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[1] Understanding low impact development (LID) planning and best management practices
(BMPs) effects on recharge is important because of the increasing use of LID BMPs to
reduce storm water runoff and improve surface-water quality. LID BMPs are microscale,
decentralized management techniques such as vegetated systems, pervious pavement, and
inﬁltration trenches to capture, reduce, ﬁlter, and slow storm water runoff. Some BMPs may
enhance recharge, which has often been considered a secondary management beneﬁt. Here
we report results of a ﬁeld and HYDRUS-2D modeling study in San Francisco, California,
USA to quantify urban recharge rates, volumes, and efﬁciency beneath a LID BMP
inﬁltration trench and irrigated lawn considering historical El Ni~no/Southern Oscillation
(ENSO) variability and future climate change using simulated precipitation from the
Geophysical Fluid Dynamic Laboratory (GFDL) A1F1 climate scenario. We ﬁnd that in situ
and modeling methods are complementary, particularly for simulating historical and future
recharge scenarios, and the in situ data are critical for accurately estimating recharge under
current conditions. Observed (2011–2012) and future (2099–2100) recharge rates beneath
the inﬁltration trench (1750–3710 mm yr21) were an order of magnitude greater than
beneath the irrigated lawn (130–730 mm yr21). Beneath the inﬁltration trench, recharge
rates ranged from 1390 to 5840 mm yr21 and averaged 3410 mm yr21 for El Ni~no years
(1954–2012) and from 1540 to 3330 mm yr21 and averaged 2430 mm yr21 for La Ni~na
years. We demonstrate a clear beneﬁt for recharge and local groundwater resources using
LID BMPs.
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tain or replicate the predevelopment hydrologic regime by
using best management practices (BMPs) that decrease the
impacts on storm water drainage systems and help maintain
surface water quality [Ando and Freitas, 2011]. Within the
overarching LID framework, BMPs are microscale and
decentralized management techniques that include natural
vegetated systems such as bioretention facilities, vegetated
swales, pervious pavement, and inﬁltration basins and
trenches to capture, reduce, ﬁlter, and slow storm water
runoff [US EPA, 2000]. LID BMPs decrease peak runoff
by as much as 40–90% [Davis, 2008; Schlea, 2011] and
can remove and attenuate contaminants in polluted storm
water by passive volatilization, photodecomposition,
adsorption, microbial biotransformation, and dilution,
which require minimal energy and resources [Laws et al.,
2011]. LID is generally less expensive than traditional and
centralized storm water infrastructure in the case of new
development ; however, the cost beneﬁt of LID is less for
retroﬁts of existing development [Ando and Freitas, 2011].
LID is also generally less expensive than constructing,
operating, and maintaining facilities for wastewater treatment followed by recharging the recycled water [Stephens
et al., 2012]. For these reasons, the U.S. Environmental
Protection Agency (USEPA) is considering new regulations
that would mandate LID for storm water management and
evaluating the potential beneﬁt that increasing inﬁltration
beneath LID may have on groundwater resources [United

Introduction

[2] Freshwater resources in many urban environments
are highly vulnerable to human pressures and climate variability and change [Treidel et al., 2012]. Impervious surfaces such as buildings, roads, parking lots, and compacted
soil prevent inﬁltration of urban storm water ﬂows and
cause localized ﬂooding, and increase contaminants in surface runoff that often overwhelm sewer systems and combined storm water-sewer ﬂows that are often untreated
[United States Environmental Protection Agency (US
EPA), 2000; Cantone and Schmidt, 2011]. To address these
concerns, urban storm water managers are increasingly
using low impact development (LID) site planning to main-
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2002]. Although substantial work has addressed the water
quality of storm water inﬁltrating BMPs [Schroeder, 1995;
Dietz and Clausen, 2005, 2006, 2008], the characteristics
and quantities of subsurface ﬂow beneath LID BMPs are not
well documented [Dietz, 2005; Dietz and Clausen, 2008;
US EPA, 2000], particularly as compared to other sources of
urban recharge. Studies are needed to evaluate the effectiveness of LID BMPs to enhance recharge rates compared to
other sources of urban recharge, such as irrigated lawns.
[5] The use of LID BMPs to capture storm water and
enhance recharge has been suggested as an adaptive management strategy for future climate variability and change
[Stephens et al., 2012], but this issue has not yet been studied. It is well established that interannual to multidecadal
climate variability, such as from the El Ni~no/Southern
Oscillation (ENSO), substantially affects the frequency and
intensity of precipitation, drought, runoff, and streamﬂow
[Cayan et al., 1992; Dettinger and Cayan, 1994; Dettinger
et al., 2001; Enﬁeld et al., 2001; Labat, 2008; McCabe
et al., 2004; Vicente-Serrano et al., 2011]. ENSO is a 2–7
year quasiperiodic and coupled oceanic-atmospheric phenomenon that results from large-scale interactions between
the tropical and subtropical portions of the Paciﬁc and the
Indian Ocean basins. ENSO produces variations in pressure,
temperature, and precipitation patterns throughout the U.S.
and other parts of the world [Wolter and Timlin, 1993,
1998]. During the positive ENSO (El Ni~no) phase, much of
California and other parts of the U.S. have increased precipitation, particularly in the winter months of December–February [Ropelewski and Halpert, 1986]. In California,
extreme precipitation events deﬁned as a 50 year return
interval of approximately 150 mm per day are strongly correlated with the El Ni~no phase, and conversely, the risk of
precipitation extremes is reduced during the negative ENSO
(La Ni~na) phase [Shang et al., 2011]. Between 1950 and
2009, urban areas in California have experienced a 6.5% per
decade increase in the daily precipitation maximums; a
trend that may have profound implications for future storm
water infrastructure [Mishra and Lettenmaier, 2011]. Such
ﬁndings are consistent with results from global circulation
models (GCMs) that project increasing maximum daily precipitation for California by the 2060s [Pierce et al., 2012].
Considering that the frequency of central paciﬁc and eastern
paciﬁc ENSO events have increased in recent decades and
may be attributed to natural variability [Yeh et al., 2011],
the expectation that ENSO statistics and the effects on local
hydrology will change under anthropogenic climate change
remains uncertain because of the large spread of model projections for the 21st century [Guilyardi et al., 2009].
[6] The effects of climate variability and change on
recharge and groundwater resources have been increasingly
studied in recent years [United Nations Educational, Scientiﬁc and Cultural Organization, 2008; Earman and Dettinger, 2011; Green et al., 2007, 2011; Treidel et al.,
2012; Taylor et al., 2012]. Recharge rates and mechanisms
and corresponding groundwater levels beneath natural and
agricultural lands respond to ENSO and other oceanicatmospheric phenomenon on interannual to multidecadal
time scales [Hanson et al., 2004; Pool, 2005; Fleming and
Quilty, 2007; Gurdak et al., 2007, 2009; Holman et al.,
2009, 2011; Tremblay et al., 2011; Perez-Valdivia et al.,
2012]. The natural variability of ENSO and the projected

