure A5.
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Table 5: Dropping AR(1) Term, Binitia = —0.2 and Biong—run = 0.2

11—«

BIC-chosen = BIC-chosen Augmented Pre/Post,
Global Separate Local Local Monthly
Polynomial = Polynomials Linear Linear Observations
AR(1) Implied long-run
parameter a  treatment effect
0.1 -0.22 Estimated beta -0.22 -0.22 -0.21 -0.22 -0.21
(Ss.D.) (0.08) (0.08) (0.55) (0.04) (0.08)
0.3 -0.29 Estimated beta -0.29 -0.29 -0.26 -0.29 -0.28
(s.D.) (0.11) (0.13) (0.69) (0.05) (0.10)
0.5 -0.40 Estimated beta -0.40 -0.41 -0.33 -0.40 -0.39
(S.D.) (0.17) (0.21) (0.90) (0.07) (0.14)
0.7 -0.67 Estimated beta -0.68 -0.65 -0.46 -0.67 -0.65
(s.D.) (0.39) (0.42) (1.34) (0.12) (0.24)
0.9 -2.00 Estimated beta -1.85 -1.86 -0.53 -2.00 -1.96
(S.D.) (1.37) (1.37) (2.38) (0.35) (0.70)

Note: Each column of this table reports the mean treatment effect coefficient and number of observations across regressions
using 1,000 simulated datasets. The true data-generating process follows an AR(1) process with a true initial treatment effect of
-0.2, and therefore a long-run treatment effect of —0.2/(1 — «). The estimation procedure does not include a lagged dependent
variable; as such, the table shows the impact of incorrectly ignoring a dynamic process.

it is accordingly somewhat akin to the time-varying treatment described above. While the

treatment effect is equal to 8 on day 1, the accumulated effect on day 2 is equal to S+ - «,
8

l—a”

etc. The long-run accumulated effect is

In general, the estimated effect approximates the long-run, rather than the short-run,
effect. In this context, the long-run treatment effect may be more policy-relevant, since the
treatment effect will approach this long-run impact after only a few days. However, this
aspect of the estimates in Table 5 highlights that identification of the treatment effect in an
RDiT setting is not achieved narrowly at the cut-off, but rather relies on observations away
from the discontinuity itself. We examine the extent to which the estimate varies with the
sample window length, finding that the length of the sample matters less than the degree of
auto-regression.?’ Some sample window lengths (in particular, samples much shorter than
the eight year windows we show in Table 5) yield estimated treatment effects that are larger

(in absolute terms) than the true long-run effect. This would be consistent with the results

20Full results available upon request.
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shown in Table 3, in which a time-varying treatment unknown to the researcher leads to
estimates that are too large.

To uncover the true dynamic process, the researcher would need to include the lagged
dependent variable in her regression. These estimates are provided in the Appendix (Table
Ab). As expected, the BIC-chosen global polynomial gives accurate estimates B and @,
allowing the researcher to give both the true short-run and long-run effects. The local linear
also performs well, although with noise (as expected) and a downward bias on & (typical
for autoregression estimation in small samples). Note that when the data are collapsed to
the monthly level, these two effects are not separable, and the estimated treatment effect is
closer to the long-run effect.

The results do not invalidate the literature using RDiT in the context of air pollution.
First, the accumulated effect may be of more policy relevance than the immediate effect.
The policy-maker is likely to be more interested in the stock of pollutants to which the
population is exposed than to the flow of pollutants on any given day. Thus papers that fail
to incorporate the dynamics may be approximating the treatment effect that is of greater
relevance. Moreover, we do not claim that the dispersion of pollutants in the atmosphere
can be completely modeled by the inclusion of a lagged dependent variable. Rather, the
dispersion is a function of weather (for instance, wind speeds and the existence of a thermal
inversion) and the properties of the specific chemical compound of interest. What these
simplified AR(1) simulations are meant to show is that dynamics in the endogenous variable
introduce a type of time-varying treatment effect, which the researcher may wish to model
more explicitly.

In this section we have explored how an autoregressive process ought to be considered
by the researcher. However, we have not yet discussed a closely-related phenomenon: serial
correlation in €;. The concentration of local pollutants may exhibit time-dependence either
due to its own natural decay rate, or due to the persistence of factors that augment or

dissipate it. For example, ozone is created as a function of ambient air temperature, which
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exhibits its own time dependence. The researcher needs to think carefully about serial
dependence in both ¢;; and possibly y;; (via AR1). If there is only serial dependence in ¢;;, and
not autoregression, then including a lagged-dependent variable would be a mispecification.
In short, time-dependence in the data generating process may occur via different channels.
When deploying the RDiT approach, decisions that the researcher makes may affect both
the probability that the retrieved treatment effect estimate is biased, and also its proper

interpretation.

