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Hydrologic processes at the urban residential scale
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Abstract:

In the face of increasing urbanization, there is growing interest in application of microscale hydrologic solutions to minimize
storm runoff and conserve water at the source. In this study, a physically based numerical model was developed to understand
hydrologic processes better at the urban residential scale and the interaction of these processes among different best management
practices (BMPs). This model simulates hydrologic processes using an hourly interval for over a full year or for specific storm
events. The model was applied to treatment and control single-family residential parcels in Los Angeles, California. Data
collected from the control and treatment sites over 2 years were used to calibrate and validate the model. Annual storm
runoff to the street was eliminated by 97% with installation of rain gutters, a driveway interceptor, and lawn retention basin.
Evaluated individually, the driveway interceptor was the most effective BMP for storm runoff reduction (65%), followed
by the rain gutter installation (28%), and lawn converted to retention basin (12%). An 11 m3 cistern did not substantially
reduce runoff, but provided 9% of annual landscape irrigation demand. Simulated landscape irrigation water use was reduced
53% by increasing irrigation system efficiency, and adjusting application rates monthly based on plant water demand. The
model showed that infiltration and surface runoff processes were particularly sensitive to the soil’s physical properties and its
effective depth. Replacing the existing loam soil with clay soil increased annual runoff discharge to the street by 63% when
climate and landscape features remained unchanged. Copyright  2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Population and economic growth have increased urban-
ization and conversion of rural areas into urban land-
scapes, and this has given rise to urban water resource
management problems. The conversion of landscapes
from pervious to impervious surfaces, including build-
ings, roads, and parking lots, has significantly changed
the ecosystem hydrologic regime (Thom et al., 2001).
These changes reduce infiltration rates and surface water
retention storage capacities, and increase runoff rates and
total runoff water volumes. These factors are, in turn,
associated with flooding that threatens people, wildlife,
and property. In addition, surface runoff generated in an
urban landscape is more likely to contribute to non-point-
source pollution because it picks up a variety of pollutants
(e.g. turf fertilizers, herbicides, insecticides, atmospheric
dust, bird/animal faeces, asphalt-associated automotive
discharges, bacteria and metals) (Stein and Tiefenthaler,
2005).

In California, polluted runoff, winter flooding and sum-
mer water shortages are critical problems that challenge
planners and managers. For example, in Los Angeles,
polluted runoff flows into local watersheds and then
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into the scenic coastal recreation areas of Los Angeles’
beaches and bays giving rise to health concerns from
contaminated water (Haile, 1996; Haile et al., 1999).
Urban runoff is considered to be one of the largest
sources of pollution to waterway and coastal areas
(LACWS Management, 2000). Furthermore, as excess
water brought by winter storms runs off from urban
areas to the ocean, it also makes these water resources
unavailable during the summer peak water-use period.
Pollution transported through watersheds contributes to
other ecological problems, such as bioaccumulation and
eutrophication. Residential housing units and associated
forms of landscaping and irrigation are a significant drain
on the municipal potable water supply, contributing to
local droughts and controversial demands for import-
ing fresh water from elsewhere. Summer water deficits
in Los Angeles result in the city importing 85% of its
water (Gewe, 2003). Reducing storm water runoff haz-
ards and providing sufficient water supplies are essential
requirements for federal, state, and local water resource
managers.

Traditionally, federal and local government agen-
cies have addressed these problems through large-scale
solutions. Pollutants have been managed through the
National Pollution Discharge Elimination System per-
mit programme, runoff through programmes such as
the Standard Urban Storm Water Mitigation Plan, and
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the regulation of water supplies has relied on large-
scale engineering projects, such as reservoir construction,
riverbank augmentation, and cross-basin water transport.
There has been little emphasis on conservation to supply
urban water needs at the residential scale.

An alternative approach is using best management
practices (BMPs) for source control at the parcel scale.
Examples of the application of BMPs to urban landscapes
included harvesting rainwater from roofs during rainy
seasons, filtering and storing this water in onsite cisterns
or rain barrels (a gravity-driven process), and using this
stored water for landscape irrigation during the summer
drought, thereby minimizing municipal water consump-
tion (Braune and Wood, 1999). Capturing rainfall at the
source can reduce the amount of runoff entering streets
and rivers, reduce irrigation water demand, and con-
serve water. Runoff from driveways can be channelled
by interceptors into lawn retention basins and drywells
for filtering and infiltration, minimizing surface runoff
and maximizing local pollution absorption. On-site res-
idential storm runoff detention could be effective for
hydrologic mitigation over a range of intermediate flows
(Konrad and Burges, 2001). Retention/detention basins
are created by grading, berming, and enhancing the sub-
surface soil profile in lawn areas. Other pervious areas
can incorporate mulching swales to maximize onsite rain-
water infiltration and pollutant adsorption, and minimize
surface runoff and non-point-source pollution. Vegetated
swales function similarly as retention basins, but resem-
ble a planting bed that can filter pollutants and also act as
sites for green-waste recycling (Metro, 2002). Strategic
tree planting has many virtues in the urban environment.
The value of trees in a water-wise landscape is their
ability to increase rainfall interception, increase soil per-
meability, and decrease ambient temperatures (Xiao and
McPherson, 2002; Weng et al., 2004; McPherson et al.,
2005).

The impact of BMPs on runoff and conservation of
water resources is of growing interest as the efforts to
reduce storm runoff and protect water quality increasingly
focus on non-point pollution sources and the role of land-
scape irrigation water use within urban watersheds. BMPs
can be developed that create a mini-reservoir system that
retains runoff onsite and stores runoff for landscape irri-
gation. Policy makers are considering implementing this
type of decentralized approach to urban watershed man-
agement, but they lack quantitative data on the effective-
ness of different BMPs.

Well-established urban runoff models, such as the EPA
Storm Water Management Model (Huber and Dickin-
son, 1988; Huber, 2001) and the Hydrological Simula-
tion Program Fortran model (Bicknell et al., 1997) have
been developed for urban runoff management (Lee and
Heaney, 2003) at different scales. However, little research
has focused on the understanding of urban hydrologic
processes at the parcel scale for both runoff and land-
scape irrigation water use because control strategies and
management models have operated at much larger scales.
Urban hydrologic models, such as those of Grimmond

et al. (1986) and Burian et al. (2002), focus on the water
balance, but not on the effects of BMPs on urban hydro-
logic processes. Hydrologic processes at the watershed
scale are sensitive to land use (Ha et al., 2003). How-
ever, at the residential scale, land use is constant, but
land cover changes frequently within a site. Science has
yet to determine whether hydrologic processes are influ-
enced in a similar way by BMPs applied at watershed and
residential scales. This paper presents a physically based
numerical model that simulates hydrologic processes at
the residential scale for a full array of BMPs and land
cover types.

