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a b s t r a c t

This paper presents a comparative study of two different drainage designs in a 10,930-ha new town
development of The Woodlands, Texas. Open surface drainage by shallow grassed swales was used in the
first two subdivisions that were developed with ecological approaches. Open surface drainage mimics the
natural flow regime and is regarded to mitigate development impacts on watershed. In other later subdi-
visions, the drainage design shifted back to a conventional stormwater drainage system, that is, curb and
gutter, drop inlet, and underground piping, known to concentrate stormwater and lead to downstream
flooding. The objective of this study is to compare The Woodlands’ two drainage systems on their corre-
lation with downstream floods. Two sub-watersheds within The Woodlands that used different drainage
designs were compared. U.S. Geological Survey stream data from the gauge station at the outlet of each
sub-watershed were used for analysis. Geographic Information System was used to quantify the develop-
ment conditions. Correlation analysis was performed using measured precipitation and streamflow data.
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an McHarg
Results show that open drainage watershed generated less storm runoff than the conventional drainage
watershed, given the similar impervious area in both watersheds. Furthermore, the open surface drainage
watershed responded to rainfall in a way similar to its predevelopment natural forest conditions, indi-
cating effective flood mitigation post development. In contrast, in the conventional drainage watershed,
the precipitation–streamflow correlations increased enormously after development. The open drainage
system presents an advantage over the conventional drainage one in mitigating flood problems in urban
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development.

. Introduction

Ecological engineering uses ecological sciences as the basis
or design and limits human intervention in providing sustain-
ble ecosystem design and management solutions (Mitsch and
ørgensen, 1989; Odum, 1994; Bergen et al., 2001; Matlock et al.,
001; Mitsch and Jørgensen, 2003). The same principle is embraced
y ecological planning—an ecology-based approach in land use
lanning (McHarg, 1969; Spirn, 1984; McHarg and Steiner, 1998).
cological planners fuse the science of ecology and the art of
lanning and design and mandate that planning and design facili-

ate ecosystems’ functions. Anthropogenic uses superimposed as a
esult of land use planning shall produce the least amount of inter-
erence with ecosystems’ natural processes (Zipperer et al., 2000;
dubisi, 2002).

∗ Corresponding author. Tel.: +1 435 797 0506; fax: +1 435 797 0503.
E-mail addresses: bo.yang@usu.edu (B. Yang), minghan@tamu.edu (M.-H. LI).
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As ecological engineers rely upon the self-designing ability of
he ecosystems (Mitsch and Jørgensen, 1989; Odum, 1994; Todd et
l., 2003), ecological planners follow nature’s lead in planning and
esign (McHarg, 1969; Steiner, 2008). American ecological planner
nd landscape architect Ian McHarg developed the concept of eco-
ogical planning in his influential book Design with Nature (McHarg,
969). In over 90 projects, McHarg used ecological science to cre-
te safe and healthy human settlements (McHarg, 2006). McHarg
ocuses on the natural, social, and cultural processes and sees
esign as an iterative process that is largely shaped by the inter-
ctions between humans and ecosystems (McHarg, 1969; McHarg
nd Steiner, 1998).

For over four decades, McHarg’s ecological planning concept
nd principles have been using ecology as the basis in planning
nd designing projects of various scales and focuses (Steiner and

sterman, 1998; McHarg, 2006; Ndubisi, 2008). Advocated by eco-

ogical planners, a paradigm shift in stormwater management is
o use the natural infiltration mechanism to treat runoff. Cur-
ent literature suggests the advantage of open surface drainage
est management practice (BMP) over conventional pipe drainage,

https://core.ac.uk/display/77520409?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.ecoleng.2010.07.002
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
mailto:bo.yang@usu.edu
mailto:minghan@tamu.edu
dx.doi.org/10.1016/j.ecoleng.2010.07.002
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ecause the former is designed to mimic the natural flow regime
nd is considered to facilitate stormwater infiltration, reduce peak
ischarge, and provide water quality treatment (Prince George’s
ounty, 1999; USEPA, 1999; Villarreal et al., 2004).

Conventional drainage method (curb and gutter, drop inlet, and
nderground piping) is known to concentrate stormwater and may
ontribute to downstream flooding (Paul and Meyer, 2001). The
im of the conventional drainage solution is for stormwater to exit
s fast as possible and to minimize storage, and the system alters
he flow regime and transfers stormwater faster than the natural
ydrological cycle (Ferguson, 1998; Paul and Meyer, 2001; Brabec,
009). In urban development, a conventional drainage system is
ypically installed along the streets and underground. Streets are
laced at low elevations and function similar to detention ponds to
ollect stormwater in rainfall events. However, this drainage sys-
em is vulnerable when urban development exceeds its relatively
imited storage capacity (Ellis and Marsalek, 1996). In addition,
tagnant water on roads that is generated during intense rainfalls
reates safety problems.