States Environmental Protection Agency (US EPA), 2009].
In fact, implementing LID in some locations may be more
driven by the potential beneﬁt of groundwater recharge
than compliance with surface-water quality regulations,
particularly in areas that have substantial storm water runoff but a groundwater deﬁcit [Stephens et al., 2012].
[3] While the effectiveness of LID BMPs increasing
inﬁltration and reducing storm water runoff has been well
studied and documented [Dietz, 2005, 2007; Davis, 2008;
Schlea, 2011; Guo et al., 2012], the effectiveness of those
BMPs enhancing urban recharge is poorly understood. The
performance of LID BMPs that enhance inﬁltration and
recharge needs to be validated [Stephens et al., 2012], in
part, because few ﬁeld-based studies have directly measured recharge beneath a BMP [Davis et al., 2009; Roy-Poirier et al., 2010]. Recharge beneath LID BMPs has been
previously modeled or estimated as a percentage of precipitation or runoff. Studies estimate that between 40 and 99%
of precipitation falling on the drainage area becomes
recharge beneath BMPs [Dietz, 2005; Dietz and Clausen,
2006; Ermilio and Traver, 2006; Endreny and Collins,
2009; Stephens et al., 2012]. In Arizona, recharge beneath
BMPs has been estimated as a fraction of captured runoff
that does not evaporate using a curve number method
[Milczarek et al., 2005]. Milczarek et al. [2007] used
surface-water based regression models to estimate inﬁltration and then applied coefﬁcients to estimate recharge as a
percentage of inﬁltration. Beneath several unlined and
large-scale (2000–23,500 m2) retention ponds in a new
industrial development in New Mexico, Miller [2006] estimated recharge as residual values from groundwater and
unsaturated ﬂow models calibrated to match observed
water levels. The unlined retention ponds were estimated to
enhance recharge from <1% to about 60% of on site precipitation and created a 3.0–10 m thick groundwater mound
[Miller, 2006]. Some municipalities have implemented
groundwater recharge studies for large scale and centralized managed aquifer recharge (MAR) sites, often using
yearly water budgets and ﬁeld-calibrated groundwater ﬂow
models to predict recharge [Watershed Council : Los
Angeles and San Gabriel Rivers, 2000; Hanson et al.,
2010; Racz et al., 2011]; however, these studies do not
address or quantify small scale or spatially distributed
recharge beneath LID BMPs. Findings from these prior
studies indicate that recharge beneath LID BMPs is likely
controlled in part by the precipitation intensity and duration, runoff characteristics of the impervious cover connected to the BMP, soil properties, including hydraulic
conductivity, and the storage capacity of the BMP facility
[Shuster et al., 2007; Maimone et al., 2011].
[4] Recharge is among the most difﬁcult components of a
water budget to reliably quantify because of its spatial and
temporal variability [Scanlon et al., 2002; McMahon et al.,
2011]. Estimating recharge beneath LID is further complicated because recharge rates and mechanisms, recharge
enhancements compared to predevelopment conditions, and
the characteristics of subsurface ﬂow processes are not well
characterized in urban environments [Lerner, 1990, 2002].
Sources of urban recharge include natural precipitation
beneath permeable surfaces such as grass; irrigation on
lawns, parks, and golf courses; leaking mains, sewers, and
septic systems; and water drainage systems [Lerner, 1990,
2
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Figure 1. Map showing the location of the San Francisco State University (SFSU) low impact development (LID) research network and the Westside Basin aquifer, which is part of the California Coastal
Basin aquifers. The aquifer location data are modiﬁed from the California Department of Water Resources and the U.S. Geological Survey.
research network, within the city of San Francisco, California, USA (Figure 1). Beneath SFSU is the Westside Basin
aquifer (104 km2), which is part of the regionally important
California Coastal Basin aquifers (Figure 1). The Westside
Basin aquifer system has a shallow (<30 m below sea
level), unconﬁned aquifer and two deeper conﬁned aquifers, and is bounded in the north and south by Franciscan
Complex bedrock [Clifton et al., 1988; Nzewi et al., 2010].
The aquifer sediments include coastal deposits of sand, silt,
mud, gravel, and peat from the Merced and Colma Formations. Based on a county-wide groundwater ﬂow model,
Phillips et al. [1993] reported 200 mm yr21 as a spatially
averaged estimate of natural and urban induced recharge to
the Westside Basin aquifer. While the Westside Basin aquifer is not the primary source of drinking water for San
Francisco, groundwater from the aquifer is used by a number of neighboring communities and saltwater intrusion
from the San Francisco Bay has been a localized problem
in the southeastern part of the aquifer [Nzewi et al., 2010].
[9] At the SFSU LID research network, a BMP inﬁltration
trench was installed in 2009 and is approximately 11 m2 (0.90
m 3 12 m) in area and located in the center of a vegetated
depression that collects runoff from an impervious bike path,
parking lot, and surrounding roof tops with an effective drainage area of 430 m2 (Figures 2a and 2b). The design of the
inﬁltration trench follows the volume-based sizing method
and a goal of 80% storm water volume capture [California
Stormwater Quality Association, 2003] for 1 h, 6 h, and 24 h
precipitation events (design storms) with a 2 year return interval. The irrigated lawn site (Figure 2c) is located approximately 300 m from the inﬁltration trench and was selected for
this study as a representative source of urban recharge for
comparison to the inﬁltration trench. The irrigated lawn site
slope angle is near zero degrees and limits surface runon to
the study site from surrounding vegetated areas, and thus the
lawn site receives only direct precipitation and irrigation.

increases in precipitation maximums have important implications for recharge to aquifers, particularly in urban environments. As the probability distribution of precipitation
changes and possibly includes more intense events, LID
and BMPs may play a critical role in capturing the runoff
and promoting recharge that may otherwise overwhelm
local storm water systems. Additional ﬁeld and modeling
studies are needed to measure LID performance under
extreme weather [Guo et al., 2012] that is associated with
ENSO and other climate variability.
[7] A better understanding of the capacity for managed
recharge of storm water beneath LID is an important step
toward the sustainable and conjunctive use of surface and
groundwater resources in urban environments. Using results
from a suite of methods to measure and model recharge
beneath a recently installed (2009) LID BMP inﬁltration
trench, this study addresses three main questions: (1) What
are the beneﬁts of measuring recharge using in situ methods
compared to model-based and other simple estimates of
recharge beneath a LID BMP? (2) What are recharge rates
and volumes beneath the inﬁltration trench, how do they
compare to an irrigated lawn that represents a non-LID
source of urban recharge, and what are the important factors
controlling recharge beneath the two sites? and (3) How
effective is the LID BMP in capturing and recharging urban
storm water considering historical ENSO variability and
future climate change? This study provides the ﬁrst ﬁeld and
model-based (HYDRUS-2D) [Simunek et al., 2008; PC-Progress, 2011] estimates of recharge rates and volumes beneath
LID BMPs considering climate variability and change, and
provides practical management information regarding
enhanced storm water capture and recharge toward improved
conjunctive use of water resources in urban environments.

2.