OBJECTIVE

The overall goal of this study was to develop, calibrate,
validate, and apply a physically based hydrologic model
at the residential scale for simulating runoff to street
and landscape irrigation water use. The model simulates
hydrologic processes among different BMPs and land
cover types in both long (annual) and short (storm event)
time-frames. The following are the objectives of this
study:

1. Measure hydrologic parameters at the residential parcel
scale to increase our understanding of how BMPs will
affect hydrologic processes.

2. Evaluate effectiveness of the BMPs installed in a
residential site located in Los Angeles, California.

3. Determine sensitivity of runoff reduction and land-
scape irrigation water use to different BMPs.

4. Simulate effects of retrofitting the control site with
BMPs. Specifically, how do BMPs affect runoff dis-
charge and landscape irrigation water use?

METHODS

Study site

The study site is located in the Crenshaw district
of south central Los Angeles, California (118°230W,
33°560N). Single-family housing units are the dominant
form of urban construction and land cover in the Los
Angeles basin (Condon et al., 1999). The study site con-
sists of adjacent treatment and control parcels on the
1800 block of West 50th Street, Los Angeles, Califor-
nia. The development is characteristic of single-family
housing unit density, with the typical parcel sizes mea-
suring 45Ð7 m ð 15Ð2 m (150 ft ð 50 ft). The garages
are isolated from the houses and the paved driveways
(Figure 1a). Both sites are located on well-developed
loamy sand soil with a high infiltration rate and a deep
active layer. The two parcels are used for evaluating
BMPs and individual BMP’s roles in runoff and land-
scape water use. The treatment site had six different
BMPs (e.g. cistern, swale, rain gutter, lawn retention
basin, driveway interceptor, and drywell) installed. Onsite
BMP demonstrations of the treatment site were a part of
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Figure 1. Study site. (a) View from northwest. Treatment (left) and control (right) sites are side by side with the same dimensions and shapes.
(b) Land cover types were overlaid with high-resolution aerial photography for the treatment (left) and control (right) sites. Land covers include

driveway (DW), paved walkway (WW), house, lawn, shrub (S), tree, swale, cistern (C), and planting bed (PB)

the Trans-Agency Resources for Environmental and Eco-
nomic Sustainability education and outreach programme.
These BMPs were designed to process, at a maximum
capacity, a 50-year return storm event. Runoff from roof
surfaces flowed to a cistern (13Ð6 m3; 3600 gal) and lawn
retention basins (1715Ð8 ft2; 159Ð4 m2). The swale cov-
ers 486Ð6 ft2 (45Ð2 m2). The driveway interceptor inter-
cepts the runoff from the driveway and is connected to
a 10Ð1 cm (4 in) diameter drywell (Condon et al., 1999).
No BMPs or landscape modifications were installed at
the control site.

Field measurements

Field measurements were conducted at the treatment
and control sites during January 2001 through to January
2003. The measurements included land covers, hydro-
logic processes, and microclimate data. Field measure-
ment data were used for calibrating and validating the
numerical model developed in this project.

Physical parameters of the sites were measured in situ
by measuring parcel dimensions, structure dimensions
(including roof slope and building materials), vegeta-
tion attributes (species and dimensions), and land cover
(including ground surface areas and gradients of each
land cover types). An analysis of the soil profile was
conducted for 2 m downwards, coring with an auger and
collecting samples at 25 cm intervals for laboratory anal-
ysis of soil texture, organic matter, and bulk density.
Soil infiltration and percolation rates were also measured
in situ used a double-ring infiltrometer (Sanders, 1998).

A geographic information system (GIS) database was
created for the study site. The main layer in this database
was land cover type. Land cover boundaries were deter-
mined based on both field measurements and high-
resolution aerial photographic interpretation. The aerial
photography was incorporated into the GIS layer and
all land cover types were digitized for the study site
(Figure 1b).

For each site, plastic bender boards (15Ð2 cm, or 6
in, tall) were installed on the property’s boundaries and
rubber strips (8Ð9 cm ð 1Ð9 cm, or 3Ð5 in ð 0Ð75 in) were
installed on the walkway edges. These boundaries were to

prevent water from flowing across property boundaries.
In the treatment site, the runoff discharge to the street
occurred through the runoff collection and measurement
system with sand filters, flow meters, and water outlet
drainages. In the control site, the runoff from half of the
roof drained directly to the driveway. The runoff from
the driveway flowed directly into the street.

Hydrologic processes and microclimate data were mea-
sured for 2 years onsite by using a weather station
(Campbell Scientific, Inc.), soil moisture sensors (CS615,
Campbell Scientific, Inc.), and flow meters (FP5600,
Omega Engineering, Inc.). The weather station measured
air temperature, relative humidity, wind speed and direc-
tion, and precipitation. The flow meters measured irriga-
tion water use and runoff flow to the street. Data were
recorded in a data logger (CR10, Campbell Scientific,
Inc.) every 10 min during the rainy season and 30 min
during the dry season. Soil water contents were mea-
sured at depths of 15, 35, and 65 cm in the front and the
backyards of both sites’ turf grass areas.

Vegetation surface water storage capacities were mea-
sured in the laboratory for the 19 plant species found at
the study site. The storage capacities were determined
based on the weighing method of Wood et al. (1998).

Model

BMPs installed at the residential parcel create hydro-
logic sources and sinks that change urban hydrologic
processes. For modelling hydrologic processes at a resi-
dential scale, we classified the parcel into different land
cover types and different hydrologic sources and sinks.
The secondary and tertiary land cover classes were further
categorized (Table I).