The U.S. Environmental Protection Agency (USEPA) (1999)
uggests that open surface drainage BMP using grassed swales
ould replace conventional stormwater collection and conveyance
ystems in urban development. Open surface drainage is often
esigned as grassed swales pitched with a certain gradient. Grassed
wales are placed at low elevations and serve as drainage chan-
els to transport stormwater away from roadways. Roads in
his situation are placed at high grounds, minimizing the safety
roblems.

Dry swale and wet swale are two types of grassed swales that
re currently in use. The trapezoidal shape and meandering path
ncrease the storage volume and provide a less efficient system than
he channelized pipe system. Similar to the dry swale, wet swale
ses natural vegetation growth to control stormwater quantity
nd quality (Prince George’s County, 1999). If specifically designed,
et swale functions similar to a bioretention basin. A bioretention

wale installed in a conventional residential road in Seattle, Wash-
ngton, reported a 97% runoff volume deduction compared with
he preconstruction runoff volume (Horner et al., 2002). In addi-
ion, vegetated filter strips (VFSs) installed at the top of the grassed
wale channel banks help reduce and treat sheet flows (USEPA,
999). Runoff reduction due to the use of VFSs varies between

% (Chaubey et al., 1994) and 89% (Schmitt et al., 1999). Finally,
illarreal et al. (2004) suggest the benefits of using a combina-

ion of BMPs in developing the open drainage system. The synergic
ffect of BMPs is better than one BMP, and the location of BMP is
n important design consideration.

s
m
T
a
t

ig. 1. Different drainage systems in The Woodlands. (a) Open surface drainage system
illages.
ering 36 (2010) 1639–1650

Although open surface drainage may provide an alternative to
onventional underground drainage in light of the rising flooding
roblems, very few subdivisions have implemented open surface
rainage at a large scale. One of the pioneers in the use of open
rainage systems is The Woodlands, Texas, a 10,930-ha new town
eveloped using McHarg’s ecological planning concept in the 1970s
WMRT, 1973a; McHarg and Sutton, 1975; Kim and Ellis, 2009).

cHarg’s environmental plan used open surface drainage to main-
ain the site’s natural hydrologic balance (WMRT, 1973b). Further,
he surface drainage channels were located where highly perme-
ble soils were present (WMRT, 1973b, 1973c, 1974).

McHarg coined the term “ecological plumbing” to represent
his open drainage solution (McHarg and Sutton, 1975). The

oodlands was a multidisciplinary project that encompassed plan-
ing, ecology, hydrology, meteorology, limnology, plant ecology,
tc. (WMRT, 1973a). In this new town development, McHarg’s
pproach was implemented from regional-scale planning to site-
cale design (McHarg and Sutton, 1975; McHarg and Steiner, 1998).
he Woodlands development provides an example that bridged
he gap between theories of ecology and subdivision planning
ractices, and it contributes to the new discipline of ecological
ngineering (Gattie et al., 2003).

The Woodlands survived storms in excess of 100-year levels in
979 and 1994 (Girling and Kellett, 2005). Despite the lack of scien-
ific evidence, the open drainage system is regarded as an important
actor in protecting the new town from flooding (Morgan and King,
987; Galatas and Barlow, 2004). Open surface drainage was imple-
ented in the first two suburban villages (Galatas and Barlow,

004). However, most homeowners did not like the rustic appear-
nce of the open drainage channels. To improve marketability, The
oodlands gradually shifted to conventional drainage practices

Gause et al., 2002; Galatas and Barlow, 2004). Fig. 1 shows different
rainage systems in The Woodlands in the early and later subdivi-
ions. After the conventional system was installed, The Woodlands
as flooded in 2000 (NOAA, 2000) and again in 2008 as a result of
urricane Ike (Madere, 2008).

The objective of this study is to compare The Woodlands’ two
rainage systems on their correlation with downstream floods. Pre-
ious studies of open drainage systems usually focused on site-level
cale (e.g., Horner et al., 2002; Villarreal et al., 2004). Studies con-
ucted at a larger scale have been few (Brander et al., 2004), and

ome studies used a modeling approach when controlled experi-
ent samples were not available (e.g., Girling and Kellett, 2002).

his study used empirical data to assess open drainage systems
t a watershed scale. Moreover, this study evaluated the sys-
em effectiveness, which was considered by the USEPA (1999)

in the first two villages. (b) Conventional underground drainage system in later
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Fig. 2. Panther Creek watershed development and

s less desirable in intense rainfalls (e.g., Texas coastal rainfall
attern).