Methodology

2.1. Study Area
[8] The study area is a recently installed (2009) and
instrumented (2011) BMP inﬁltration trench and irrigated
lawn site at the San Francisco State University (SFSU) LID

2.2. Vadose Zone Data Collection
[10] In May 2011, the inﬁltration trench and irrigated
lawn were excavated, sediment cores were collected for
3
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Figure 2. Photographs of the (a) inﬁltration trench from an aerial view, (b) inﬁltration trench, and (c)
irrigated lawn sites at the San Francisco State University (SFSU) low impact development (LID)
research network. The inﬁltration trench and irrigated lawn sites are separated by about 300 m.
discharges water to a storm drain when the trench reaches
the maximum storage capacity of approximately 2.0 m3
assuming a gravel porosity of 0.35. A total of six and ﬁve
cores were collected beneath the inﬁltration trench (Figure
3a) and irrigated lawn (Figure 3b), respectively, and were
analyzed for %sand, %silt, %clay, and %gravel by mass.
We calculated bulk density qb of the cores following the

sediment textural analysis and hydraulic properties, and
instruments were installed to measure water content and
matric potential and collect pore water from the vadose
zone (Figure 3). The inﬁltration trench is ﬁlled with gravel
that is 66 cm thick at the upstream end and thickens to 88
cm at the downstream end (Figure 3a). The gravel trench
has an overﬂow drain with a 3.0 cm diameter weephole that

Figure 3. Schematic depiction (not to scale) of the instrumentation and core locations (a) along the
longitudinal cross section A–A0 (inset) of the inﬁltration trench site and (b) beneath the irrigated lawn
site, at the San Francisco State University (SFSU) low impact development (LID) research network. Lateral cross section B–B0 (inset) was used for the HYDRUS-2D model simulations.
4
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Table 1. Soil Textural Class, Hydraulic Properties, and van Genuchten Fitting Parameters for Cores Collected at the Inﬁltration Trench
and Irrigated Lawn Sites, and Corresponding Soil Layers Used in the HYDRUS-2D Modelsa
Core Depth
(cm bls)

% Gravel
(by mass)

Soil
Texture

hr
(m3 m23)

hs
(m3 m23)

a
(m21)

n

l
(m21)

Ks
(m d21)

HYDRUS-2D Soil
Layers (cm bls)

0-0-0
76-8.0-15
86-2.0-11
84-4.0-11
64-8.0-27
64-8.0-27

1.0 3 102
87
0.30
0.80
8.6
20

g
gsl
ls
ls
scl
scl

0.00
0.02
0.06
0.05
0.06
0.05

0.51
0.15
0.40
0.34
0.32
0.29

11
3.0
2.9
3.4
3.0
2.9

1.7
1.5
2.0
1.7
1.2
1.2

0.50
0.50
0.50
0.50
0.50
0.50

8.43 102
0.15
1.7
0.73
0.07
0.07

0–100
>100–106
>106–108
>108–127
>127–155
>155–188

86-2.0-11
88-2.0-9.0
88-2.0-9.0
88-2.0-9.0
92-2.0-5.0

23
1.0
0.40
0.20
1.2

ls
ls
ls
ls
s

0.05
0.05
0.06
0.06
0.05

0.29
0.31
0.35
0.35
0.34

2.9
3.2
3.1
3.1
3.2

1.9
2.0
2.1
2.1
2.7

0.50
0.50
0.50
0.50
0.50

1.0
0.86
1.5
1.5
3.0

0–18
>18–51
>51–79
>79–109
>109–137

% Sand-Silt-Clay
(by vol.)

Inﬁltration Trench
6
69
107
127
155
188
Irrigated Lawn
18
51
79
109
137
a

bls, below land surface; vol., volume; g, gravel; gsl, gravelly sand loam; ls, loamy sand; scl, sandy clay loam; s, sand.

(1914–2012) (Table 2) [NOAA NCDC, 2011; WRCC,
2012] were used to evaluate statistical differences in precipitation during El Ni~no and La Ni~na years and to estimate
recharge rates and volumes beneath the inﬁltration trench
and the irrigated lawn sites. Hourly precipitation data from
the Mission Dolores station are available from 1948 to
2012 (Table 2). The hourly and daily precipitation data
have mean values of 1.4 mm h21 and 11 mm day21 and
maximum values of 45 mm h21 and 1.4 3 102 mm day21,
respectively, with the hourly and daily maximum values
both on 23 January 1963. The Multivariate ENSO Index
(MEI) (Figure 4) [NOAA ESRL, 2012; NOAA, 2012] was
used to select years that were classiﬁed as being at least
weak El Ni~no (MEI > 10.6) and La Ni~na (MEI < 20.6)
events. The nonparametric Kruskall-Wallis test [Helsel and
Hirsch, 2002; Crawley, 2007] indicates a statistically signiﬁcant difference (p value 5 0.04) between the daily precipitation during El Ni~no and La Ni~na years. The daily
precipitation was aggregated to monthly totals, which generally indicate greater monthly precipitation during El Ni~no
years and smaller monthly precipitation during La Ni~na
years, particularly during winter months (Figure 5). We
separated precipitation data sets into four categories for
subsequent analyses: (1) 2011–2012 that represents the
ﬁeld observations at the LID BMP study site; (2) average
historical (MEI between 20.6 and 10.6); (3) historical El
Ni~no years; and (4) historical La Ni~na years.

methods of McMahon et al. [2003], and used the program
RETC [van Genuchten et al., 1991] to estimate residual hr
and saturated hs volumetric content, saturated hydraulic
conductivity Ks, and van Genuchten ﬁtting parameters (a,
n, l) (Table 1) for the water retention curves. We corrected
the water content and hydraulic conductivity curves for the
gravel content using the procedure outlined by Bouwer and
Rice [1984]. The sediment texture and hydraulic properties
were used in the HYDRUS-2D [Simunek et al., 2008; PCProgress, 2011] simulations, as described below.
[11] Each site was instrumented with ﬁve Decagon 5TM
soil temperature and moisture sensors, ﬁve Decagon MPS1 matric potential sensors, and one Decagon G2 (or G3)
drain gauge (Figure 3) that continuously record measurements at a 2 min interval to detect event-based changes in
the vadose zone. The Decagon G3 drain gauge installed
beneath the inﬁltration trench (Figure 3a) collects water
volumes that must be extracted at daily intervals using a
hand pump. The Decagon G2 at the irrigated lawn site (Figure 3b) uses an automated data logger and tipping bucket to
measure water volume every 5 min, which is converted to a
water ﬂux [L T21] by dividing by area of the drain gauge.
The sensors and drain gauge at the inﬁltration trench are
approximately 1.0 m downgradient from the inﬂow pipe
(Figure 3a). Additionally, one Decagon ECRN-100 rain
gauge, one Solinst Inc. barometer, and three piezometers
with Solinst Inc. pressure transducers were installed at the
inﬁltration trench site (Figure 3a). The three piezometers
were installed at the base of the gravel layer to measure
standing water levels at approximately 1.0, 6.0, and 10 m
downgradient from the inﬂow pipe (Figure 3a). A fourth
piezometer with a 1.5 m screen was installed in the perched
water table (2.1 m below land surface (bls)) at 1.0 m downgradient from the inﬂow pipe of the inﬁltration trench for
manual water level measurements (Figure 3a). The Decagon sensors began collecting data on 19 June 2011, and the
pressure transducers began collecting data on 4 January
2012.

Table 2. Summary Statistics for Hourly and Daily Precipitation at
the Mission Dolores Station (CoopID 47772), San Francisco, CA,
USA
Period of Record
Number of records
Mean
Standard Deviation
Minimum
25th percentile
Median
75th percentile
99th percentile
Maximum

2.3. Climate Variability
2.3.1. Historical Precipitation
[12] Historical daily precipitation data from the Mission
Dolores station (CoopID 47772), San Francisco, CA

a

1948–2012 (mm h21)a

1914–2012 (mm d21)b

102,480
1.4
1.7
0.25
0.25
0.76
1.8
8.1
45

6646
11
10
0.30
1.0
7.9
11
47
1.4 3 102

Data source http://www.ncdc.noaa.gov/.
Data source http://www.wrcc.dri.edu/.

b
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tation data and then analyzed by month using a KruskallWallis test [Helsel and Hirsch, 2002; Crawley, 2007].
[15] Using a linear mixed-effects model (LME) [Crawley, 2007], we evaluated the forecasted net precipitation
difference between the GFDL 21st and 20th century to
identify statistically signiﬁcant changes in future precipitation. An LME model is more appropriate than other linear
models because it accounts for temporal pseudoreplication,
which is a characteristic of monthly to seasonal variability
in meteorological data such as precipitation [Crawley,
2007]. The LME model also accounts for ﬁxed and random
effects ; time is the explanatory variable and the data are
analyzed with and without the time variable as a ﬁxed and
random effect [Crawley, 2007]. To evaluate the effect of
time on the overall trend in simulated precipitation, we ran
the LME model using three different scenarios: (1) time as
a ﬁxed effect ; (2) time as a ﬁxed effect and random effect;
and (3) time only as a random effect. An ANOVA analysis
was subsequently run on the output from the three LME
model scenarios to determine which model produces the
best ﬁt regarding the statistical signiﬁcance of time as a
predictor of change in simulated precipitation [Helsel and
Hirsch, 2002; Crawley, 2007].