4 Recommendations and Conclusions

The empirical researcher wishing to use RDiT in an N = 1 setting ought to expose her
assumptions to many opportunities to fail. Below, we offer a checklist along the lines of
what is suggested in Lee and Lemieux (2010), but that applies in the context of RDiT.
Recall that we have identified three main features of the RDiT setting that may induce
bias: time-varying treatment effects, autocorrelation, and manipulation of behavior near the
threshold (e.g. selection, anticipation, avoidance). So, in addition to the standard cross-
sectional RD diagnostics, researchers using RDiT should make every effort to test for and
eliminate potential bias from those sources. Our recommendations focus on these issues.
While there is some overlap with the suggestions from Lee and Lemieux (2010), they serve
a different purpose in the context of time-series data. Additional suggestions from Lee and
Lemieux (2010) should also be deployed whenever relevant (e.g. presenting the main RD

plot using binned local averages on the full support of the active sample).

1. Present several robustness checks:

(a) Global polynomial versus local linear.

(b) Order of polynomial. Overlay lines of best fit (lowess) corresponding to various
choices of polynomial time control onto the main RD plot, or simply present a

table reporting the treatment effect for each polynomial order.
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(c) Bandwidth. Present a graph of the treatment effect estimated using a variety of

bandwidths (see Figure 18 in Lee and Lemieux (2010)).
. Placebo tests. Estimate a parallel RD:

(a) On nearby geographical areas that weren’t subject to the treatment.

(b) Using other dates.
. Plot a parallel RD estimated on control variables to demonstrate continuity.

. Estimate a “donut” RD (see Barreca et al. (2011)) to mitigate concerns about short-run

selection /anticipation/avoidance effects.

. Test for the presence of autocorrelation in the outcome variable of interest using pre-
intervention data. If it is present, consider including the lagged dependent variable as

a regressor, and consult the time series literature for additional options.

. Compare results from an event study graph (i.e., with period-specific dummy variables)
to the various polynomial and local linear control specifications. If results differ, it may

a sign of time-varying treatment effects.

. Consider deploying our “augmented local linear” methodology in order to increase
power of the local linear specification. This two-step procedure uses the full sample
to identify important regressors (e.g. temperature and various fixed effects), then
estimates the conditioned second stage on a smaller sample bandwidth. This eliminates

the need for a global polynomial, and the overfitting concerns that accompany its use.

Many of these strategies have been deployed by some of the papers we cite, although not

in a comprehensive way. Passing these diagnostic tests is necessary but insufficient for

identification, so consumers of RDiT should evaluate the evidence as they would any quasi-

experimental paper. There is no set of tests that, if passed, indicate that the desired causal

effect has been retrieved. Instead, one must assess the preponderance of evidence, keeping
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in mind that certain features in the DGP will lead to different potential biases (or require
stronger assumptions).

In this paper we have articulated reasons why using time as the forcing variable in a
regression discontinuity design, an increasingly popular empirical strategy, is worth closer
examination and a deeper understanding. RDiT requires assumptions for identification that
are often strong and inherently untestable. When N=1, RDiT approaches should be thought
of as being more like event studies or pre-post analyses than like randomized controlled tri-
als. Papers should state clearly the extent to which identification relies upon observations
far away from the discontinuity, and should explore whatever options are available to miti-
gate concerns about autocorrelation and dynamic behavior. While “regression discontinuity”
designs have been a tremendously valuable addition to the suite of valid identification strate-
gies, we must also recognize that there is substantial heterogeneity in the credibility of results

that arise from the various approaches under the RD umbrella.
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Appendix

In this Appendix, we provide additional tables and figures.

Figure A1 shows the air quality data used in the Monte Carlo simulations for a represen-
tative monitor. The true logged ambient ozone concentration (daily maximum, in parts per
million) is shown in grey. The impact of the simulated treatment effect is shown in black,
for the post-period. Table A1l provides summary statistics for the air quality data used in
the Monte Carlo simulations. The data are from Auffhammer and Kellogg (2011).