Each land cover patch was treated as an individ-
ual modelling unit and flow destinations were speci-
fied. Hydrologic processes were modelled for each unit.
Figure 2 shows the flow chart of the model structure. The
model was designed to simulate hydrologic processes in
both long (annual) and short (storm event) time-scales.
For long-term simulation, it focused on both annual land-
scape irrigation water use and runoff to the street. For
short-term simulation, the focus was on storm runoff to
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Table I. Land cover classification

First class Second class Third class

Building House
Garage

Paving surface Pervious Driving way
Walk way

Impervious Driving way
Walk way

Bare soil Bare soil
Planting bed

Vegetation Tree Species
Shrub Species
Lawn Species
Forb

BMPs Cistern
Driveway interceptor

Dry well
Retention/detention basin Lawn

Swale

the street and water storage in BMPs. The time inter-
val was restricted by the input data. The time interval
of the field-measured microclimate data varied from 10
to 30 min. However, since most meteorological data are
recorded at 1 h intervals, the final time interval selected
was 1 h. The model was calibrated and validated with
field measurements data from the study site. A detailed
description of the hydrologic processes and modelling
procedures follows.

Precipitation and landscape irrigation. Precipitation
and landscape irrigation are the primary driving forces
of this model. Precipitation was not simulated but used
the rainfall data as an explicit input data. Landscape
irrigation provides additional water to satisfy plant water
demand. Two different landscape irrigation strategies
were used in this model to determine the timing and
the amount of water to be applied. The first strategy
was to use normal year monthly evapotranspiration ET
derived from data measured by the California Irrigation
Management Information System (CIMIS) to determine
the amount of water that needs to be applied to balance
ET. Irrigation interval, start time, and duration were
specified explicitly. The irrigation controller can be
changed in four different ways that correspond to current
residential landscape irrigation practice. The four time
periods for start and runtime are annually, biannually,
seasonally, and monthly. The second strategy was water-
wise irrigation that used soil water deficit to schedule
irrigation. The irrigation duration or the event runtime is
based on the amount of water needed and was adjusted for
the irrigation system’s precipitation rate and efficiency.

Two types of irrigation system are specified: sprinklers
for turf and ground covers, and drip irrigation for trees
and shrubs.

The runtime RT (s) for each irrigation event is calcu-
lated based on

RT D PWR

firr

1

PR
�1�

Figure 2. Model flow chart of hydrologic processes at the residential scale
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where firr is the efficiency of the irrigation system. PR
(m s�1) is the precipitation rate of the irrigation system
and PWR (m) is the plant’s water requirements for that
irrigation period, which is calculated as

PWR D ET0KcropD �2�

where ET0 (m s�1) is potential normal year evapotran-
spiration or historical reference ET. The crop coefficient
Kcrop is a dimensionless number ranging from 0Ð1 to 1Ð2
and depends on the characteristics of individual plant
species (Costello et al., 2000), and D (s) is the duration
from the current irrigation event to the next irrigation.

For the soil water deficit irrigation scheduling, RT was
calculated based on PWR and plant available water PAW
(m) in the root zone RZ (m):

PAW D AW ð RZ

RT D �PWR � PAW�Ks

firr

1

PR
�3�

where AW (m) is available water in the root zone, which
is determined by soil moisture and permanent wilting
point. Ks is the stress factor. The depth of the RZ depends
on both the plant species and the available soil depth.

Interception. Precipitation is intercepted by vegetation
surfaces before it reaches the ground surface. The inter-
cepted water will remain on the surfaces until it evapo-
rates, drops off, or flows off the surface to reach ground
surfaces (Xiao et al., 1998). For vegetation interception,
the governing equation used in this model is

dC

dt
D p � fgp � fsp � d � e �4�

where C (m) is canopy storage, t (s) is time, p (m s�1)
is precipitation rate, fg is the fraction of free fall, fs is
the fraction of stem fall, d (m s�1) is canopy drip rate,
and e (m s�1) is evaporation rate.

Canopy drip rate is described as an exponential func-
tion of canopy surface water storage and canopy water
storage capacity. When canopy surface storage reaches
capacity, drip begins:

d D d0eb�C�S� �5�

where S (m) is the canopy surface saturation storage
capacity, d0 (m s�1) is the minimum drainage rate, which
is the drainage rate when C D S, and b is a dimensionless
parameter.

In natural hydrologic processes, canopy drip and
evaporation occur before the full leaf surface gets wet.
A wetting fraction fwet is used for solving this partial
wetting problem (Xiao et al., 2000).

Evaporation e (m s�1) of surface water is calculated
by

e D fwetET0
C
S C < S

e D fwetET0 C ½ S
�6�

where ET0 (m s�1) is potential evaporation rate at tree
crown height (Xiao et al., 1998). The calculation for ET0

is described in detail in the ‘Evapotranspiration’ section.

Surface flow. Once the surface water storage depth
exceeds its maximum capacity, surface flows begin.
Because of both the shallow water storage depth and the
relatively flat surface of the landscape, the surface flows
are assumed as laminar flow. The governing equations
for surface flow (Chow, 1959) in each land cover class
are

v D 1

n
R2/3S1/2

dh

dt
D p C qin � f � e � qout

�7�

where v (m s�1) is the mean velocity in the cross-section,
n is the Manning’s roughness coefficient, R (m) is the
hydraulic radius, S (m m�1) is the slope, h (m) is surface
water ponding depth, t (s) is time, p (m s�1) is net
precipitation rate, qin (m s�1) is surface flow into the
model unit, f (m s�1) is infiltration rate, e (m s�1) is
evaporation rate, and qout (m s�1) is surface flow out of
the model unit. The hydraulic radius R is the same as the
depth of surface water ponding depth h because of the
overland flow.

The 1 h time interval could potentially cause problems
in Equation (7) because, within this time-frame, water
may flow across more than one land cover type. Using
maximum surface velocity for time interval disaggrega-
tion (Ustin et al., 1996) would increase the numerical
accuracy. However, it also dramatically increases com-
putation time as the slope of runoff course or the depth of
water increases. Assuming that precipitation occurs at the
beginning of the time interval, for steep modelling units
(>5°), such as roof surfaces (typically, a 26° roof slope
for one-storey residential house), after surface runoff and
evaporation, the surface water storage equals the surface
detention storage. For a relatively flat surface, such as a
driveway, Equation (7) was used directly because of the
relatively small slope and shallow surface water storage
depth.

Infiltration. Infiltration is the processes of surface
water entry into the soil. It directly affects spatial and
temporal dynamics of surface runoff and storage, as well
as subsurface flow and storage. Water moving across a
soil surface demonstrates loss in surface storage and gain
in the vadose zone and or groundwater storage.