. Study site

Fig. 2 shows the two sub-watersheds in comparison. Water-
hed #1 (22.3 km2) and Watershed #2 (67.1 km2) comprise the
anther Creek watershed—defined by the U.S. Geological Survey
USGS) gauge station #08068450. The majority of The Woodlands

s located within the Panther Creek watershed, and it lies com-
letely within Montgomery County, Texas. U.S. Interstate Highway
5 runs parallel to The Woodlands to the east and is a major trans-
ortation corridor connecting Houston (48 km away) to the south
nd Dallas/Fort Worth (338 km away) to the north. In 1972, The

w
(

o
w

ub-watersheds: Watershed #1 and Watershed #2.

oodlands development started downstream of the Panther Creek
nd evolved along the creek upstream.

It is important to note that Watershed #1 does not constitute
watershed in the common definition of watershed. Watershed
1 is the Panther Creek watershed excluding Watershed #2. This

s a working definition of Watershed #1 for the purpose of this
tudy. Watershed #1 includes approximately one third of the first
ubdivision—Village of Grogan’s Mill and the majority of the sec-
nd village—Village of Panther Creek. An open drainage system

as implemented in the first village and part of the second village

Kutchin, 1998; Galatas and Barlow, 2004).
Figs. 3–5 illustrate the design guidelines and built conditions

f the open surface drainage. Open drainage swales were placed
here soils with high infiltration capacities are available, and
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ig. 3. Swale design guideline which promotes impoundment on permeable soils.
PH (Splendora): poorly drained soil. Source: WMRT (1973c, p. 31).

heck dams were used to retard runoff and promote infiltration
Figs. 3 and 4) (WMRT, 1973c). Grassed waterways were used and
atural vegetated buffer zones were protected (Fig. 5) (WMRT,
973c). After development of the first two villages, open surface
rainage was still used in arterial roads and collectors but was
hanged to a conventional drainage system in subdivisions (Gause
t al., 2002).
Watershed #2 is defined by the USGS gauge station #08068400.
atershed #2 remained a pine forest when development started

n Watershed #1. Four villages—Alden Bridge, Sterling Ridge,
ochran’s Crossings, and Indian Springs—are located in Water-

ig. 4. Open surface drainage along collector streets. Check dams retard runoff and
ncourage impoundment on soils with good infiltration capacity. Also see Fig. 3.
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able 1
ata source, modification and analysis.

Data Source

Parcel Montgomery County Appraisal District
Road TNRIS websitehttp://www.tnris.state.tx.us/
Streamflow USGS website

http://www.usgs.gov/

Precipitation NCDC website http://www.ncdc.noaa.gov
k dams retard runoff and increase infiltration. BOY: medium to well-drained soil;

hed #2. Conventional drainage systems were installed in those
illages.

. Data

Three types of data were needed for this study: parcel, stream-
ow and precipitation. Parcel data reflect development conditions

n the watershed. Urban development introduces impervious cover
hat presents an important variable affecting watershed runoff.
enerally, the larger the development area, the larger the imper-
ious area and the more runoff generated (Schueler, 1994; Arnold
nd Gibbons, 1996; Booth and Jackson, 1997). Table 1 summarizes
ata source, modification, and analysis. The detailed procedure of
ata analysis is described in the following section.

.1. Impervious area

The Woodlands development included various types of imper-
ious areas, including roads, building footprints, sidewalks,
riveways, etc. The two primary types were residential buildings
nd roads. Residential development conditions could be reflected
y parcel data, which were obtained from Montgomery County
ppraisal District. However, parcel data do not provide the con-
itions of sidewalks and driveways. Estimation was done for these

mpervious areas and the procedure is introduced in Section 5.
Road information was obtained from the Texas Natural

esources Information System (TNRIS). There were several sources

or road information, such as TNRIS and the Texas Transportation
nstitute (TTI). However, none of them provided the year of road
onstruction. For a particular road, parcels adjacent to it were iden-
ified and sorted by year of construction. Then the earliest year
as assigned to that road, based on the assumption that the road

Explanation/modification/analysis

Provide annual development conditions
Provide road length, but no information of year built
Flowwatershed#1 = Flow#08068450 − Flow#08068400

Flowwatershed#2 = Flow#08068400

Analysis 1. Include lake detention effect
Analysis 2. Exclude lake detention effect
COOPID #411956 substitutes for WBANID #53910 in 1975–1976

http://www.tnris.state.tx.us/
http://www.usgs.gov/
http://www.ncdc.noaa.gov/
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Fig. 5. Construction principles for grassed drainage swales. A minimum buffer zone width is specified for major and minor swales. BOY: medium to well-drained soil; WA
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Waller): poorly drained soil; WAP (Waller ponded): very poorly drained soil. Sourc

as to be built for the parcel to be developed (Rogers and DeFee,
005).

