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Abstract

To increase the adoption and reliability of low impact development (LID) practices for stormwater
runoff management and other co-benefits, we must improve our understanding of how climate
(i.e. patterns in incoming water and energy) affects LID hydrologic behavior and effectiveness.
While others have explored the effects of precipitation patterns on LID performance, the role of
energy availability and well-known ecological frameworks based on the aridity index (ratio of
potential evapotranspiration (ET) to precipitation, PET:P) such as Budyko theory are almost
entirely absent from the LID scientific literature. Furthermore, it has not been tested whether these
natural system frameworks can predict the fate of water retained in the urban environment when
human interventions decrease runoff. To systematically explore how climate affects LID hydrologic
behavior, we forced a process-based hydrologic model of a baseline single-family parcel and a
parcel with infiltration-based LID practices with meteorological records from 51 U.S. cities.
Contrary to engineering design practice which assumes precipitation intensity is the primary
driver of LID effectiveness (e.g. through use of design storms), statistical analysis of our model
results shows that the effects of LID practices on long-term surface runoff, deep drainage, and ET
are controlled by the relative balance and timing of water and energy availability (PET:P, 30 d
correlation of PET and P) and measures of precipitation intermittency. These results offer a new
way of predicting LID performance across climates and evaluating the effectiveness of
infiltration-based, rather than retention-based, strategies to achieve regional hydrologic goals

under current and future climate conditions.

1. Introduction

As recently as 1950, only 30% of the world pop-
ulation resided in urban areas but this has grown
to over 55% today and is projected to rise to 68%
by 2050 (The United Nations 2018). This increased
population density intensifies the demand for water
and other resources and transforms natural, vegetated
areas into urban landscapes dominated by man made
surfaces such as buildings, parking lots, and roads,
with serious consequences for water and energy bal-
ances. Rainfall that can no longer infiltrate into
the ground due to paved surfaces is instead routed
through storm water drainage networks to down-
stream waterbodies, leading to ‘flashy’ flows and

© 2021 The Author(s). Published by IOP Publishing Ltd

degraded waterways (Walsh et al 2005). When the
capacity of these drainage systems is overwhelmed, as
is common in both aging and rapidly expanding cit-
ies, flooding occurs in city streets before it can even
reach streams (Rosenzweig et al 2018). Vegetation loss
during landcover change leads to reduced evapotran-
spirative cooling which, in tandem with the lower-
albedo of built surfaces, causes ‘urban heat islands’
where persistently higher temperature increases the
dangers of heat waves and extreme heat (Harlan et al
2006, Rizwan et al 2008, Schatz and Kucharik 2015).
Where groundwater is the main water supply, intens-
ified demand can outpace groundwater recharge, lead
to groundwater declines, and trigger a cascade of
additional issues including land subsidence (Zektser
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et al 2005, Zhang et al 2014). Climate change is
further exacerbating these unintended ecohydrolo-
gic consequences of urbanization. Intense rainfalls
which overwhelm drainage systems and cause flood-
ing are beginning to occur more frequently (Moore
et al 2016, Rosenzweig et al 2018), dangerous heat
waves are projected to arrive more often (Seneviratne
et al 2014), and demand for water is increasing
(Vorosmarty et al 2010). As urban areas continue
to grow under a changing climate, so too will the
need to find sustainable solutions for reducing surface
runoff, increasing evapotranspiration (ET) and cool-
ing, enhancing groundwater recharge, and managing
other ecohydrologic fluxes holistically.

One way cities are beginning to address these chal-
lenges is by moving away from a centralized approach
to urban water management with a narrow focus
on stormwater conveyance toward a philosophy that
embraces distributed, multi-functional low impact
development (LID) practices (also called green infra-
structure, see Fletcher et al (2015) for other terms).
With encouragement from world regulatory, policy,
and research agencies including the U.S. Environ-
mental Protection Agency (Hopkins et al 2018), the
European Commission (Lafortezza et al 2018), the
Australian and New Zealand Environment and Con-
servation Council (Roy et al 2008), and China’s
Sponge City Initiative (Li et al 2017), LID practices
(e.g. rain gardens, green roofs) and non-structural
LID strategies (e.g. impervious disconnection) were
initially adopted as a means of managing runoff
volumes from small, frequent storms to minimize
nonpoint sources of pollution and combined sewer
overflows (McPhillips and Matsler 2018). Recently,
additional ecosystem services (Millennium Ecosys-
tem Assessment 2005) such as increasing groundwa-
ter recharge (Bhaskar et al 2018), cooling the urban
heat island via increased ET (Koc et al 2018), improv-
ing human health and wellness (Tzoulas et al 2007),
increasing property values (Mazzotta et al 2014), and
boosting willingness-to-spend in business districts
(Wolf 2005) have grown in importance as motivators
for LID adoption (McPhearson et al 2016, McPhillips
and Matsler 2018). Unfortunately, because of the
novelty of this type of managed urban ecosystem
(Groffman et al 2017), we lack a scientific under-
standing of the relationships among individual LID
co-benefits and the geographic variability of these
LID ecosystem services. So far, LID co-benefits have
typically been evaluated in isolation (Prudencio and
null 2018) or in one city, rather than as a suite of
ecosystem services across a geographical gradient of
conditions (McPhearson et al 2016). This absence of
general principles describing the ecohydrologic bene-
fits of LID makes it difficult to advise cities on what
co-benefits they can expect from LID, particularly if
they are not among the handful of cities that have
been well-studied due to their status as leaders in LID
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adoption (Garrison and Hobbs 2011, Li et al 2017,
Cook et al 2019).