Infiltration processes are controlled by surface storage
(water supply), subsurface moisture (potential water stor-
age space) conditions, and soil hydrodynamic properties.
Potential infiltration rates are estimated using the Green
and Ampt equation (Green and Ampt, 1911):

f D K

[
1 C �� � �i�Sf

F

]
�8�

where f (m s�1) is infiltration rate, K (m s�1) is
effective hydraulic conductivity, Sf (m) is the effective
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suction at the wetting front, � �m3 m�3� is soil porosity,
�i �m3 m�3� is the initial water content, and F (m) is the
cumulative infiltration.

Before any surface ponding occurs, infiltration rate
is equal to the precipitation rate. After the surface
ponding starts, the cumulative infiltration of the time
period is calculated based on Equation (8) by using a
forward finite-difference solution. The actual infiltration
is adjusted for both surface and subsurface conditions.

Percolation. The percolation simulates flow through
the root zone to the deep soil layer. The soil profile is
stratified into four layers based on root zone depth of turf
grass (0Ð61 m), shrub (1Ð22 m), tree (1Ð83 m), and deep
soil layer (>1Ð83 m). Percolation of water in excess of
field capacity from a layer is computed using (Savabi and
Williams, 1995)

pei D ��i � FCi��1 � e�t/ti� �i > FCi

pei D 0 �i � FCi
�9�

where pei (m s�1) is the percolation rate through layer
i, FCi is the field capacity of layer i, t (s) is the time
interval, and ti (s) is the travel time through layer i which
is calculated with the linear storage equation:

ti D �i � FCi

K��i�
�10�

where K��i� (m s�1) is the unsaturated hydraulic conduc-
tivity of layer i.

Unsaturated hydraulic conductivity is calculated
according to the Van Genuchten (1980) and Mualem
(1976) model:

K�Se� D K0SL
e f1 � [1 � Sn/�n�1�

e ]�n�1�/ng2

Se D � � �r

�s � �r

�11�

where � �m3 m�3� is soil water content, �r and �s

�m3 m�3� are the residual and the saturated water con-
tents respectively, Se is the relative saturation, n is the
curve shape parameter, which varies with soil type, L is
an empirical pore tortuosity that is normally assumed to
be 0Ð5 (Mualem, 1976), and K0 (m s�1) is the matching
point at saturation.

Evapotranspiration. The process of evaporation occurs
with all land cover types and vegetated surfaces as long
as there is free water present at the surface. In contrast,
transpiration only occurs with vegetation, and water is
removed from the vadose zone.

Evaporation rate e (m s�1) of surface water is described
as

e D ET0 S ½ Smin

e D S
Smin

ET0 S < Smin
�12�

where S and Smin (m) are the surface water storage and
the minimum storage depths respectively, and ET0 (m

s�1) is the potential evaporation rate, which is estimated
using the modified Penman equation (Penman, 1948):

ET0 D wQne C �1 � w�EA

w D 

 C �

�13�

where  is the rate of increase with temperature of the
saturated water vapour pressure at air temperature, � (Pa
K�1) is the psychrometric constant, Qne (m s�1) is net
radiation, and EA (m s�1) is the drying power of the air,
which is defined as

EA D cefe�ur��e
Ł
a � ea� �14�

where eŁ
a and ea (Pa) are respectively the saturation

vapour pressure and the vapour pressure at air temper-
ature, ce is a constant, and fe�ur� is the wind function,
described by (Pruitt and Doorenbos, 1977a,b)

fe�ur� D au C buu�z� �15�

where au and bu are constants and u�z� (m s�1) is the wind
speed measured at height z (m) above ground surface.

We use the drying power of the air instead of aerody-
namic resistance in Equation (14) to calculate potential
evaporation because the wind function (Equation (15))
was well studied and used in CIMIS. Only four input
parameters are needed for calculating ET0. These four
parameters are net radiation, air temperature, wind speed,
and vapour pressure.

The wind profile is retrieved from the wind speed
measured at stand height (2Ð0 m from ground surface) at
the meteorological station (Brutsaert, 1982; Jetten, 1996;
Xiao et al., 2000). We do not extrapolate air temperature
and relative humidity from measurement height to actual
canopy heights because the vertical gradient is small.

The plant transpiration rate T (m s�1) is calculated
based on potential evaporation rate ET0 and plant crop
coefficients Kcrop. It is further adjusted by the moisture
content of the root zone (Allen et al., 1998):

Tp D KcropET0

T D �

FC
Tp

�16�

Lateral subsurface flow. Subsurface flow mass balance
is described by

d�

dt
D f C

∑
qin �

∑
qout � T � pe �17�

where � (m) is soil moisture, t (s) is time, f (m s�1) is
infiltration rate, qin and qout (m s�1) are the water flow
rates into and out of the problem domain, T (m s�1) is
the plant transpiration rate as defined in Equation (16),
and pe (m s�1) is the percolation rate to the deep soil
layer or to the groundwater. Because of the relatively
flat landscape and deep soil profile, we assumed that the
subsurface water flow in and out of the problem domain
is balanced.
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Cistern water storage. Water storage change in the
cistern is tracked from a simple mass balance equation:

dS

dt
D Qin � Qout �18�

where S �m3� is the cistern storage, Qin �m3 s�1� is the
rate of water adding to the cistern, which is restricted by
both the precipitation rate and the cistern collection area,
and Qout �m3 s�1� is the rate of water leaving the cistern
that is discharged into the street, overflow or used for
irrigation. Discharge cistern storage to the street occurs
when the cistern is emptied before large storm events. For
maximum BMP benefits, municipal water consumption
on landscape irrigation begins when cistern reserves are
depleted.

Initial and boundary conditions. All land cover sur-
faces are dry before precipitation or irrigation begins
(Xiao et al., 2000). Also, the soil water content of the
vegetated area is at field capacity because of the routinely
scheduled landscape irrigation.

Assume the landscape is sloped toward the street so
that no surface water flows to or from adjacent parcels.
Surface water flow can only travel to the street as surface
runoff once it exceeds the storage capacities. Precipitation
and irrigation occur at the top boundary where water
enters the system. Evaporation and transpiration draw
water out of the top boundary and into the atmosphere.
At the bottom of the root zone, water percolates into the
deep soil layer or into groundwater.