As described in the text, we randomly select ten treatment start dates for the Monte

Carlo simulations using air quality data. The dates selected are as follows:

09 Aug 1993
15 Jul 1994

26 Oct 1994
21 Jan 1995
05 Oct 1995
14 Jul 1996

17 Jul 1997

15 Aug 1999
27 Oct 2000
04 Dec 2002

The main text shows (Table 3) the average estimated treatment effect when the treatment
sharply decays after one year, for five different empirical specifications. In this Appendix,
we examine how this estimate varies with the length of the treatment. Table A2 is identical
to Table 3, but for a sharp decay of one month, rather than one year. As can be seen here,
whether the estimated treatment effect is too small or too large depends on both the true
treatment length and the specification chosen by the researcher.

Next, we focus on the global polynomial specification shown in Column 1 of Table 3.
Figure A2 shows the mean estimated treatment effect for different treatment lengths, when
the global polynomial is of order 1. For comparison, it also shows the true immediate effect
of -0.2 and the true long-run effect of 0. The estimated effect is close to the true effect

for a long-lasting treatment (one that lasts the entire post period). For a very short-lived
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treatment, the estimated effect is bounded by the short-run and long-run effects. However,
for a range of treatment lengths, the estimated effect is not bounded by the short-run and
long-run effects; that is, it is not a weighted average of the treatment effect across time.
Rather, the estimate is larger (in absolute terms) than either the short-run or long-run
effect.

Next, Figure A3 shows a similar plot for 9 different polynomial orders. The range over
which the bias is in this direction depends on the polynomial order, as can be seen in this
figure. Finally, Figure A4 shows the estimate for the BIC-chosen polynomial.

Similarly, the main text shows (Table 4) the mean estimated treatment effect for different
parameterizations of a smooth decay function. Figure A5 shows four representative combi-
nations of parameters for this logistic decay function. Then, Figure A6 shows the estimated
treatment effect across various values of the B parameter (the horizontal axis), for different
orders of polynomial (the 9 panels). As with the sharp decay, the estimate of the treatment
effect varies with the order of the polynomial. Figure A7 shows the estimated treatment
effect for the BIC-chosen polynomial across values of the B parameter (horizontal axis). For
these data, the BIC-chosen polynomial is close to the true short-run effect of -0.2, no matter
how quickly the effect decays.

As another form of time-varying treatment, we next consider a smooth phase-in of the
treatment. Here we assume that the treatment ramps up linearly for a given period, then is
constant for the rest of the post-period. Again, the researcher does not know that the treat-
ment effect varies over time, and she models a standard RDiT with a post-treatment dummy:.
Table A3 shows results for a seven-day linear ramp-up. Here, the local linear regression esti-
mates something approximating the short-run effect, while the global polynomial estimates
are closer to the long-run effect, although this may be specific to the parameterization and
data we use.

Finally, we show additional results relating to the autoregressive processes described in

the main text. Table 1 in the main text shows estimated autoregressive parameters for six

A-2



pollutants in the U.S. For each pollutant, we obtained daily monitor readings for 2004-2005
from the EPA (https://ags.epa.gov/aqsweb/documents/data_mart_welcome.html). We ob-
tained temperature and windspeed data from the same source. For each monitor-pollutant
pair, we then regressed the daily pollution level on the lagged pollution level and a set of
weather and seasonality controls. These include a cubic function of the daily mean temper-
ature, a cubic function of windspeed, the interaction of mean temperature and windspeed,
day of week effects, month effects, and a cubic time trend. Standard errors are clustered by
sample week.

Unfortunately, the EPA data do not include precipitation. To verify that results are
not sensitive to the inclusion of precipitation, we matched the air quality data to gridded
daily weather data from Roberts and Schlenker (2009). We limit the number of states used
for this sample as the matching procedure is computationally burdensome. We use the six
states with the greatest number of PM2.5 monitors: California, Florida, North Carolina,
Ohio, Pennsylvania, and Texas. We again include windspeed from the EPA as a control.
Where windspeed is missing, we use a daily state-level average. Controls include a cubic
function of the daily mean temperature, a cubic function of windspeed, a cubic function
of precipitation, the interaction of mean temperature and windspeed, the interaction of
temperature and precipitation, day of week effects, month effects, and a cubic time trend.
Standard errors are clustered by sample week. Results, shown in Table A4, are very similar
to the results presented in the main text.