While many factors drive LID performance, cli-
mate (i.e. patterns of incoming water and energy)
exerts a particularly strong control on the range
of possible ecohydrologic outcomes. One way of
describing climate is to calculate the ratio of potential
ET (i.e. available energy) to precipitation (i.e. avail-
able water) (PET:P, or ‘aridity index’). The empir-
ical Budyko curve (Budyko 1974), a relationship
between the aridity index and the ratio of actual
ET to precipitation, shows remarkable consistency
across natural landscapes and climates. Vegetation
type (Zhang et al 2001, Donohue et al 2007), soil type
(Milly 1994, Wolock and McCabe 1999, Troch et al
2013), and other location-specific factors (Roderick
and Farquhar 2011) can explain deviations from this
empirical Budyko curve, but the aridity index is
understood to be the primary driver of actual ET and
runoff in catchments all around the world (Padron
et al 2017). While natural gradients in soil type and
vegetation type are muted in urban areas due to
construction activities which import fill and topsoil
(Schifman et al 2018) as well as widespread landscap-
ing preference for turfgrass (Milesi et al 2005, Larson
et al 2009), continental-scale gradients in precipita-
tion and incoming solar energy—and, by extension,
the aridity index—are difficult to manipulate locally
and largely unaltered by urban development.

Despite the importance of the aridity index in the-
ory of water budget dynamics in natural ecosystems,
it is conspicuously absent from the scientific literat-
ure on LID practices. When the role of climate on
LID performance has been considered, the focus has
been almost exclusively on rainfall (i.e. water avail-
ability), within-storm characteristics (e.g. intensity)
and how these control event-scale runoft, without
consideration of energy availability or between-storm
characteristics such as interstorm duration which may
control how the long-term water balance responds
(Holman-Dodds et al 2003, Hood et al 2007, Gautam
et al 2010, Gallo et al 2012, Qin et al 2013, Bhaskar
et al 2018). For example, out of seven factors con-
sidered in a recent review of the effects of climate on
LID practices, only one was related to energy (temper-
ature) and one to interstorm dynamics (antecedent
soil moisture) (Sohn et al 2019). The emphasis on
event scale hydrologic performance of LID in the
scientific literature parallels the engineering prac-
tice of stormwater infrastructure design which util-
izes a design storm approach to size facilities to
accommodate events of a given magnitude (Watt and
Marsalek 2013). While event-scale performance is
critical for mitigating flood risk, an understanding
of the long-term partitioning of hydrologic fluxes is
also needed to assess impacts on other ecosystem ser-
vices that are controlled by deep drainage (DD) and
evapotranspirative fluxes. Studies which have more
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broadly assessed the relative roles of climate and
land use change on water and energy balances typ-
ically focus on statistical analyses of large catchments
(Jiang et al 2015, Zipper et al 2018, Wang et al 2019)
and cannot untangle the relative importance of cli-
mate and individual LID practices on ecohydrolo-
gic fluxes. Describing the performance of LID prac-
tices across a gradient of aridity indices is a critical
step toward developing the generalizable principles
that are needed to advise cities on expected ecosys-
tem services of LID practices beyond event-scale run-
off reduction.

We used a two-step approach to systematically
explore how climate alters LID effectiveness at manip-
ulating the long-term urban water balance. First,
we used a process-based hydrologic model, Par-
Flow.CLM, to simulate the effects of infiltration-
based LID strategies on a single-family parcel. We
examined how climatic conditions (represented by
1 year of hourly meteorological forcing from the 50
largest U.S. cities plus Madison, WI) affected the
difference in total annual surface runoff, DD, and
ET between a baseline single-family parcel and a
low impact single-family parcel with disconnected
impervious surfaces (downspouts, walkways, side-
walk), microtopography, and amended soil (com-
pacted soils augmented by soils with a higher infilt-
ration capacity). Second, we developed a partial least
squares regression (PLSR) statistical model to (a)
identify which climate metrics best described vari-
ations in LID performance, and (b) extend predic-
tions of LID performance to a multi-decadal period
with variable weather conditions. We explored:

(a) How does climate alter the reduction in runoff
resulting from infiltration-based LID practices?