Input parameters. The model took explicit input infor-
mation (dimensions and physical properties) on the loca-
tion of the site, lot dimensions, soil, building, land cover
types, trees, shrub masses, lawn, BMPs, and meteoro-
logical data. These values were measured from the field
and laboratory or obtained from a nearby weather sta-
tion. Trees in the parcel were treated as a BMP. Detailed
physical properties and dimensions of each tree were
derived from both field measurements and the tree growth
curves described by Peper et al. (2001b). For the sensi-
tivity analysis and retrofit simulation, we used a ‘typical
weather year’ data. The typical weather year was defined

as the year in which its monthly precipitation and air
temperature are close to the long-term (at least 10 years)
averages. For simulating the system’s response to storm
events, precipitation data were selected based on histor-
ical rainfall data (e.g. NOAA weather station) and the
depth–duration–frequency relations of the study area.

Output. For a typical weather year, the model simula-
tion starts from current tree age and ends 40 years later.
The results were presented at hourly, monthly, and annual
scales. Monthly and annual output summarizes runoff dis-
charged to the street, and landscape irrigation water use
and water sources for irrigation.

For a storm event, the output included the dynamic
change of runoff flow to the street, water storage of
BMPs, and soil moisture content at an hourly time-scale.
These data represent the storm runoff reduction by BMPs.

Other outputs included hourly soil moisture content
and water storage of each unit.

Model calibration and validation. Data from the field
measurement (control site) were used for model calibra-
tion and validation. During the field measurement period,
no runoff discharge to the street was observed or mea-
surable at the treatment site except the runoff from the
sidewalk and the driveway outside the driveway intercep-
tor. The runoff discharge to the street at the control site
originated from the approximately half roof panel and
driveway. Therefore, we used the soil moisture for cali-
bration and validation of the model. Field data measured
during the 2001–2002 rainy season were used for calibra-
tion. During the processes for calibration, soil moisture
was set to the measured value as the initial condition.
Soil moisture measured at 65 cm (25Ð6 in) deep was
used to represent soil moisture at the tree root zone.
By adjusting field capacity from 0Ð10 to 0Ð17, the soil
water content at both field measurement sites and model
output closely matched (Figure 3). The model was then
tested against field data measured during the 2002 winter
rain season for validation. The same pattern and good fit
were found in the validation process, indicating that the
calibration of input parameters was successful for these
sites.

Figure 3. Soil moisture measured from the site (F) and from the model simulation (M). Precipitation (P) here included both rainfall and landscape
irrigation
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Numerical modelling. Numerical simulations were
focused on annual landscape irrigation, annual and storm
event runoff, evapotranspiration, and percolation to deep
soil layers. Sensitivity analyses of landscape retrofit sce-
narios were simulated with two types of meteorological
data.

We used 2001 meteorological data as the typical
weather year meteorological data in the numerical simu-
lation of annual runoff and landscape water use. In 2001,
both monthly precipitation and temperature were close to
the long-term (30 years) averages based on analysis of
historical monthly precipitation and air temperature data
(NOAA weather station at LAX, Coop ID: 045114; LAX
is five miles southwest of the study site). Annual precipi-
tation for 2001 at the study site was 426Ð0 mm (16Ð8 in).
Figure 4 shows the temporal annual precipitation distri-
bution. Of the 426 mm annual precipitation, 80% fell dur-
ing the first 3 months. February was the wettest month,
accounting for 44% of annual precipitation. The dry sea-
son started in May and extended to October or later.

For the 50-year rainfall event, we selected the 1
February 1998 storm based on an analysis of the historic
meteorological data (NOAA weather station at LAX,
Coop ID: 045114; 1948–2002 precipitation data) and
the depth–duration–frequency relations of the study area
(Tidemanson, 1991). This storm lasted 45 h with two
separate events. The second event brought 78Ð2 mm (3Ð08
in) of the total 93Ð7 mm (3Ð69 in) precipitation.

To examine effects of BMPs on hydrological processes,
a series of landscape retrofit scenarios was applied to the
control site. The effects associated with each scenario
were simulated.

Sensitivity analysis. The purpose of the sensitivity anal-
ysis was to distinguish which of the BMPs significantly
influenced runoff reduction and conservation of landscape
irrigation water use. There were no BMPs retrofitted
at the control site, which served as the base condition.
BMPs selected from the treatment site for evaluation were
rain gutter, cistern, retention basin, drywell and driveway
interceptor, and trees. The second analysis was conducted
using clay soil because of the original site’s sandy soil.

RESULTS

Field measurement

More than 50% of both parcels were covered by imper-
vious surfaces. Buildings (house and garage) covered
35% of the treatment site and 31% of the control site.
Driveways and walk paths covered 17% and 30% of the
treatment and control sites respectively. Tree cover was
24% and 8% at the treatment and control site respec-
tively. Turf grass covered 25% and 39% of the landscape
at the treatment and control sites respectively. Analysis
of field measurement data found BMPs (e.g. cistern and
retention basins) to be effective in conserving municipal
water supplies while maintaining an irrigated landscape,
and reducing storm runoff. Surface runoff was effectively
reduced through the installation of two BMPs: drive-
way interceptor and lawn retention basins. Sufficient soil
moisture levels were maintained through the use of cis-
tern reserves and municipally supplied water.

During 2 years of field measurements, there was no
runoff discharge to the street from the lawn or from
the front lawn retention basin at either site except from
the driveway entrance area (3Ð4 m ð 2Ð7 m (11Ð0 ft ð
9Ð0 ft)) of the treatment site and from half of the roof
and the entire driveway of the control site. The main
reason for this result was that the annual precipitation
and precipitation amounts for each storm event were
relatively small. Rainfall rates did not exceed the soil
infiltration rates measured at both sites. At the treatment
site, the ratio of rainwater collection area (e.g. roof
surface, lawn surface, partial of the driveway and other
impervious paving area) to the rainwater receive area (e.g.
the lawn area) was 2Ð04. The lawn retention basin could
store a minimum (without infiltration and evaporation) of
30Ð4 m3 or maximum of 93Ð6 mm (3Ð7 in) of rainwater
before it overflowed to the street. At the control site,
this ratio is 1Ð41. Although the control site’s lawn areas
were not converted into a retention basin, the loamy
sand soil in the lawn area was very permeable. The
greatest storm event during 2001–2002 occurred on 10
February 2001 and lasted 92 h. This storm brought a
total of 101Ð4 mm (3Ð99 in) rainwater. The maximum
precipitation rate for this storm was 12Ð4 mm h�1, which

Figure 4. Annual precipitation for a typical weather year at the study site. Precipitation occurred during the wet winter rainy season. There was no
rainfall during the dry summer season
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was far below the infiltration rate of loamy sand soil
(59Ð8 mm h�1) (Maidment, 1993). The dynamic change
of precipitation and soil water content at 35 cm depth
is shown on Figure 5. The soil water content decreased
quickly after peak rainfall.