Figure 4. The monthly Multivariate El Ni~no Southern
Oscillation (ENSO) index [Wolter and Timlin, 1993]. Red
indicates the positive (warm) El Ni~no phase and blue indicates the negative (cold) La Ni~na phase of ENSO. The
dashed line indicates years classiﬁed as being at least weak
El Ni~
no (MEI > 10.6) or La Ni~na (MEI < 20.6) events.

2.3.2. Future Precipitation Scenarios
[13] We used the NOAA Geophysical Fluid Dynamics
Laboratory (GFDL) model [NOAA GFDL, 2012] and A1F1
(high emissions) scenario to evaluate one plausible
response in recharge rates and volumes beneath the inﬁltration trench and the irrigated lawn sites to projected changes
in the magnitude of precipitation events at the end of the
21st century (2099–2100). From among the many plausible
21st century climate sequences that might affect California,
we selected the GFDL model because it has a relatively
high sensitivity to greenhouse gas (GHG) forcings compared to the larger set of Intergovernmental Panel on Climate Change (IPCC) global climate models and because it
has been used successfully in previous studies of climate
change in California [Cayan et al., 2006, 2008]. Most
importantly for the goals of evaluating the effects of future
ENSO variability on recharge, the GFDL model projections
of precipitation exhibit considerable interannual variability
that is signiﬁcantly related to ENSO [Cayan et al., 2006,
2008]. The A1F1 scenario represents a world that remains
reliant on fossil fuels, leading to a best-estimate temperature rise of 4.0 C from 1990 levels by 2100 [IPCC, 2007].
Percent change in future precipitation was calculated by
month between the GFDL 21st century A1F1 and GFDL
20th century model using the delta-change downscaling
method, as described next.
[14] We used the comparatively cheap and computationally efﬁcient delta-change downscaling method [Fowler
et al., 2007; Taylor and Tindimugaya, 2012] to generate a
predicted local San Francisco precipitation data set from
the large spatial scale (1 latitude–1 longitude) GFDL
data. The delta change (%) is calculated for each month,
but the delta change (%) is applied to the hourly and daily
precipitation for the corresponding month from the local
San Francisco data set. This monthly delta-factor method is
more detailed than some previous studies that calculate and
apply a single percentage change to all precipitation
throughout the year [Barbu et al., 2008; Pyke et al., 2011].
The method assumes a similar frequency and timing of
events between historical and future precipitation and only
accounts for future changes in the mean, maxima, and minima of precipitation events, which is most relevant for the
heavily urbanized study area and for evaluating LID
recharge efﬁciency. Summary statistics were calculated for
the GFDL 20th century and the 21st century A1F1 precipi-

2.4. Recharge
[16] Recharge is the vertical ﬂux of water across the
water table and is expressed as volume per time [L3 T21]
or more commonly as length per time [L T21]. We estimate
recharge using the following methods: (1) Darcy method;
(2) in situ drainage; (3) HYDRUS-2D; and (4) water
budget.
2.4.1. Darcy Method
[17] Recharge rates were estimated using the onedimensional Darcy method [Healy, 2010]:

Figure 5. Distribution of precipitation (mm) by month at
the Mission Dolores station (CoopID 47772), San Francisco, California from 1914 to 2012. El Ni~no and La Ni~na
years (1952–2012) from the Multivariate El Ni~no/Southern
Oscillation (ENSO) Index (MEI) [NOAA, 2012] are
indicated.
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@H
@z

year transient simulation was run for the irrigated lawn at a
daily time-discretization to reduce model run-times and
using precipitation, irrigation, soil evaporation, and evapotranspiration (also described below) for the time-variable
conditions. The model calibration was evaluated at a daily
time step by comparing simulated recharge (mm) to
observed recharge (mm) (N 5 25) from the in situ drain
gauge between October 2011 and March 2012 and was
within acceptable levels of performance criteria [Moriasi
et al., 2007] for the inﬁltration trench (Nash-Sutcliffe efﬁciency (NSE) 5 0.1; root-mean-square error (RMSE) 5 61
(mm)) and the irrigated lawn (NSE 5 0.6; RMSE 5 7.0
(mm)) models. Simulated daily recharge rates from the calibrated models were evaluated against an independent set
(N 5 12) of observed recharge (mm) from the in situ drain
gauge and was within acceptable levels of performance criteria [Moriasi et al., 2007] for the inﬁltration trench
(NSE 5 0.3; RMSE 5 38 (mm)) and the irrigated lawn
(NSE 5 0.9; RMSE 5 6.0 (mm)) models. The inﬁltration
trench and irrigated lawn models tended to overestimate
recharge during the winter and spring likely because of
overestimating the actual irrigation input, assumptions of
homogeneity of hydraulic properties within the simulated
soil layers, and underestimating actual runoff from the irrigated lawn. During the summer and fall, the models tended
to underestimate recharge likely because of uncertainties in
the actual ET, particularly during the foggy summer months
in San Francisco. Transient simulations from the calibrated
models of the inﬁltration trench and irrigated lawn were run
with future predicted precipitation, based on the linearly
transformed Mission Dolores station data set and runoff
values for the end of the 21st century (year 2099–2100).

(1)