(b) When runoffis reduced due to infiltration-based
LID practices, how does climate alter the parti-
tioning of increased infiltration between ET and
DDz?

2. Methods

2.1. Single-family development scenarios

We modeled a single-family residential parcel under
two development conditions: a baseline and a low
impact scenario. Here, we evaluate the combined
effect of multiple infiltration-based practices, but for
detailed exploration of the relative effectiveness of
these practices see Voter and Loheide (2018). Key
features in both versions of the single-family parcel
include a house (133.5 m?) with an attached garage
(3 X 6 m), driveway (3 x 9.5 m), front walk (0.5 m
wide) and sidewalk (1.0 m wide). In the baseline
scenario (identical to the ‘highly-compacted baseline’
layout in Voter and Loheide 2018), all impervious
surfaces are connected to the drainage network via
slopes that drain runoff directly off the domain. In
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the yard, the soil is a compacted silt loam with poros-
ity reduced by 10% and saturated hydraulic conduct-
ivity reduced by a factor of ten compared to mean
natural parameters. The lawn slopes away from the
house at 2% in all directions. In the low impact scen-
ario (identical to the ‘lowest-impact’ layout with all
five low impact interventions considered by Voter
and Loheide 2018), we disconnect all impervious sur-
faces through adjustments to site topography: roof
pixels drain to the yard via downspout outlets, a
2 m grass curb strip separates the sidewalk from the
street, and a transverse slope (2%) allows lateral flow
from the driveway and sidewalk to the yard. In the
yard, we decompact the soil by using natural silt
loam soil hydraulic parameters and add microtopo-
graphy by superimposing randomly generated devi-
ations in elevation to the baseline elevation at every
pixel. For additional details about the single-family
parcel design, see Voter and Loheide (2018). While we
recognize that many features of this parcel, including
soil type, vegetation type, and parcel type may vary
among cities, we keep these parameters constant in
order to isolate the effect of climate in our modeling
scenarios.

2.2. Climate scenarios

To systematically explore a range of climate condi-
tions, we forced a physically based model represent-
ing both versions of the single-family parcel with
hourly weather data from the 50 largest U.S. cities
(US Census Bureau 2010) plus Madison, WI. For
each city, we used the city coordinates (see SI data,
table S1) to retrieve hourly meteorological inputs for
the 2014 water year from the North American Land
Data Assimilation System (NLDAS-2) (NASA 2015).
We could have sampled a range of climatic conditions
by simulating ten cities for 5 years or five cities for
10 years, but we chose to model 51 cities for one year
in order to maximize variability and minimize com-
putation time on a high-throughput computing sys-
tem. We know that some cities had anomalously wet
or dry years in WY2014, so we also examined climatic
conditions at each city from WY1981 to WY2010
by developing a statistical model to predict expected
long-term behavior of LID practices.

2.3. Physically-based model simulations

We performed all physically-based model simula-
tions using ParFlow.CLM, a hydrologic model that
couples the three-dimensional, time-dependent, vari-
ably saturated subsurface flow equation to the kin-
ematic wave overland flow equation via a continuity
of pressure boundary condition (Ashby and Falgout
1996, Jones and Woodward 2001, Kollet and Maxwell
2006). The coupled surface-subsurface flow model is
linked to the Community Land Model for vegetation
processes and a land surface energy balance (Dai et al
2003, Maxwell and Miller 2005, Kollet and Maxwell
2008). The model domain has a horizontal resolution
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of 0.5 m and a variable vertical discretization with the
top 15 elements at 0.1 m, followed by two elements at
0.25 m, 12 elements at 0.5 m, six elements at 0.25 m,
and the bottom five elements at 0.1 m. Boundary con-
ditions are the same as used in Voter and Loheide
(2018) and include a constant pressure head of zero at
the bottom of the domain (10 m below the surface),
no flow boundaries on all four sides, and a continuity
of pressure head boundary linked to kinematic wave
overland flow at the surface. We developed initial con-
ditions for each weather and development scenario
by forcing a 1D model of turfgrass with (a) com-
pacted and (b) decompacted soil (for each develop-
ment scenario) with 300 years of hourly meteorolo-
gical inputs (ten loops of WY1981-WY2010) for each
city. Initial conditions throughout the parcel were set
to the vertical pressure head profile on October 1
of the last simulated year. Models returned hourly,
spatially distributed outputs of water fluxes and soil
moisture which we summarized spatially and tem-
porally to obtain the overall (annual) water balance
for each simulation.