Soil water content measured at the treatment site was
higher than at the control site. Both sites had the same
type of turf grass, but soil and radiation at these two
sites were slightly different. The soil underneath the
lawn retention basin in the treatment site had 5% higher
soil bulk density than at the control site based on the
field soil measurement. This suggested that the soil was
compacted during the retrofit of the lawn area into a
lawn retention basin. This compaction reduced the water
conductivity of the soil. Two evergreen trees, a camphor
tree (Cinnamomum camphora) with an 87Ð4 cm (34Ð4 in)
diameter at breast height (DBH), and an avocado tree
(Persea americana) with a 49Ð5 cm (19Ð5 in) DBH, were
located on the west side of the treatment site. These two
trees shaded large portions of the front and backyards,
intercepted solar radiation and thus decreased the rate of
ET for the treatment lawn relative to the control lawn.

The cistern installed in the treatment site has a max-
imum storage capacity of 11Ð4 m3 (3000 gal) with a
38Ð7 m2 (416Ð3 ft2) rainwater collection area. The cistern
was never entirely filled during the field measurement
period due to the relatively small precipitation and water

collection area. However, the cistern still provided 3Ð7%
of the annual water supply for landscape irrigation during
our measurement period.

Numerical modelling

Sensitivity analysis. As expected, increased cistern
storage provided additional water sources for irrigation.
Cistern storage was affected by its collection area. Effi-
cient use of the current cistern collection area increased
cistern storage to 9Ð5% of annual water needed for land-
scape irrigation. Adding a rain gutter reduced runoff flow
to street by 19Ð6%. Adding a rain gutter and a drive-
way interceptor reduced runoff to the street by 56%.
Converting an existing lawn into a lawn retention basin
reduced runoff to the street by 96Ð8%. Diverting water
from the roof to the lawn reduced ET by only 3Ð3%, but
it increased onsite water percolation. The combination
of rain gutter, driveway interceptor, and lawn retention
basin increased percolation by 37Ð6%. Similar results
were found for an identical site, except with clay soil
(Table II). For the 50-year flood event, a driveway inter-
ceptor was the most efficient BMP for storm runoff reduc-
tion. The driveway interceptor reduced annual runoff by
76Ð4%. Changing the lawn gradient or converting the
lawn areas into retention basins reduced annual runoff to
the street by only 12Ð3% (Table III). The rain gutter was
less efficient for runoff reduction on clay soil because

Figure 5. Dynamic soil water content during the 10 February 2001 storm event. The storm started at 4 : 00 am and lasted for 92 h. This storm
consisted of three events and brought a total of 101Ð4 mm rainfall

Table II. Sensitivity analysis: runoff to street, evapotranspiration (ET), and percolation to groundwater (PGW) during a typical
weather year

Treatmenta Sandy soil Clay soil

Runoff % ET % PGW % Runoff % ET % PGW %

Base 0Ð00 0Ð00 0Ð00 0Ð00 0Ð00 0Ð00
Rain Gutter (RG) �19Ð60 �0Ð10 8Ð20 �11Ð70 �0Ð10 8Ð00
Cisternb �21Ð30 �0Ð10 �2Ð00 �21Ð20 �0Ð10 �2Ð30
Lawn retention basin (LRB) �33Ð40 3Ð40 7Ð40 �37Ð50 3Ð40 15Ð00
Driveway interceptor (DWI) �56Ð00 0Ð00 23Ð20 �35Ð00 0Ð00 23Ð50
LRB and RG �54Ð30 3Ð30 16Ð30 �57Ð20 3Ð30 28Ð70
LRB and DWI �96Ð00 3Ð40 36Ð80 �95Ð30 3Ð40 60Ð70
LRB and RG and DWI �96Ð80 3Ð30 37Ð60 �97Ð00 3Ð30 62Ð00

a Total 296Ð8 m3 precipitation for all treatments.
b The cistern storage capacity is 11Ð4 m3 (3,000 gal) with 106Ð2 m2 rainwater collection area.
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of the low infiltration rate, thus a lawn retention basin
with rain gutter would be the single most efficient BMP
for runoff reduction in this type of soil. The retention
basin and driveway interceptor eliminated dry weather
runoff flow to the street from the treatment site (Tables IV
and V).

Landscape retrofits and best management practices.
Annual landscape irrigation water use varied widely
depending on the irrigation controller setup. The setup
also affected street runoff that was caused by splash
and over-irrigation. Table IV shows the model simula-
tion results for annual landscape irrigation water use and
runoff flow to the street during 2001 for different irriga-
tion controller setups. Table V shows monthly landscape
irrigation water use and runoff flow to the street assum-
ing a biannual irrigation controller setup. Model results
suggested that water-wise irrigation could reduce land-
scape irrigation water use by 75Ð6% for the treatment
site and 69Ð6% for the control site compared with the
existing biannual irrigation schedule. After the cistern

Table IV. Annual landscape irrigation water use and runoff flow
to the street

Setupa Treatment site Control site

TIb IC IM R TI IC IM R

Fixed 520Ð0 15Ð3 504Ð7 3Ð8 483Ð8 0 483Ð8 157Ð6
Biannual 408Ð7 15Ð3 393Ð4 3Ð8 380Ð0 0 380Ð0 157Ð6
Seasonal 355Ð0 15Ð3 339Ð7 3Ð8 331Ð3 0 331Ð3 155Ð3
Monthly 270Ð9 15Ð0 255Ð9 3Ð8 253Ð1 0 253Ð1 148Ð4
Water-wise 126Ð8 14Ð1 112Ð7 3Ð8 147Ð1 0 147Ð1 144Ð5
a Irrigation controller setup: fixed D no change; biannual D changes
biannually; seasonal D changes seasonally; monthly D changes monthly;
water-wise D changes depends on water demand.
b Total landscape irrigation water use (TI), irrigation water from cistern
storage (IC), irrigation water from municipal water supply (IM), and
runoff (R) flow to street are in cubic meters.