where R is recharge [L T21], Ks is the vertical saturated
hydraulic conductivity [L T21], Kr(h) is the unsaturated
hydraulic conductivity coefﬁcient at the ambient pressure
head, h; H is total head [L]; and z is depth bls [L]. All input
values were derived from the previously described ﬁeld
instrumentation and from water retention curves built from
a sediment textural analysis of the sediment cores (Table 1).
2.4.2. In Situ Drainage
[18] We collected the drainage volume [L3] from the G3
drain gauge beneath the inﬁltration trench on an approximate daily schedule. The daily drainage volume was converted to a ﬂux [L T21] by dividing by the area of the drain
gauge (471 cm2) and one day. At the irrigated lawn site, the
G2 drain gauge records a water drainage ﬂux every 5 min
with a data logger. Based on the total-potential proﬁle and
downward hydraulic gradient measured at each site,
described below, we assume that water collected in the
drainage gauge beneath the inﬁltration trench and irrigated
lawn is representative of recharge.
2.4.3. HYDRUS-2D
[19] We estimated recharge rates using a HYDRUS-2D
numerical model [Simunek et al., 2008; PC-Progress,
2011]. HYDRUS-2D solves the Richards equation [Richards, 1931] for saturated and unsaturated water ﬂow and
Fickian-based advection-dispersion equations for heat and
solute transport [Simunek et al., 2008].
[20] The HYDRUS-2D model domain was constructed
using a 2.4 m high 3 3.0 m wide lateral cross section of the
inﬁltration trench (Figure 3a) with 63,000 2D-ﬁnite elements
and a mesh size of 0.03 m. The HYDRUS-2D mesh was
designed to capture the intrinsic changes that occur at soil
boundaries by reducing the mesh size to 0.01 m at soil boundaries, which is especially important at the gravel-sand boundary
at the inﬁltration trench site. A 2.0 m 3 2.0 m model domain
was used for the irrigated lawn, which has 45,000 2D-ﬁnite
elements and the same 0.03 m mesh size as the inﬁltration
trench. Based on the textural analyses from the sediment cores,
six and ﬁve soil layers were used in the inﬁltration trench and
irrigated lawn model domains, respectively (Table 1).
[21] The HYDRUS-2D models for the inﬁltration trench
and irrigation lawn were initialized to steady state using
constant head boundary conditions for 50 days. The inﬁltration trench model was initialized with a constant upperhead boundary of 20.94 m and a constant bottom-head
boundary of 20.20 m with pressure head increasing linearly with depth representing values obtained from the ﬁeld
matric potential sensors. The irrigated lawn model was initialized with a constant upper-head boundary of 20.90 m
and a constant bottom-head boundary of 20.50 m. Steadystate runs were initialized for both models at a minimum
time step of 1 s. The output pressure head ﬁeld was then
used as initial conditions for the transient simulations.
[22] Recharge was then estimated by running transient
precipitation scenarios and averaging the volumetric ﬂux at
the bottom of the model domain for each year. A 1 year
transient simulation with an hourly time-discretization was
run for the inﬁltration trench using precipitation, runoff,
evaporation, and irrigation (as described below) as timevariable parameters for the year 2011–2012. A similar 1

2.4.4. Water-Budget Method
[23] We used the water-budget method [Healy, 2010] to
estimate recharge beneath the inﬁltration trench and the
irrigated lawn sites by incorporating precipitation, irrigation, evaporation, transpiration, runoff from impermeable
surfaces, and changes in storage. Details of the waterbudget method are available in supporting information.
[24] Using the water-budget method, we deﬁne recharge
efﬁciency (%) as the percentage of total water inputs to the
inﬁltration trench or irrigated lawn that becomes recharge :
Recharge efficiency ð%Þ5

Inputs 2Outputs
3100
Inputs

(2)

where the inputs (precipitation P, runoff Roff, and irrigation
I) and the outputs (overﬂow Of and evapotranspiration ET)
are described in supporting information (equation (SI-1)).
At the irrigated lawn site, the only inputs are P and I. We
calculated the annual recharge efﬁciency for each of the
four recharge methods and for the El Ni~no and La Ni~na
years between 1954 and 2012 in order to evaluate the performance of the inﬁltration trench in capturing storm water
runoff and enhancing recharge.

3.

Results

3.1. Water Movement and Storage in the Vadose Zone
[25] Daily time series of total (matric plus gravimetric)
potentials in the vadose zone beneath the inﬁltration trench
7
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Figure 6. Daily time series (June 2011 to March 2012) of precipitation (mm d21) and total (matric
plus gravimetric) potential (m) for depths below land surface (bls) at the (a) inﬁltration trench site and
(b) irrigated lawn site.
hydraulic gradient beneath the inﬁltration trench (Figure 7a)
and irrigated lawn (Figure 7b). The observed total-potential
proﬁles approach unit gradient (dH dz21 5 21.00) beneath
the inﬁltration trench (21.01 m m21) and the irrigated lawn
(21.02 m m21) and indicate a constant downward ﬂux of
water driven by gravity beneath both sites [Healy, 2010].
The constant downward hydraulic gradient and ﬂux are
likely controlled by the water storage capacity of the gravel
trench and the irrigation at both sites and are similar to gradients beneath some irrigated agricultural ﬁelds, such as in
the High Plains aquifer [McMahon et al., 2003; Gurdak
et al., 2007]. Unlike the nonirrigated lands in the High
Plains [Gurdak et al., 2007], the total-potential proﬁles here
indicate no upward hydraulic gradients at either the inﬁltration trench or irrigated lawn. Although the total-potential
proﬁle beneath the irrigated lawn is systematically more
negative (drier conditions) during the summer than fallspring (Figure 7b), the downward hydraulic gradient is
maintained throughout the year.
[28] Compared to the temporal variations in total potential (Figure 6), there is considerably more variability in the
daily time series of volumetric water content beneath the
inﬁltration trench (Figure 8a) and irrigated lawn (Figure
8b). As expected, the daily time series of volumetric water
content with depth capture similar event-based responses as
the total potential time series. Substantial increases in volumetric water content occur at all depths beneath the inﬁltration trench in response to the precipitation in fall 2011 and
particularly winter 2012 (Figure 8a), and indicate recharge
events in response to the precipitation. Although variability
in volumetric water content is less beneath the irrigated
lawn (Figure 8b) compared to the inﬁltration trench, eventbased wetting fronts occur in fall 2011 and winter 2012 in
response to the same precipitation events as at the inﬁltration trench site. The variability in volumetric water content

and irrigated lawn are shown in Figure 6. The total potentials indicate that most of the Decagon MPS-1 matric
potential sensors required 1–2 weeks to reach equilibrium
with the native sediments. After this initial equilibrium
period, the total potential value remained relatively constant at most of the depths beneath the inﬁltration trench
(Figure 6a) and irrigated lawn (Figure 6b) sites. The lack of
measurements from the sensor at 69 cm bls (3.0 cm
below the gravel) likely indicates that the matric potential
values were out of measurement range because this soil
layer was saturated by water inﬁltrating beneath the trench
(Figure 6a).
[26] The sensors deeper in the proﬁle at 107, 127, and
155 cm bls (41, 61, and 89 cm below the gravel) show no
appreciable ﬂuctuations until precipitation events in fall
(September–November) 2011 (Figure 6a). The total potential response to the fall precipitation events is less apparent
beneath the irrigated lawn (Figure 6b) due to the daily irrigation that keeps the matric potential values near saturated
conditions and apparently dampens changes in the total
potential due to precipitation events. The substantial precipitation events in January 2012 resulted in a sharp and
discrete increase in total potentials at all depths beneath the
inﬁltration trench (Figure 6a) and a more damped increase
at depths beneath the irrigated lawn (Figure 6b), which
likely indicates the propagation of a wetting front and discrete recharge events beneath both sites. The variations in
the total potentials at the bottom of the inﬁltration trench
proﬁle (sensor at 188 cm bls) (Figure 6a) are likely the
response to recharge events causing ﬂuctuations in the
perched water table at approximately 213 cm bls.
[27] Selected total-potential proﬁles on three representative days in the comparatively drier summer and wetter fall
and spring months show a monotonic decrease in total
potential with depth, indicating a predominantly downward
8
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Figure 7. The approximate steady state total-potential proﬁles approach unit gradient (dH
dz21 5 21.00) and indicate a constant downward ﬂux of water beneath the (a) gravel at the inﬁltration
trench and (b) land surface at the irrigated lawn as shown for selected days during the comparatively
drier summer (25 June 2011) and wetter fall (7 October 2011) and spring (29 March 2012) months (Figure 4).
beneath the irrigated lawn during summer 2011 is a
response to daily irrigation and not precipitation.
[29] Volumetric water content proﬁles for selected inﬁltration events during June–July and September 2011 indicate important differences in water redistribution and
storage beneath the inﬁltration trench (Figure 9a) and irrigated lawn (Figure 9b). The volumetric water content generally increases with depth beneath the inﬁltration trench,
which is a result of the perched water table maintaining
near saturated conditions at the base of the proﬁle (Figure
9a). The volumetric water content beneath the irrigated
lawn decreases with depth and the daily irrigation maintains relatively high volumetric water content at the top of
the proﬁle (Figure 9b). The redistribution of water beneath
the inﬁltration trench, as demonstrated for selected wetting
(11 June and 15 September 2011) and drying (11 July and
22 September 2011) cycles (Figure 9), is much more complex than beneath the irrigated lawn. Based on the observed
total-potential gradients and constant downward hydraulic
gradients (Figure 7), the redistribution of water is continuously downward and eventually becomes recharge. The
observed range (June 2011 to March 2012) in volumetric
water content proﬁles and corresponding water storage is
much greater beneath the inﬁltration trench than beneath
the irrigated lawn. In fact, the minimum water storage
beneath the inﬁltration trench is 0.29 m (maximum 5 0.51
m) and is nearly greater than the maximum of 0.31 m (minimum 5 0.27 m) water storage beneath the irrigated lawn
(Figure 9). The downward hydraulic gradients and substantially larger water storage in the vadose zone are evidence
for larger recharge rates beneath the inﬁltration trench than
the irrigated lawn.
Figure 8. Daily time series (June 2011 to March 2012) of
precipitation (mm d21) and volumetric water content (m23
m23) from the ﬁve Decagon 5TM soil moisture sensors
beneath the (a) gravel at the inﬁltration trench site and (b)
land surface at the irrigated lawn.