2.4. Climate metrics

We examined 89 climate metrics to determine which
aspects of climate affect the ability of LID prac-
tices to alter the long-term urban water balance via
reductions in stormwater runoff and increases in DD
and/or ET (see SI data, table S4 (available online
at stacks.iop.org/ERL/16/064021/mmedia) for com-
plete list of climate metric definitions). These climate
metrics capture a wide range of potentially influen-
tial factors and include measures of the balance and
timing of water availability and energy availability
(e.g. PET:P, 30 d correlation between PET and P),
measures of precipitation intermittency (e.g. percent
of time raining, burstiness and memory, interstorm
duration), measures of within-storm characterist-
ics (e.g. storm depth, duration, and intensity) and
dozens of thresholds of precipitation or storm intens-
ity (e.g. percent of storms with storm depth >1 in,
percent of total precipitation falling at >1 in h™1).
Burstiness and memory may be less familiar metrics;
they represent the time between precipitation events
(burstiness) and the autocorrelation of times between
precipitation events (memory) (Schleiss and Smith
2015). For storm metrics, we defined storms as having
a minimum precipitation depth of 2.5 mm and coun-
ted periods of rain separated by less than 6 h as one
storm.

2.5. Partial least squares regression (PLSR) models
To develop PLSR models that relate climate metrics
to the LID-induced reduction in runoff and parti-
tioning of reduced runoff into ET and DD, we used
the pls package in R (Mevik and Wehrens 2007). All
predictor and response variables were centered on
their mean and scaled by their standard deviation.
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First, we pruned the 89 climate metrics via back-
ward selection, using the variable importance in pre-
diction (VIP) score to eliminate variables with the
lowest predictive power one by one until all vari-
ables had a VIP of at least 0.9. From the variables
that remained, we selected the combination that yiel-
ded the lowest root mean square error (RMSE) in
a cross-validated PLSR model. For all PLSR mod-
els, we withheld six cities (~10%) for external val-
idation, performed internal cross-validation with ten
segments, and selected the final number of compon-
ents using the built-in one-sigma method (Mevik
and Wehrens 2007). We evaluated final PLSR model
performance using measures of accuracy (RMSE),
bias (percent bias; PBIAS), precision (coefficient of
determination; R?), and an aggregate measure com-
monly used in hydrologic modeling (Nash—Sutcliffe
efficiency; NSE).

In addition to using these PLSR models to identify
which climate metrics best describe variations in LID
performance, we also used the PLSR models to extend
predictions of LID performance to additional years
with variable weather conditions beyond what we
simulated with our physically based hydrologic model
(ParFlow.CLM). We did this by first calculating all cli-
mate metrics for each city for each of the 30 water
years between WY1981 and WY2010. We then used
these metrics as inputs in the PLSR models to pre-
dict the reduction in runoff and partitioning angle
due to LID practices in each of those years. We evalu-
ated expected long-term behavior of LID practices by
summarizing the number of years reduction in run-
off was >25%, 15%—-25%, or <15% and the number
of years LID practices mostly increased DD, increased
both DD and ET, or mostly increased ET.

3. Results and discussion

3.1. Water balance impacts of LID

Climate-dependent patterns emerge when we com-
pare annual water balances for a baseline single-
family parcel (typical residential development) and
a single-family parcel with infiltration-based LID
under climatic conditions for 51 US cities (figure 1(a),
modeled after water balance triangle in Eger et al
(2017)). Under all climatic conditions considered,
infiltration-based LID practices reduce annual run-
off; the vector connecting the baseline (circles) and
LID scenarios (triangles) for each modeled city points
away from the lower left corner where runoff is 100%
of the balance. However, in some cases the reduced
runoff is partitioned mostly to DD (vector is nearly
parallel to the runoff axis, angle is nearly 7/3, indic-
ates no change in ET) and in others it is partitioned
mostly to ET (vector is nearly parallel to the ET axis,
angle is nearly zero, indicates no change in DD). This
vector angle, or partitioning angle, therefore provides
a useful means of quantifying the degree to which
LID practices mostly increase DD (angle > 27/9),
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Figure 1. (a) A ternary diagram highlights the shift in partitioning among annual surface runoff, evapotranspiration, and deep
drainage between baseline (circles) and low impact (triangles) development conditions for all climate scenarios; (b) all cities
(circles) colored by the partitioning angle between deep drainage (DD) and evapotranspiration (ET) as a function of the two
variables used in the one component included in the PLSR model: PET:P vs total annual precipitation (mm); (c) all cities (circles)
colored by the reduction in runoff as a percent of precipitation due to LID practices as a function of the two components included
the PLSR model. Inset indicates direction of increase for the variables represented by these components.

some partitioning angles to be slightly negative (see
SI data, tables S2 and S3 for detailed water balances).
Coloring each vector by PET:P illustrates that both
the energy and water components of climate drive dif-
ferences in how the water balance shifts in response to
infiltration-based LID.