While the main text (Table 5) showed the impact of incorrectly dropping an autoregres-
sive term, Table A5 shows estimation results when the AR(1) term is included. In general,
this performs better (as expected), since both short-run and long-run effects can be cal-
culated. The local linear (Column 3) gives estimates of the autoregressive term that are
too small, as is common with short time-series, but the augmented local linear (Column 4)

performs better.
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Figure Al: Air Quality Data with and without Simu-
lated Treatment
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Note: This figure plots the true air quality data for a representative monitor
in grey, and the simulated impact (in black) of a treatment effect of -0.2.

Figure A2: Mean Estimated Treatment Effect, RDiT
Estimate using Polynomial Order 1, When Treatment
Sharply Decays
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Note: This figure plots the mean estimated treatment effect as the true
treatment length varies (across the z-axis). The treatment effect is estimated
using an RDiT method with global polynomial of order 1, and the researcher
is assumed to not know that the true treatment decays after x days.

A4



Figure A3: Mean Estimated Treatment Effect; RDiT
Estimate using Polynomial Orders 1 through 9, When
Treatment Sharply Decays
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Note: This figure plots the mean estimated treatment effect as the true
treatment length varies (across the z-axis). The treatment effect is estimated
using an RDiT method with global polynomial of varying order (across the
panels), and the researcher is assumed to not know that the true treatment
decays after x days.

Figure A4: Mean Estimated Treatment Effect,; RDiT
Estimate using BIC-Chosen Polynomial Order, When
Treatment Sharply Decays
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Note: This figure plots the mean estimated treatment effect as the true
treatment length varies (across the z-axis). The treatment effect is estimated
using an RDiT method with global polynomial with BIC-chosen order, and
the researcher is assumed to not know that the true treatment decays after
z days.
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Figure A5: Generalized Logistic Decay Functions
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Note: This figure plots four logistic decay functions, using two sets each of
parameters B and M (see text for details).

Figure A6: Mean Estimated Treatment Effect, RDiT
Estimate using Polynomial Orders 1 through 9, When
Treatment Smoothly Decays
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Note: This figure plots the mean estimated treatment effect as the true
treatment length varies (across the z-axis). The treatment effect is estimated
using an RDiT method with global polynomial of varying order (across the
panels), and the researcher is assumed to not know that the true treatment
decays following a smooth process (generalized logistic decay; see text for
details).
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Figure A7: Mean Estimated Treatment Effect, RDiT
Estimate using BIC-Chosen Polynomial Order, When
Treatment Smoothly Decays
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Note: This figure plots the mean estimated treatment effect as the true
treatment length varies (across the z-axis). The treatment effect is estimated
using an RDiT method with global polynomial of BIC-chosen order, and the
researcher is assumed to not know that the true treatment decays following
a smooth process (generalized logistic decay; see text for details)
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Table Al: Air Quality Data Summary Statistics

Variable Obs Mean  Std. Dev. Min Max
Ozone 693,835  0.046 0.019 0.000 0.250
Daily Min. Temperature 693,835 51 18 -30 96
Daily Max. Temperature 693,835 72 19 -14 121
Daily Mean Temperature 693,835 62 18 -21 105

Note: This table describes the air quality data used for the Monte Carlo
simulations. Observations are by day (t=6,574) and monitoring station
(n=108). Coverage is 1989 to 2006 for the U.S., excepting California. Ozone
is the daily maximum concentration, in parts per million. Temperature is
in degrees Fahrenheit.

Table A2: Treatment Sharply Decays after One Month, Binitiar = —0.2 and Bjong—run = 0

BIC-chosen BIC-chosen Augmented Pre/Post,
Global Separate Local Local Monthly
Polynomial Polynomials Linear Linear Observations

A. Air Quality Data

Estimated Beta -0.05 -0.05 -0.20 -0.18 <0.01

S.D. (0.11) (0.12) (0.29) (0.14) (0.11)

Observations 2822 2822 59 2822 96
(72) (72) (3.5) (72) (1.0)

Polynomial Order 4.1 1.7, 1.7 - - -
(2.9) (0.8), (0.8)

Treatment Length 30 30 30 30 30

B. Simulated Data

Estimated Beta -0.02 -0.02 -0.20 -0.20 <0.01

S.D. (0.07) (0.08) (0.51) (0.26) (0.08)

Observations 2921 2921 61 2921 96

Polynomial Order 1.0 1.0, 1.0 - - -
(0.05) (0.03), (0.09)

Treatment Length 30 30 30 30 30

Note: Each column of this table reports the mean treatment effect coefficient and number of observations across 2,080
regressions — see Table 2 for details. In contrast to Table 2, the true treatment effect of -0.2 lasts only one month, then
sharply drops to 0.
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Table A3: Treatment Has Linear Ramp-Up, Biong—run = —0.2