3.2. Future Precipitation
[30] The results of the LME model applied to the GFDL
A1F1 precipitation data indicate a net decrease of 0.14 mm
day21 from 1861 to 2100. ANOVA analysis on the three
9
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respectively. Compared to Pierce et al. [2012], our results
are nearly identical during fall, but overestimate winter and
spring precipitation and underestimate summer precipitation. The San Francisco area is drier in the summer (Figure
5), so the difference in percentage change during that time
of year represents small amounts of precipitation that are
not as important in terms of recharge beneath LID BMPs.
Therefore, our forecast future precipitation from the LME
downscaling from the single GFDL model are comparable
estimates of future precipitation patterns to those forecasts
by Pierce et al. [2012] using a more complex and unbiased
statistical and dynamic spatial downscaling approach from
an ensemble of 16 GCMs with the SRES A2 emission scenario. Additionally, we evaluated the forecast changes for
low (<8.0 mm) and high (>8.0 mm) intensity, 24 h duration storm events between the GFDL 20th century data set
and the GFDL A1F1 21st, and note that the low intensity
24 h events are predicted to decrease by 23.2% (p 5 0.04),
while high intensity 24 h events are predicted to increase
by 111% (p < 0.01). These results are consistent with
recent (2013) ﬁndings of statistically signiﬁcant changes in
the frequency and magnitude of extreme precipitation
events over the historical record across the San Francisco
Bay area [Russo et al., 2013].
3.3. Recharge Rates and Volumes
[31] Recharge rates and volumes beneath the inﬁltration
trench and irrigated lawn as calculated using the Darcy, In
situ, HYDRUS-2D, and water-budget methods are shown
in Table 4. The estimated recharge rates are an order of
magnitude greater beneath the inﬁltration trench (1750–
3710 mm yr21) than beneath the irrigated lawn (130–730
mm year21) (Table 4), which is consistent with the
observed differences in water storage beneath the two sites
and the larger volume of runoff entering the inﬁltration
trench. Except for recharge rates calculated beneath the
irrigated lawn using the in situ drainage and water-budget
methods, all rates are substantially greater than the 200 mm
yr21 natural and urban induced recharge rate reported by
Phillips et al. [1993]. The HYDRUS-2D 2099–2100 simulated recharge rate beneath the inﬁltration trench is 3710
mm yr21, which is 1130 mm more than HYDRUS-2D
2011–2012 simulated annual recharge (2580 mm yr21)
(Table 4). We attribute the substantial difference in

Figure 9. Volumetric water content proﬁles beneath the
(a) inﬁltration trench and (b) irrigated lawn indicate redistribution stages for selected wetting and drying cycles in
response to precipitation in June and September 2011.
Water storage ranges from 0.29 to 0.51 m beneath the inﬁltration trench and from 0.27 to 0.31 m beneath the irrigated
lawn.
LME models (with and without ﬁxed and random effects)
indicates that the decrease of 0.14 mm day21 from 1861 to
2100 is not statistically signiﬁcant (p 5 0.72) at the a level 5 0.05. When accounting for time as a random and ﬁxed
effect, there is no apparent statistical evidence to support
an increasing or decreasing trend in total daily precipitation
in San Francisco over the 21st century with the GFDL
A1F1 scenario. Similar ﬁndings are reported by Pierce
et al. [2012] whose use of ensemble GCM forecasts indicate near 0.0% change in mean annual precipitation for
parts of northern California by the 2060s. However, we
ﬁnd that the percent change in historical (1861–2000) and
21st century (2000–2100) daily precipitation, when separated by month, is statistically signiﬁcant (a level 5 0.05,
Kruskall-Wallis test) for 10 months of the year (Table 3).
Only February and March are forecast by the GFDL A1F1
model to have no statistically signiﬁcant change in daily
precipitation over the 21st century (Table 3). When aggregated by season, the 21st century daily precipitation is forecast to change by 18.0%, 28.0%, 219%, and 26.0% for
winter (DJF), spring (MAM), summer (JJA), and fall
(SON), respectively. These forecast seasonal changes have
similar sign and magnitude as those ﬁndings by Pierce
et al. [2012] that indicate seasonal changes in San Francisco precipitation for the 21st century of 12.0%, 218%,
215%, and 25.0% for winter, spring, summer, and fall,

Table 3. Daily Historical and Predicted Precipitation From the
GFDL A1F1 Scenario and Percent Change by Month

Month
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

10

Historical
(1861–2000)
(mm day21)

Predicted
(2000–2100)
(mm day21)

Percent
Change

Kruskall-Wallis
p Value

9.6
8.8
5.6
3.6
2.2
1.3
2.0
2.4
4.1
4.5
6.2
8.8

11
9.0
6.2
2.7
1.9
1.4
1.0
1.9
3.8
4.7
5.3
8.5

24%
2.9%
11%
225%
211%
12%
249%
221%
28.0%
3.4%
214%
23.1%

<0.01
0.31
0.73
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
0.05
<0.01
<0.01
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Table 4. Calculated Annual Recharge Rates, Volumes, and Efﬁciencies Beneath the Inﬁltration Trench and Irrigated Lawn
Method
Inﬁltration Trench Site
1D-Darcy
In situ drainage
HYDRUS-2D
HYDRUS-2D
Water budget
Irrigated Lawn Sitea
1D-Darcy
In situ drainage
HYDRUS-2D
HYDRUS-2D
Water budget

Period

Inflow volume
(m3 yr21)

Recharge rate
(mm yr21)

Recharge volume
(m3 yr21)

Recharge
efficiency (%)

2011–2012
2011–2012
2011–2012
2099–2100
2011–2012

33
33
36
52
33

2340
1750
2580
3710
1960

25
19
28
41
21

76
58
78
79
64

2011–2012
2011–2012
2011–2012
2099–2100
2011–2012

667
667
674
1070
667

510
130
410
730
180

220
56
176
312
75

33
8.0
26
29
11

a
Volume calculated using a hypothetical area 5 430 m2, which is the drainage area of the inﬁltration trench. Irrigation accounts for 76% of the total
water input to the irrigated lawn.

ciencies (58–79%) for the current (2011–2012) and future
(2099–2100) periods (Table 4).

simulated historical and future recharge rates to the relatively lower annual recharge in 2011–2012, which was a
La Ni~
na year. As discussed below, the HYDRUS-2D
2099–2100 simulated recharge rate is within the range
simulated when considering interannual El Ni~no and La
Ni~
na variability in precipitation. Although the recharge
rates are substantially greater beneath the inﬁltration
trench, the estimated recharge volume is generally an order
of magnitude smaller beneath the inﬁltration trench (19–41
m3) than the irrigated lawn (56–312 m3) with a similar
drainage area (430 m2) (Table 4). This inconsistency
between recharge rates and volumes beneath the two sites
is addressed in section 4.