ET (angle < 7/9), or both (angle 7/9-27/9) (see
interpretation in lower left corner of figure 1(a)). We
excluded change in soil moisture from our analysis
since it becomes negligible over long time periods, but
we note that this term is non-negligible for some of
the 1 year climate scenarios presented here and causes
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Figure 2. Correlations matrix for key climate metrics examined for use in PLSR models. The eight metrics with predictive power
for one or both PLSR models have bolded text and are outlined in the upper left. Final runoff PLSR model uses the top four
variables; final partitioning angle PLSR model uses the top two variables.
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3.2. Climate metrics important to LID performance
From an initial list of 89 climate metrics (see SI data,
table S4), only eight had predictive power in PLSR
models relating climate metrics to the reduction in
annual runoff and the partitioning angle (i.e. how
the urban water balance is altered by infiltration-
based LID practices). These eight metrics included:
(a) total precipitation, (b) PET:P, (c) percent of
time raining, (d) 30 d correlation between PET and
P, (e) burstiness (a measure of time between pre-
cipitation events; Schleiss and Smith (2015)), (f)
memory (autocorrelation of time between precipit-
ation events; Schleiss and Smith (2015)), (g) num-
ber of storms, and (h) mean interstorm duration.
Although the current literature on climate and LID
performance has a heavy focus on within-storm char-
acteristics and how they control episodic runoff and
recharge (Holman-Dodds et al 2003, Hood et al 2007,
Gallo et al 2012, Bhaskar et al 2018, Sohn et al 2019),

no metric explicitly describing within-storm beha-
vior (e.g. storm depth, storm duration, many met-
rics related to precipitation intensity) was import-
ant in the PLSR models describing changes in the
annual water balance. Within-storm metrics were
also not well-correlated with metrics that were selec-
ted for inclusion (figure 2). Instead, selected met-
rics describe overall water availability (total precip-
itation), the balance of energy availability and water
availability (PET:P), the relative timing of energy
availability and water availability (30 d correlation
between PET and P), and the intermittency of precip-
itation (percent of time raining, burstiness, memory,
number of storms, mean interstorm duration).
Many combinations of the top eight climate met-
rics yielded acceptable PLSR models but the best
PLSR models (selected based on RMSE and parsi-
mony) included only 2—4 metrics. The final PLSR
model describing the reduction in annual runoff due
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Table 1. PLSR model performance.

Model Validation RMSE PBIAS R? NSE

Partitioning angle Int. Cross-Validation 0.19 rad 0 0.79 0.79

Ext. Validation 0.13 rad —4.56 0.93 0.90

Reduction in runoff Int. Cross-Validation 3% 0 0.76 0.76

Ext. Validation 2% —3.09 0.74 0.55

to LID practices included: (a) PET:P, (b) total pre-
cipitation, (c) percent of time raining, and (d) 30 d
correlation between PET and P (figure 1(c)). The
final PLSR model describing the partitioning angle
due to LID practices included: (a) PET:P, and (b)
total precipitation (figure 1(b)). Performance met-
rics for these final PLSR models (table 1) meet com-
mon thresholds for an ‘acceptable’ fit in hydrolo-
gic modeling based on RMSE (1.7*RMSE < SD),
PBIAS < 5%, coefficient of determination (R* > 0.7),
and NSE > 0.65 (Ritter and Munoz-Carpena 2013).

3.3. Using LID to reduce runoff

Infiltration-based LID yields the greatest reductions
in runoff in humid areas with abundant, frequent
precipitation where PET and precipitation are out of
phase with one another (PET and energy availability
are high when precipitation and water availability is
low and vice versa) (figure 1(c)). In humid environ-
ments, runoff is a larger component of the baseline
water balance (figure 1(a)) so more gains are possible
and reductions due to LID practices are proportion-
ally larger (figure 1(c)). All three metrics describing
humid environments (low PET:P, high total precipita-
tion, high percent of time raining) are well-correlated
(figure 2), but the relative timing of PET and P can
drive LID performance to be more or less effect-
ive than the first three metrics might indicate. For
example, Phoenix, AZ is more arid than Oklahoma
City, OK based on PET:P (8.4 vs 2.6), total precipita-
tion (258 mm vs 711 mm), and percent of time rain-
ing (2% vs 5%) (figure 3), which indicates Phoenix
may experience a lower reduction in runoff due to
LID. However, PET and P are out of phase in Phoenix
(30 d correlation of —0.22) and are strongly in phase
at Oklahoma City (30 d correlation of 0.70) which
results in Phoenix actually experiencing a slightly
higher reduction in runoff compared to Oklahoma
City (17% vs 15% as a percent of precipitation).