BIC-chosen BIC-chosen Augmented Pre/Post,
Global Separate Local Local Monthly
Polynomial Polynomials Linear Linear Observations

A. Air Quality Data

Estimated Beta -0.20 -0.20 -0.11 -0.19 -0.19

S.D. (0.11) (0.11) (0.29) (0.12) (0.10)

Observations 2822 2822 59 2822 96
(72) (72) (3.5) (72) (1.0)

Polynomial Order 4.0 1.7, 1.6 - - -
(2.9) (0.8), (0.8)

Phase-In Length 7 7 7 7 7

B. Simulated Data

Estimated Beta -0.20 -0.20 -0.12 -0.19 -0.19

S.D. (0.07) (0.08) (0.51) (0.16) (0.08)

Observations 2921 2921 61 2921 96

Polynomial Order 1.0 1.0, 1.0 - - -
(0.05) (0.03), (0.06)

Phase-In Length 7 7 7 7 7

Note: Each column of this table reports the mean treatment effect coefficient and number of observations across 2,080
regressions — see Table 2 for details. In contrast to Table 2, the true treatment effect is assumed to ramp-up in a linear
way, beginning at a known start date. Following the linear phase-in, the treatment is a constant -0.2.

Table A4: Robustness Check: Estimated Autoregressive Pa-

rameters
CO NO2 Ozone PM10 PM2.5 SO2
Lagged pollution 0.42 0.35 0.48 0.29 0.57 0.37
(0.05) (0.04) (0.04) (0.06) (0.07) (0.06)
Monitors 82 123 194 24 23 48
Observations per monitor 624 647 654 531 499 624
R2 0.62 0.69 0.74 0.52 0.64 0.46

Note: This table reports the mean autoregressive coefficients, standard errors,
number of observations, and R2 values from 494 individual regressions at the level
of a monitor by pollutant, using daily data. Dates are 2004-2005. For computa-
tional ease, only monitors from six states are included: California, Florida, North
Carolina, Ohio, Pennsylvania, and Texas (the six states with the greatest number
of PM2.5 monitors). Controls include a cubic function of the daily mean tem-
perature, a cubic function of windspeed, a cubic function of precipitation, the
interaction of mean temperature and windspeed, the interaction of temperature
and precipitation, day of week effects, month effects, and a cubic time trend.
Where windspeed data are missing, a state-level daily average has been used.
Standard errors are clustered by sample week.
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Table A5: Including AR(1) Term

BIC-chosen BIC-chosen Augmented Pre/Post,
Global Separate Local Local Monthly
Polynomial Polynomials Linear Linear Observations
AR(1)
parameter o
0.1 Estimated beta -0.20 -0.20 -0.20 -0.20 -0.22
(S.D.) (0.07) (0.07) (0.54) (0.04) (0.08)
Estimated alpha 0.10 0.10 0.04 0.10 -0.03
(8.D.) (0.02) (0.02) (0.12) (0.02) (0.10)
0.3 Estimated beta -0.20 -0.20 -0.20 -0.20 -0.28
(Ss.D.) (0.07) (0.07) (0.55) (0.04) (0.11)
Estimated alpha 0.30 0.30 0.23 0.30 -0.02
(S.D.) (0.02) (0.02) (0.12) (0.02) (0.10)
0.5 Estimated beta -0.20 -0.20 -0.21 -0.20 -0.39
(S.D.) (0.07) (0.07) (0.58) (0.04) (0.15)
Estimated alpha 0.50 0.50 0.41 0.50 -0.01
(S.D.) (0.02) (0.02) (0.12) (0.02) (0.10)
0.7 Estimated beta -0.20 -0.20 -0.23 -0.20 -0.64
(S.D.) (0.07) (0.07) (0.62) (0.04) (0.24)
Estimated alpha 0.70 0.70 0.59 0.70 0.01
(S.D.) (0.01) (0.01) (0.11) (0.01) (0.10)
0.9 Estimated beta -0.21 -0.21 -0.26 -0.21 -1.65
(S.D.) (0.08) (0.08) (0.71) (0.04) (0.62)
Estimated alpha 0.90 0.90 0.77 0.90 0.16
(S.D.) (0.01) (0.01) (0.10) (0.01) (0.10)

Note: Each column of this table reports the mean treatment effect coefficient and number of observations across 1,000
regressions, matching Table 5. In contrast to Table 5, the researcher correctly models the AR(1) process.
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