Table V. Monthly landscape irrigation water use and runoff to
street (biannual setup)

Month P Treatment site Control site

TI IC IM R TI IC IM R

1 82Ð8 26Ð7 4Ð4 22Ð3 1Ð1 24Ð8 0 24Ð8 38Ð4
2 129Ð2 23Ð9 6Ð8 17Ð1 1Ð7 21Ð2 0 21Ð2 58Ð9
3 22Ð1 25Ð1 1Ð2 23Ð9 0Ð3 23Ð0 0 23Ð0 12Ð3
4 19Ð5 43Ð0 1Ð0 42Ð0 0Ð2 40Ð1 0 40Ð1 10Ð9
5 0Ð2 42Ð8 0 42Ð8 0 40Ð1 0 40Ð1 2Ð4
6 0 42Ð8 0 42Ð8 0 40Ð1 0 40Ð1 2Ð4
7 0 42Ð8 0 42Ð8 0 40Ð1 0 40Ð1 2Ð4
8 0 46Ð1 0 46Ð1 0 43Ð1 0 43Ð1 2Ð6
9 0 39Ð5 0 39Ð5 0 37Ð0 0 37Ð0 2Ð2
10 0Ð7 26Ð4 0 26Ð4 0 24Ð8 0 24Ð8 2Ð7
11 23Ð7 24Ð9 1Ð1 23Ð8 0Ð3 23Ð0 0 23Ð0 12Ð0
12 18Ð6 24Ð8 0Ð8 24Ð0 0Ð2 23Ð0 0 23Ð0 10Ð2
Total 296Ð8 408Ð8 15Ð3 393Ð5 3Ð8 380Ð3 0 380Ð3 157Ð4
a Total precipitation (P), total landscape irrigation water use (TI),
irrigation water from cistern storage (IC), irrigation water from municipal
water supply (IM), and runoff (R) flow to street are in cubic meters.

water reserve was depleted, the irrigation water resource
was switched to city water. The cistern water storage
provided 2Ð9–12Ð1% of total annual landscape irriga-
tion water use for different irrigation setups. The dry
weather runoff to the street was totally eliminated for
the treatment site due to the conversion of the lawn
into a lawn retention basin and driveway interceptor.
In contrast, considerable runoff flowed from the control
site to the street during the dry season due to over-
flows from landscape irrigation. The soil underneath the
lawn is highly permeable; however, half of the lawn in
the front yard was above ground level, and irrigation
water drained to the driveway before infiltrating. Figure 6
shows the annual soil moisture dynamic change at both
sites. The soil moisture was higher at the beginning and
end of the year due to precipitation. During the sum-
mer season, the soil moisture had less variation due to
irrigation.

For the 50-year storm event, the runoff flow to the
street was 1Ð3% and 42Ð5% of total precipitation over the
property at the treatment and control sites respectively
(Figure 7a). At the treatment site, runoff flow to the street
came from a small portion of the driveway (from the
entrance to the driveway interceptor). In contrast, at the
control site, the runoff flow to the street came from the
entire driveway plus half of the roof. The BMP dynamic
storage is shown in Figure 7b. As expected, water storage
in the cistern increased as precipitation increased. The
vegetated surfaces were saturated after the first event,
but there was a storage peak at 38 h during this storm
that was due to vegetation surface overstorage. Runoff
from the roof was redirected to the lawn retention basin,
which caused the rapid increase in water storage in the
retention basin. The storage capacity of the retention
basin was not reached. Storage in the swale (retention
basin) was small because it only received precipitation.
Surface runoff flowing to the swale retention basin only
occurred when water over flowed from the lawn retention
basin.

To examine the effects of BMPs on hydrologic pro-
cesses, the control site was converted to a xeriscape
landscape. Effects associated with each of the nine sce-
narios (change irrigation schedule, replace front yard turf
with mulch and plant two trees, change the mulch area to
swale retention basin, install rain gutter, install a drive-
way interceptor, replace 50% of backyard turf grass with
mulch and plant two trees, change the backyard mulch
area to a swale retention basin, and install a cistern) are
presented in Table VI. The base case presented annual
landscape water use and runoff for the existing control
site’s landscape.

There were two existing trees in the control site. A
mature camphor (C. camphora) tree (>40 years old) was
located in the front planting strip and an orange tree (Cit-
rus sinensis, 15 years old) was located in the backyard.
These trees’ dimensions were changed annually based
on growth data of the same tree species in southern
California (Peper et al., 2001a). Trees were planted to
maintain or increase canopy coverage when the lawn
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Figure 6. Dynamic soil water content for treatment and control sites. The higher water content in early months was due to the rainfall. About 79%
of annual precipitation fell before 15 March

Figure 7. Runoff processes for a 50-year storm event. The storm started midnight on 1 February 1998. This storm lasted 45 h with two separate
events and brought a total of 65Ð3 mm rainfall. (a) Precipitation P and runoff to the street for both treatment Rt and control Rc sites. (b) Surface

retention storage dynamic change on the treatment site. Here S means storage. The S’s subscript denotes the BMP’s name

area was converted into a retention basin. The evalu-
ation was performed at 5-year intervals for a 40-year
period. The total amount of runoff reduction increased
as trees increased in size, as did water use. Changing
the irrigation controller adjustment from the biannual
(current practice) to monthly adjustment would reduce
landscape irrigation water use to 86Ð6% and runoff to
95Ð8% compared with the base case. Further retrofits of
the front yard lawn to mulch and planting two Coast
live oak trees (Quercus agrifolia) would reduce land-
scape water use to 75Ð1% and runoff to 68Ð4%. Con-
verting the mulched area into a detention basin did not
change landscape irrigation water use or runoff to the
street due to the precipitation rate and drip irrigation for

the trees. However, adding a rain gutter to allow roof
runoff to flow to the retention basin reduced runoff to the
street to 51Ð9%. Adding a driveway interceptor to redirect
driveway runoff to the retention basin reduced runoff to
12Ð8%. Converting half of the backyard lawn into mulch
and planting another two Coast live oak trees, convert-
ing the backyard mulch area into a detention basin, and
installing an 11Ð4 m3 (3000 gal) cistern had no further
effect on annual runoff flow to the street and landscape
water use. However, water stored in the cistern pro-
vided 17Ð0–19Ð7% of annual landscape irrigation water
demand.