We note that at the scale of individual storm
events, reduction in runoff due to LID practices is
influenced by within-storm characteristics like storm
intensity and duration, as others have found (see
supplemental information for event-scale analysis;
Holman-Dodds et al 2003, Hood et al 2007, Gallo et al
2012, Bhaskar et al 2018, Sohn et al 2019). However,
other ecosystem services which may benefit from LID
practices are unrelated to discrete flood events and
instead depend on the long-term shift of water away
from runoff and to other components of the urban

water balance such as ET (e.g. for urban cooling) and
DD (e.g. for groundwater recharge and water supply).
To understand the potential of LID practices to hol-
istically address multiple urban challenges, it is there-
fore important to examine how runoff is reduced as
a percent of the annual urban water balance and how
much water can be made available to enhance these
other hydrologic fluxes, as is our focus here.
Geographically, our PLSR models and hourly
weather data from WY1981-WY2010 indicate that
reduction in annual runoff as a percent of annual pre-
cipitation is consistently high (>25%) in the Pacific
Northwest, a humid region known for frequent rain-
fall and winter rainy seasons (i.e. out of phase PET
and P) where others have demonstrated that LID
practices are especially effective (Gallo et al 2012)
(figure 4(a)). Runoff reduction is often high in the
temperate cities east of the Mississippi River Valley as
well, but cities in this region that experience in-phase
PET and P are more likely to see years with slightly
lower LID effectiveness (runoff reduction 15%-25%).
This includes cities in the Midwest U.S., where sum-
mer atmospheric energy drives high PET and intense
convective thunderstorms, and along the U.S. East-
ern Seaboard, where summer hurricanes and tropical
storms are common (figure 4(a), see SI data tables S6
and S7). Although no explicit measure of precipita-
tion intensity was an important predictor of runoff
reduction in our study (figure 2), these geographic
patterns indicate that the relative timing of PET and
P may be a proxy for prevailing storm character-
istics (also see supplemental information on event-
scale response). All other cities tend to exhibit con-
sistently intermediate response in runoff (reduction
15%—-25%), though some cities in the Rockies (with
moderate climate but frequently in-phase PET and P)
and cities in the Southwest (with arid climates) exper-
ience years with lower reduction in runoff (<15%).
While there are clear climate-dependent differ-
ences in the extent to which infiltration-based LID
can reduce runoff, locations with more arid cli-
mates or strongly in-phase PET and P can still bene-
fit from adopting infiltration-based LID practices.
For example, El Paso, TX was the most arid city in
the study (PET:P of 29.5) and had slightly in phase
PET and P (30 d correlation of 0.11), but it still
experienced a reduction in runoff of 11% of annual
precipitation due to infiltration-based LID prac-
tices (figure 3). However, for these cities to achieve
high reductions in runoff, we suggest that managers
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drainage, increase both, or mostly increase ET.

Figure 4. For each city, pie charts indicate the number of years from WY1981-2010 that PLSR models indicate LID practices
would (a) lead to a reduction in runoff (as a percent of precipitation) >25%, 15%—25%, or <15%, and (b) mostly increase deep

> Baltimore,
MD

" Reduction in Runoff

- > 25%
15% - 25%
< 15%

=" Baltimore,
v (MDD

Partitioning Angle
. : [l Mostly DD
i I Mix
Mostly ET

augment infiltration-based practices with additional
strategies. Harvest- or retention-based LID practices
such as cisterns, green roofs, as well as bioswales
with high storage capacities are logical complements
(Askarizadeh et al 2015, Deitch and Feirer 2019),
especially if placed in series with infiltration-based
techniques (Gilroy and McCuen 2009).

3.4. Using LID to manipulate deep drainage and
evapotranspiration
Partitioning of increases in DD vs increases in ET
due to infiltration-based LID is controlled by PET:P
and total precipitation, with LID practices mostly
increasing DD in humid areas but mostly increasing
ET in arid and semi-arid areas (figure 1(b)). Geo-
graphically, infiltration-based LID practices consist-
ently increase DD but rarely or never increase ET in
nearly all the temperate cities in the Southeast, North-
east, Midwest, and Pacific Northwest (figure 4(b)). By
contrast, in Southern California and the Southwest,
infiltration-based LID practices mostly increase ET
and rarely or never increase DD. A few cities in the
Bay Area of California and in the Rockies regularly
see increases in both DD and ET, but this variable
response from year to year is less common.