.2. Streamflow

Streamflow data at USGS gauge stations #08068400 and
08068450 were downloaded from the USGS website. Due to data
vailability, data for water years 1975–1976 represented the early
hases of development and data for water years 2000–2002 repre-
ented the later phases. According to the USGS definition, a water
ear is from October of the preceding year to September of the
urrent year (i.e., water year 1975 = 10/01/1974 to 9/30/1975). For
oth watersheds, water years 1975–1976 and 2000–2002 were
xamined.

.3. Precipitation

Historical precipitation data that are coincident with flow data
ere obtained from the National Climatic Data Center website

NCDC). The Thiessen polygon method was used to estimate pre-
ipitation for both watersheds. Three weather stations (COOPID
411956, COOPIN #419067, and WBANID #53910) were identified
ccording to the Thiessen method. The area weighted percentage
f each station was used to calculate the composite precipitation
alue for each rainfall event.

Because station WBANID #53910 did not have data records for

ater years 1975–1976, data from the nearest station, COOPID
419067 (less than 7 km away), were used as a substitute. For both
atersheds, if one station had data missing for a sample day, that
ay was excluded from analysis. No attempt was made to estimate
he missing data.

l
#
s
t
d

RT (1973c, p. 19).

. Data treatment

.1. Streamflow

As aforementioned, Watershed #1 is not a typical watershed
n the hydrologic definition. Watershed #1 is a sub-watershed
ocated at the lower portion of the watershed defined by gauge
08068450 (see Fig. 2). With the assumption that the flow mea-
ured at the upstream gauge #08068400 incurred no loss in moving
ownstream, streamflow contributed solely from Watershed #1
an be calculated by subtracting flow at the downstream gauge
08068450 from flow at the upstream gauge #08068400:

1 = Qpc − Q2 (1)

here Q1 is the Watershed #1 daily mean streamflow (m3 s−1); Qpc

s the daily mean streamflow at gauge #08068450 (Panther Creek
atershed outlet) (m3 s−1); and Q2 is the daily mean streamflow at

auge #08068400 (Watershed #2 outlet) (m3 s−1).
For the same day, flow at the downstream gauge #08068450

s typically greater than flow at the upstream gauge #08068400, a
easonable result as more surface runoff would contribute to down-
tream areas. Only 19 negative flow values (2.6%; of 731 samples)
n water years 1975–1976 were found and removed from analy-
is. However, negative flow values were much more frequent in
ater years 2000–2002: 87 negative values (7.9%; of 1096) were

bserved. The reason for more negative values in water years
000–2002 than 1975–1976 may be attributed to the 92-ha Wood-
ands Lake (built in 1985) that intercepts the stream in Watershed
1. When the lake’s water level is low after a long dry period,
ubsequent rainfall must refill the lake before the downstream sec-
ion flows again. In this sense, the lake intercepts the flow and
etains it.
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Table 2
Variables in Eq. (2) to calculate precipitation depths needed to fill the lake and the reservoir from the normal water level elevations to the maximum water level elevations
in water years 2000–2002.

Variable Value Unit Explanation

P 45.4 (calculated) mm Precipitation depth needed to fill the lake
41.8 (calculated) mm Precipitation depth needed to fill the reservoir

Q 0.31 (calculated) mm Runoff volume of sub-watershed #1a

0.23 (calculated) mm Runoff volume of sub-watershed #2a

S 2.7 (calculated) mm Potential maximum watershed storage
Curve number 79 NA CN used for both sub-watershedsb

Alake/reservoir 918,030 m2 Area of The Woodlands Lake
205,904 m2 Area of the Bear Branch Reservoir

�Hlake/reservoir 0.3 m Elevation difference between the normal water level elevation and the
maximum water level elevation (lake bank elevation)c0.3 m

A 90,444,600 m2 Sub-watershed #1 area
26,986,500 m2 Sub-watershed #2 area

a Assuming a uniform depth of runoff across the watershed.
pprox
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Finally, the average depths from Method 1 and Method 2 were used
to determine the precipitation depths, and the results are presented
in Table 3.