4.

Discussion

4.1. Benefits of In Situ LID Recharge Measurements
[33] We estimated recharge rates and volumes using two
in situ methods (1D-Darcy method and in situ drain gauge)
and two models (HYDRUS-2D and water-budget method).
Considering the period of observation only, recharge rates

3.4. ENSO Variability and LID Recharge Rates and
Efficiency
[32] The water-budget based estimates of annual
recharge rates beneath the inﬁltration trench as a function
of El Ni~
no and La Ni~na precipitation variability between
1954 and 2012 are shown in Figure 10a. These recharge
rates range from 1390 to 5840 mm yr21 and average 3410
mm yr21 for El Ni~no years, and range from 1540 to 3330
mm yr21 and average 2430 mm yr21 for La Ni~na years.
The substantial difference in recharge rates between El
Ni~
no and La Ni~na years is largely a function of the difference in annual precipitation, which is generally less than
about 700 mm yr21 during La Ni~na years but can exceed
800 mm yr21 during El Ni~no years (Figure 10a). Figure
10a indicates that the total annual precipitation can be used
to estimate annual recharge rates beneath the inﬁltration
trench with reasonably good predictive ability (r2 5 0.92).
However, total annual precipitation is a poor predictor of
recharge efﬁciency beneath the inﬁltration trench (not
shown), possibly because of uncertainties in the estimated
water budget inputs and outputs. Based on the El Ni~no and
La Ni~
na precipitation variability between 1954 and 2012,
estimated recharge efﬁciency beneath the inﬁltration trench
varies between 35 and 70% and has a moderately correlated
(r2 5 0.36), inverse relation to the maximum annual precipitation intensity (mm) for 24 h duration storm events during
El Ni~
no and La Ni~na years between 1954 and 2012 (Figure
10b). The estimated recharge efﬁciencies between 1954
and 2012 are also considerably less than the recharge efﬁ-

Figure 10. Annual water budgets for the inﬁltration
trench during El Ni~no and La Ni~na years between 1954 and
2012 indicate that (a) recharge rates (mm yr21) are strongly
correlated (r2 5 0.84–0.92) to total annual precipitation
(mm yr21) and (b) recharge efﬁciency (%) is weakly to
moderately correlated (r2 5 0.21–0.68) to the maximum
annual precipitation intensity (mm) for a 24 h duration
storm event. The El Ni~no and La Ni~na years with the inner
white dots have 1 hour precipitation events that exceed the
5 year design storm.
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and volumes ranged between 1750–2340 mm yr21 and 19–
25 m3 yr21 for the in situ methods and were generally consistent with the range of 1960–2580 mm yr21 and 21–28
m3 yr21 estimated using the models (Table 4). Although
the in situ methods are more applicable than the models for
monitoring individual recharge events and providing
insight into the mechanics of the recharge process, the
models can also be used to estimate recharge and identify
important processes during historical and future periods
where in situ observations are not available.
[34] Each of the four methods is subject to errors that
propagate through the calculations and cause uncertainty in
the recharge estimates. Errors are introduced in the 1DDarcy method by the limitations in accurately quantifying
the variability in the hydraulic gradient and unsaturated
hydraulic conductivity [Healy, 2010]. At our ﬁeld sites, the
ﬁve Decagon MPS-1 sensors at each site generate high spatial and temporal resolution hydraulic gradient proﬁles that
reduce uncertainty and support our assumption of using the
unit hydraulic gradient to simplify the 1D-Darcy method.
Another advantage of continuously measuring matric
(total) potentials is to identify zero-ﬂux planes (dH
dz21 5 0.0) and total potential proﬁles that indicate upward
hydraulic gradients, which are possible beneath LID in
more semiarid and arid environments. Not identifying
upward hydraulic gradients during periods of low or no
rainfall could lead to inaccuracies in the underlying conceptual model, serious errors in a water budget or other
model-based methods, and possibly result in overestimating
the actual recharge beneath the LID BMP.
[35] Recharge rates beneath the inﬁltration trench and
irrigated lawn are generally greater using the 1D-Darcy
method (2340 and 510 mm yr21) compared to the in -situ
drainage rates (1750 and 130 mm yr21) (Table 4). The
smaller recharge rates from the in situ drain gauge may be
attributed to the repacking of native sediments during
installation that artiﬁcially increase the soil bulk density
and decrease porosity and hydraulic conductivity in the
drain gauge. A single drain gauge may not capture spatial
inﬁltration patterns beneath all LID BMPs, but the installation of our drain gauge near the inﬂow drain (Figure 3)
helps to ensure that a large component of inﬂow is measured by the drain gauge. Most importantly, the in situ methods provide data that are needed to calibrate the models
and verify simulated recharge estimates.
[36] The recharge rates estimated beneath the inﬁltration
trench using the HYDRUS-2D (2011–2012) model and
1D-Darcy method (Table 4) are similar and within 240 mm
yr21 (<10%) of each other. Due to simplifying assumptions and model convergence problems with HYDRUS-2D
(2011–2012), some time-varying precipitation boundary
conditions had to be spaced out over longer time periods (a
few hours in some cases) than the actual storm duration,
which likely accounts for the higher recharge rates using
HYDRUS-2D (2011–2012) than the water-budget and in
situ methods. Future models may more accurately capture
storm events by using a time discretization of minutes
instead of hours. As with any numerical model, the
HYDRUS-2D is one representation of the real system and
inherently introduces uncertainty in the recharge estimate.
Building and calibrating the HYDRUS-2D model also
requires a greater time investment than the other methods.