This relationship between the aridity index and
partitioning behavior can also be seen as larger shifts
in ET:P at higher values of PET:P on a Budyko plot

(figure 5(a)) as well as larger DD:P shifts at low values
of PET:P (figure 5(b)). The Budyko curve (Budyko
1974) describes the steady state water balance dynam-
ics of natural ecosystems and is controlled by two
asymptotes: the energy limit (1:1 line) and the water
limit (horizontal line at ET:P = 1). These two asymp-
totes meet at PET:P = 1.0, where evapotranspirative
demand due to incoming energy is perfectly balanced
by incoming precipitation. At higher ratios of PET:P,
the Budyko curve approaches the water limit where
evaporative demand exceeds precipitation availability
and any increase in precipitation increases ET (main-
tains an ET:P ratio of 1.0). At lower ratios of PET:P,
the Budyko curve approaches the energy limit where
precipitation exceeds evapotranspirative demand and
an increase in precipitation cannot increase ET, but
instead increases runoff or DD (decreases the ratio of
ET:P). When infiltration-based LID practices trans-
fer runoff from impervious surfaces to nearby per-
vious areas, they increase effective precipitation on
the pervious areas of a parcel. Because of this lateral
transfer of water, LID practices can increase ET within
the pervious portion of a parcel and increase over-
all parcel ET:P when PET:P is high (Budyko curve
approaches water limit) but cannot increase ET and
instead increase DD when PET:P is low (Budyko
curve approaches energy limit) (figure 5). In regions
where PET:P is near 1 and the Budyko curve shows
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Figure 5. Relationship between aridity index (PET:P) and (a) actual evapotranspiration as a fraction of precipitation (ET:P),

and (b) deep drainage as a fraction of precipitation (DD:P). Baseline (circles) and low impact (triangles) results are colored by the
partitioning angle for each city. Longer connections indicate greater increases due to LID practices. On (a), the Budyko curve is
the solid black line, the theoretical energy limit is the dashed 1:1 line, and the theoretical water limit is the horizontal dashed line.

the greatest curvature, we observe a mixed response
in the partitioning of water between DD and ET. Loc-
ations which plot above the water limit (ET:P = 1)
experienced a decrease in soil moisture over the 1 year
simulation, which provided an additional source of
water (see SI data, tables S2 and S3 for complete water
balances).

We also see this explanation for observed parti-
tioning behavior in the spatial maps of cumulative
DD and ET for five example cities, which include
all three urban sites represented in the NSF Long-
Term Ecological Research Network (figure 3; Bal-
timore, MD; Madison, WI; Phoenix, AZ). Humid loc-
ations like Baltimore, MD and Madison, WI (PET:P
of 0.8 and 1.1, respectively) show strong hot spots of
increased DD near disconnected impervious features
and little sign of increased ET. A city with a more
moderate climate like Oklahoma City, OK (PET:P
of 2.6) experiences equal increases in DD and ET.
The more arid cities of Phoenix, AZ and El Paso, TX
(PET:P of 8.1 and 29.5, respectively) instead show
strong hot spots of increased ET with little increase
in DD. As in Voter and Loheide (2018), parcel-scale
changes in DD and ET are not uniformly distributed,
but are instead driven by hot-spots of infiltration at
the interfaces between impervious and pervious sur-
faces. This indicates that in humid environments,
wetting fronts at impervious-pervious interfaces can
regularly penetrate past the root zone and result in
strong hot spots of DD, but are not strong enough
to do the same in more arid locations where infilt-
rated water instead remains in the root zone until
transpired by vegetation. Increases to DD and/or ET
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are not as immediate as reductions in runoff and con-
tinue long past the end of individual storms, so we
did not attempt to evaluate event-scale response but
focused exclusively on cumulative annual differences.

These results indicate that infiltration-based LID
practices are well-suited for increasing groundwa-
ter recharge in humid locations and for cooling the
urban heat island in arid locations, but it is rare to
realize both ecosystem services from these interven-
tions. If managers in arid locations desire increased
DD, we suggest concentrating runoff from a larger
impervious source area than exists on this example
single-family parcel, e.g. by using focused infiltration
basins which collect runoff from several residential
parcels (Gobel et al 2004, Bhaskar et al 2016). To
increase ET and affect the urban heat island in humid
areas, we suggest managers focus on replacing imper-
vious surfaces with transpiring surfaces or otherwise
increasing the percent vegetation cover. De-paving,
green roofs, and street trees which overhang pave-
ment are all more likely to achieve this effect in humid
areas than the infiltration-based practices explored in
this study.

While increasing DD is often a desired outcome
of LID practices, we recognize this is not always the
case. In areas with a shallow water table, increas-
ing DD is both less feasible (due to weaker vertical
gradients in pressure head) and less desirable (due
to concerns about basement flooding). Increasing
DD may also be less desirable where groundwater
contamination is a concern. To limit the degree to
which infiltration-based LID practices increase DD in
humid areas, we suggest distributing infiltration over
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a larger area to minimize hot spots at impervious-
pervious interfaces and/or relying on LID practices
which have underdrains, though we note that the lat-
ter will also reduce the effectiveness of LID practices
at reducing runoff (Wright et al 2018) unless paired
with a harvest-based LID practice.