We simulated annual runoff, canopy cover, and evap-
otranspiration change assuming that both the front and
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Table VI. Landscape irrigation water use and runoff for landscape retrofit scenario of the control site

Landscape changea Water use (%) Runoff to street (%)

0b 10 20 30 40 0 10 20 30 40

Base 100Ð0 102Ð4 103Ð9 103Ð9 103Ð9 100Ð0 99Ð3 98Ð9 98Ð9 98Ð9
Adjusting IC monthly (A) 85Ð6 89Ð1 90Ð5 90Ð5 90Ð5 95Ð8 95Ð0 94Ð6 94Ð6 94Ð6
(A) C replace FYT with munch and plant two trees (B) 75Ð1 82Ð8 92Ð2 101Ð0 106Ð7 68Ð4 68Ð2 64Ð7 61Ð4 58Ð9
(B) C SRB (C) 75Ð1 82Ð8 92Ð2 101Ð0 106Ð7 68Ð4 68Ð2 64Ð7 61Ð4 58Ð9
(C) C RG (D) 75Ð1 82Ð8 92Ð3 101Ð0 106Ð7 51Ð9 51Ð7 48Ð1 44Ð9 42Ð2
(D) C DWI (E) 75Ð2 82Ð9 92Ð4 101Ð1 106Ð8 12Ð8 12Ð8 12Ð5 12Ð2 12Ð0
(E) C replace 50% BYT with munch and plant two trees (F) 62Ð4 75Ð4 92Ð9 110Ð3 121Ð8 12Ð8 12Ð6 12Ð1 11Ð9 11Ð9
(F) C SRB (G) 62Ð4 75Ð3 92Ð9 110Ð3 121Ð7 12Ð8 12Ð6 12Ð1 11Ð9 11Ð9
(G) C cistern (H) 62Ð4 75Ð3 92Ð8 110Ð2 121Ð7 12Ð8 12Ð6 12Ð1 11Ð9 11Ð9

19Ð7c 19Ð9 20Ð1 18Ð7 17Ð0

Landscape irrigation from cistern storage (%).
a IC: irrigation controller; FYT: front yard turf; SRB: retention basion; RG: rain gutter; BYT: backyard turf.
b Years after trees planted.
c percentage landscape irrigation water use from cistern storage.

backyards of the control site were converted into reten-
tion basins but covered with rock mulch. Other BMPs
included an 11Ð4 m3 (3000 gal) cistern, five Coast live
oak trees (three in the front yard and two in the back-
yard), and a driveway interceptor. Figure 8 shows the
change in annual runoff, canopy cover, and total evapo-
transpiration for this xeriscape retrofit. Canopy coverage
gradually increased with age. The same pattern was found
for evapotranspiration because ET was related to canopy
cover. Runoff began to decrease 15 years after tree plant-
ing, reaching a 26% reduction at year 30. Annual runoff
flow to the street decreased with tree age because rain-
water interception increased with tree canopy coverage.
Water consumption of each tree also increased with tree
age. However, these big trees no longer need irrigation.

DISCUSSION

All BMPs installed at the treatment site were found to
be effective management strategies for reducing storm
runoff and irrigation demand from municipal water
sources. The changes observed in the hydrologic regime
were beneficial for the urban ecosystem. Reducing sur-
face runoff not only decreased the potential storm runoff
risk for the downstream reaches, but it also increased

deep percolation to groundwater. Compared with the base
case (before retrofit), BMPs reduced the maximum runoff
flow to the street by 96Ð8%, and maximum annual evap-
oration changed by 3Ð4%. Deep percolation increased
by 37Ð6% for the sandy soil condition (Table II). The
same pattern was observed for the clay soil condition.
These results suggest that evapotranspiration changes at
the site would not substantially alter the energy balance
or enhance the urban heat island of urban landscapes
such as this. In contrast, increased deep percolation
would increase downstream base flow or groundwater
recharge. These changes would benefit the urban ecosys-
tem’s hydrologic regime.

The driveway interceptor–drywell combination was
the most efficient BMP for runoff reduction. However,
this BMP may create a potential risk of transporting
pollutants from the surface water to groundwater in
areas with highly permeable soil. Applying treatment
BMPs that could remove pollutants from the runoff
before it enters the drywell could reduce this risk,
especially in the early rainy season (Lee et al., 2004).
Further studies of BMPs, especially the effects of drywell
percolation on groundwater contamination are needed
before recommending large-scale application of BMPs.

Figure 8. Annual runoff reduction (RR), evapotranspiration (ET), and canopy coverage (CC)
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The cistern provides additional water sources for land-
scape irrigation. Filling the 11Ð4 m3 cistern provided 10%
of annual landscape irrigation water demand. However,
the cistern was not filled in the typical weather year due
to an undersized catchment. Cistern benefits depend on
appropriately sized catchment areas. Also, applying this
BMP in climates with summer precipitation will allow
the cistern to fill frequently.

This model was designed to work at the parcel scale. At
this scale, hydrologic processes are affected by land cover
change. The subsurface lateral inflow and outflow may
not always be balanced for some landscapes, such as sites
on steep hills or adjacent to water bodies. Thus, a more
complex subsurface model is required for application in
these topographic situations.

CONCLUSIONS

There is increased interest in controlling storm runoff at
the source as an alternative to more centralized strategies.
However, the ability of engineers and designers to eval-
uate the effectiveness of parcel-based BMPs has been
hampered by the absence of tests on decision support
tools. Moreover, models typically focus on runoff man-
agement, but not water harvesting and use for landscape
irrigation. The numerical model described in this study
can support better decision-making by allowing users to
compare the effectiveness of different BMPs on parcels of
any size and location. Using hourly meteorological data,
simulation results can be obtained for a variety of storm
events. Further testing and calibration are needed in dif-
ferent climate zones. Also, the model could be enhanced
by incorporating lateral subsurface water flow and track-
ing the fate of different types of pollutant.

In this study’s Los Angeles example, the driveway
interceptor was the most effective BMP for storm runoff
reduction (65%), followed by the rain gutter installation
(28%), and lawn converted to retention basin (12%).
An 11 m3 cistern did not substantially reduce runoff,
but provided 9% of annual landscape irrigation demand.
Annual landscape irrigation water use was reduced by
53% by increasing irrigation system efficiency and adjust-
ing application rates based on plant water demand. Simu-
lation results indicated that infiltration and surface runoff
processes are particularly sensitive to the soil’s physi-
cal properties and its effective depth. The implication is
that soil testing is an important step in selecting the most
appropriate BMP for any site.
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