However, a beneﬁt of a well calibrated HYDRUS-2D
model is the ability to simulate hourly or event-based
recharge rates that may not be possible using a waterbudget method, and to simulate future scenarios (2099–
2100 in our study) that may be invaluable during the
design, maintenance, and operation of LID BMPs under
present climate variability and during urban planning for
adaptation and resilience under future climate change.
[37] Compared to the HYDRUS-2D model, the waterbudget method requires less of a time investment to generate recharge estimates that are most relevant on time scales
from weeks to years because some inﬂows, outﬂows, and
change in storage values used in the water budget are not
available or have considerable uncertainty at the event time
scales (<day). However, the magnitude of the waterbudget inﬂow, outﬂow, and change in storage components
directly affects the uncertainty that each components contributes to the overall uncertainty of the recharge estimate
[Healy, 2010]. The larger magnitude inﬂow components of
precipitation and runoff and smaller magnitude irrigation
inﬂows are well constrained from the onsite precipitation
gauge, TR-55 SCS curve number method, and automatic
sprinkler irrigation control. Although the outﬂow components of overﬂow (Of, equation (SI-1)) and evapotranspiration (ET, equation (SI-1)) likely have more uncertainty
than the inﬂows, Of and ET are much smaller in magnitude
than the inﬂows and thus have a smaller affect on the overall uncertainty of the recharge estimates. The overﬂow is a
function of the maximum storage capacity of the gravel
trench, which is estimated at 2.0 m3 based on geometry of
the trench and assuming a gravel porosity of 0.35. The estimated gravel porosity of 0.35 is inherently uncertain and is
likely to decrease with time as pore spaces ﬁll with silt
from the runoff.
4.2. Comparison of Recharge Beneath the Infiltration
Trench and Irrigated Lawn
[38] Recharge rates are substantially greater beneath the
inﬁltration trench compared to the irrigated lawn (Table 4).
Because the inﬁltration trench collects water from a larger
area, to compare recharge volumes beneath the inﬁltration
trench and irrigated lawn we need to consider an equal
catchment area. The estimated recharge volume is generally an order of magnitude greater beneath an area of irrigated lawn (56–312 m3) with similar area as the drainage
area (430 m2) of the inﬁltration trench (19–41 m3) (Table
4). Similarly, the previously reported 200 mm yr21 natural
and urban induced recharge by Phillips et al. [1993]
applied to 430 m2 is 86 m3 recharge volume, which is also
substantially greater than the estimated recharge volume
beneath the irrigated trench. This somewhat counterintuitive ﬁnding of less recharge volume beneath the inﬁltration
trench than the irrigated lawn is a function of the smaller
inﬂow volumes to the inﬁltration trench (33–52 m3) than
the irrigated lawn (667–1070 m3) (Table 4).
[39] Although the recharge efﬁciencies reported here
(58–79%, Table 4) are somewhat lower than the previously
reported range of 40–98.8% [Dietz, 2005; Dietz and Clausen, 2006; Ermilio and Traver, 2006; Endreny and Collins,
2009; Stephens et al., 2012], the recharge efﬁciency
beneath the inﬁltration trench is substantially greater than
beneath the irrigated lawn (8.0–33%, Table 4), even
12
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duration events with return periods of 2 year, 5 year, 10
year, and 25 years, except for the 24 h duration storms with
10 year and 25 year return periods. Additional work is
needed to evaluate if a larger storage capacity would
increase the recharge efﬁciency considering the GFDL
A1F1 forecasted 11% increase in high intensity (>8.0 mm)
24 h duration events in the 21st century.
[43] San Francisco and many coastal cities around the
world are vulnerable to rising sea levels that, combined
with overpumping of groundwater to support a growing
coastal population, greatly increases the risk of seawater
intrusion in coastal aquifers [Green et al., 2011]. Adaptation approaches such as LID BMPs will become more
important in water-resource management, particularly in
urban, coastal aquifers that are susceptible to seawater
intrusion. LID BMPs can mitigate the impacts from intense
events by capturing storm water and increasing recharge
and groundwater storage that increases hydraulic head in
coastal aquifers and may help reduce seawater intrusion
and control land subsidence in areas of groundwater pumping. Future research is needed to upscale our ﬁndings
across a coastal city and test our hypothesis that the use of
small scale, spatially distributed LID BMPs that enhance
recharge may help to mitigate seawater intrusion in coastal
aquifers. Findings from this study advance the understanding of urban recharge, particularly beneath LID BMPs, and
can be used to help guide adaptive management plans
under growing populations and climate variability and
change.

considering the much lower inﬂow to the inﬁltration trench
than the irrigated lawn. The storage capacity of the gravel
trench enables more efﬁcient inﬁltration and recharge of
storm water that would otherwise runoff, as highlighted by
the low recharge efﬁciencies of the excess irrigation water
at the irrigated lawn site.
[40] We demonstrate a clear beneﬁt for recharge and
local groundwater resources using small, spatially distributed storm water retention BMPs such as inﬁltration
trenches. Our ﬁndings support other studies that recommend the use of LID BMPs. For example, Devinny et al.
[2005] suggest that using BMPs in the Los Angeles, California region to comply with federal and state surfacewater quality regulations could have an estimated beneﬁt of
additional groundwater supplies that have a 2005 value of
$7.2 billion. Additionally, smaller-scale, spatially distributed BMPs such as the inﬁltration trench in this study may
be used to help supplement conventional and more costly
managed-aquifer storage and recovery (MAR) projects that
use larger-scale surface spreading basins and injections
wells. The increased recharge and groundwater storage
beneath small scale, distributed BMPs may also help to
increase groundwater discharge to gaining streams and wetlands and create longer baseﬂow periods that help support
and improve important ecological services and functions.
The potential downside of BMPs that enhance recharge,
particularly in urban environments, is the potential for
ﬂooding of basements, foundations, and subsurface transportation infrastructure. Therefore, the cost-beneﬁt of such
BMPs is greater in semiarid and arid climate regions where
the depths to water are substantial, reducing the potential
for ﬂooding of buildings or infrastructure.

5.

Conclusions

[44] We used a variety of in situ and modeling methods
to quantify and compare controlling processes on urban
recharge rates and volumes beneath a LID BMP inﬁltration
trench and irrigated lawn under current (2011–2012), historical (1954–2012), and future (2099–2100) climate variability and change. We conclude that the in situ and
modeling methods are complementary, particularly for simulating historical and future recharge scenarios, and the in
situ measurements of matric potential, water content, and
drainage rates are critical for accurately estimating
recharge under current conditions. Recharge rates were an
order of magnitude greater beneath the inﬁltration trench
than beneath the irrigated lawn. Yet the volume of recharge
was estimated to be an order of magnitude greater beneath
the irrigated lawn with similar area as the drainage area of
the inﬁltration trench. This inconsistency between recharge
rates and volumes beneath the inﬁltration trench was a
function of the relatively smaller inﬂow volumes to the
inﬁltration trench as compared to the irrigated lawn. Additionally, increasing the storage capacity will likely help to
improve the performance of the inﬁltration trench in capturing and retaining storm water and increasing the current
recharge efﬁciencies of 58–79%.

4.3. LID Recharge Efficiency Under Climate
Variability and Change
[41] Evaluating LID performance based on the metric of
recharge efﬁciency considering historical climate variability is an important ﬁrst step toward forecasting recharge
beneath LID considering future climate change. The
inverse relation between maximum annual precipitation
intensity (mm) for 24 h duration storms and recharge efﬁciency is stronger during historical La Ni~na years
(r2 5 0.68) than during El Ni~no years (r2 5 0.21) (Figure
10b). The Mission Dolores station data indicate that storm
intensity is generally less during La Ni~na years than El
Ni~
no years. For example, between 1954 and 2012, only
three storms during La Ni~na years compared to seven
storms during El Ni~no years exceeded the 17 mm hr21
intensity for a 1 h event with a 5 year return period, which
is often the design storm on the intensity-durationfrequency (IDF) curve that is used for urban storm water
retention. El Ni~no and La Ni~na years with 1 h precipitation
events that exceed the 5 year design storm have some of
the lowest recharge efﬁciencies (Figure 10b).
[42] Evaluating recharge efﬁciency under future El Ni~no
years is particularly relevant given the GFDL A1F1 forecasted 8.0% increase in winter precipitation in the 21st century that may be associated with El Ni~no-like precipitation.
Based on the IDF curve for the Mission Dolores station
data, modifying the design of the inﬁltration trench and
increasing the storage capacity to 20 m3 should be able to
capture 100% of storm water from all 1 h, 6 h, and 24 h
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