3.5. Implications for current theoretical
frameworks

Our modeling results indicate that the balance of
energy availability and water availability (the arid-
ity index, PET:P) is a key control on water balance
response to LID practices, just as it is a primary
driver of long-term water balance dynamics in nat-
ural ecosystems (Budyko 1974). In natural ecosys-
tems at steady state, water balance dynamics will
tend to plot on the Budyko curve (figure 5(a)), with
ET:P limited by energy availability when and where
PET:P < 1 and ET:P limited by water availability
when and where PET:P > 1 (Budyko 1974, Roderick
and Farquhar 2011). Urbanization causes predictable
deviations from the original Budyko curve: by repla-
cing transpiring land with impervious cover, urban-
ization lowers ET and causes baseline urban devel-
opment to plot below the original Budyko curve
(Roderick and Farquhar 2011) (figure 5(a)). We show
that routing water from impervious areas to pervi-
ous areas with infiltration-based LID practices aug-
ments water availability, which allows some recovery
of ET in arid cities where water—in addition to the
amount of transpiring land—limits ET (PET:P > 1).
However, infiltration-based LID practices cannot
alter ET in urban areas where water is abundant
(PET:P < 1) because they do not restore transpir-
ing land cover; instead, these practices increase DD
(figure 5(b)).

These findings are consistent with theory used
by natural ecosystem hydrologists, but it is exceed-
ingly rare for PET:P or other energy-related metrics
such as drying time between storms or rainfall inter-
mittency (figure 2) to be considered as drivers of
LID effectiveness in urban areas. It is far more com-
mon for studies that explore the role of climate on
LID effectiveness to focus solely on water availabil-
ity (Askarizadeh et al 2015) and within-storm char-
acteristics (Holman-Dodds et al 2003, Hood et al
2007, Gallo et al 2012, Bhaskar et al 2016), even
in studies which incorporate PET and dynamic ET
into model physics (Wright et al 2018). This is partly
because stormwater runoff and flooding occurs in
response to discrete storm events and LID prac-
tices were initially designed as a response to this
particular challenge. Insights into how LID perform-
ance varies with rainfall characteristics have had
clear implications for stormwater regulations since
engineers have a long history of tying stormwater
ordinances to ‘design storms, which characterize the
within-storm characteristics (intensity, duration, and

11

C B Voter and S P Loheide

frequency) that stormwater infrastructure must be
able to accommodate (Watt and Marsalek 2013).
Thus, LID effectiveness is also commonly evaluated
with event-based approaches. However, in our ana-
lysis at the annual scale, the extent to which LID alters
the larger urban water balance is not predicted by any
metric describing within-storm behavior. Instead, the
relative balance and timing of water and energy avail-
ability (PET:P, 30 d correlation of PET and P) and
measures of precipitation intermittency are stronger
controls. As we expand the use of LID practices to
address multiple urban ecohydrologic challenges in
addition to stormwater runoft, it will become more
important to incorporate PET:P and long-term ana-
lysis into predictions of LID performance.

3.6. Future directions

In this study, we intentionally isolated the effect of cli-
mate on infiltration-based LID practices and found
that the relative balance and timing of water and
energy availability (e.g. PET:P, 30 d correlation of PET
and P) and precipitation intermittency (e.g. percent
of time raining) are the best predictors of the reduc-
tion in runoff and partitioning of increases to DD vs
ET due to LID practices. However, we recognize that
climate co-varies with many other geographic drivers
of LID performance, including soil type, landscaping
preferences (e.g. for xeriscaping or irrigation), depth
to groundwater, regulatory environment, and typical
parcel size or layout. Just as soil-vegetation-climate
parameters interact to modify water balance dynam-
ics in natural systems, (Troch et al 2013) city char-
acteristics may do the same in urban systems. Future
work should explore what synergistic or antagonistic
effects exist with other urban parameters along cli-
mate gradients. In addition, it would be useful to
upscale soil moisture storage effects to characterize
storm-level effectiveness and account for changes in
interannual variability in effectiveness due to sequen-
cing of wet and dry years. Data from these simula-
tions could also be used to improve our understand-
ing of the how LID practices reduce runoff at the
scale of individual storm events as well as which types
of storms are common in different cities. Ultimately,
continued exploration of how geographic gradients
affect LID performance will further improve site-
specific predictions of LID ecosystem services and
thus lead to greater effectiveness and adoption of
LID practices for stormwater management tailored to
regional climate.

Data availability statement

Model input data to replicate results is included in
tables and references in this paper and in the SI; input
data, processing scripts, and summary output data are
also posted publicly on github (https://github.com/
cvoter/low-impact-lot-climate).
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