Table 3
Estimated precipitation depths to fill the lake and reservoir using two different
methods.
b Using the average value of 2001 and 2005 CNs of Panther Creek watershed for a
c According to the original design documents (U.S. Army Corps of Engineers, 19

he lake bank elevation is 38.4 m (126 feet). The normal water level elevation of th
162 feet). There is a 0.3 m (1 feet) elevation difference in both water bodies.

Two flow datasets were prepared for Watershed #1. The first
ataset included The Woodlands Lake detention effect, whereas
he second dataset excluded this effect. The first dataset included
ll the data derived from Eq. (1) but excluded negative values. This
ataset was used for water years 1975–1976 and 2000–2002. The
econd dataset excluded the negative values and further excluded
ata samples when The Woodlands Lake intercepted a significant
mount of flow during its low water level periods. This set of data
as only used for water years 2000–2002.

Watershed #2 has the same stormwater detention issue as
result of the 21-ha Bear Branch Reservoir built in 1984. This

eservoir should have affected the measured flow in water years
000–2002. Similar to Watershed #1, two flow datasets were
repared for Watershed #2. The first dataset was used for both
ater-year periods, and the second dataset was used only for water

ears 2000–2002.

.2. Excluding lake/reservoir detention effect

Since The Woodlands Lake and the Bear Branch Reservoir will
ntercept subsequent stream flows after dry periods, it is impera-
ive to exclude the detention effect in order to evaluate the different
rainage systems. Two methods were used to exclude such effect,
escribed in the following subsections.

.2.1. Method 1
A user-defined point at the outlet of The Woodlands Lake

as used to delineate the lake contributing area—Sub-watershed
1. Rain falling onto Sub-watershed #1 should contribute to The
oodlands Lake. Similarly, a user-defined point at the outlet of

he Bear Branch Reservoir was used to delineate the reservoir con-
ributing area—Sub-watershed #2.

Assuming uniform precipitation throughout the watershed (or
ub-watershed), the depths to fill the lake and reservoir from the
ormal water level elevations to the maximum water level eleva-
ions were calculated using Eq. (2). Variables in Eq. (2) are listed in
able 2.

= (P − 0.2S)2

P + 0.8S
(2a)
= 1000
CN

− 10 (2b)

= Alake/reservoir × �Hlake/reservoir

A
(2c)
imation. 2001 CN = 77.6; 2005 CN = 80.4.
he normal water level elevation of The Woodlands Lake is 38.1 m (125 feet), and
r Branch Reservoir is 49.1 m (161 feet), and the reservoir bank elevation is 49.4 m

According to the original design, �Hlake/reservoir was given the
alue of 0.3 m (1 feet) in calculation. The calculated precipitation
epths were 45.4 mm for Watershed #1 and 41.8 mm for Water-
hed #2. These values were used to identify sample days when
he lake/reservoir was filled by rainfall. Seventeen samples were
dentified for Watershed #1, and 56 for Watershed #2. However, it

as found that 15 of the total 17 samples in Watershed #1 and 46
f the total 56 samples in Watershed #2 have streamflow values
wice as the base flow values. This result indicated that the lake
nd the reservoir have reached their maximum water level eleva-
ions after rainfall at the calculated depths. Method 1 thus yielded
alues much greater than what was needed to fill the lake and the
eservoir.

.2.2. Method 2
Method 2 used measured precipitation data to calculate the

epths, and the results were compared with the results obtained
y Method 1. In Method 2, the depths were estimated by averaging
recipitation values when corresponding flow values just increased
rom the base flow value to greater values. Under this condition,
he lake/reservoir was just filled up and no substantial additional
unoff was generated by these precipitation events. Certain crite-
ia were specified to target those precipitation samples. (1) On the
rst day when precipitation occurs, flow remains close to the base
ow (around 0.3 m3 s−1). (2) There is no precipitation or only mod-
st precipitation on the second day. (3) On the second day, flow
ecomes slightly greater than the base flow.

In total, 11 precipitation samples met the above criteria for
atershed #1, and 16 samples for Watershed #2. The average

epths from these samples were calculated for each watershed.
Rainfall depth (mm)

Method 1 Method 2 Avg. of Methods 1 and 2

The Woodlands Lake 45.4 37.9 41.7
Bear Branch Reservoir 41.8 21.2 31.5
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.3. Precipitation–streamflow data pair selection

Precipitation–streamflow data pairs were selected to assess
ow the watersheds responded to rainfall within different drainage
ystems. Following a long dry period, streamflow is usually lower
han the base flow because the arid soil absorbs much rain water
efore excessive runoff occurs. The precipitation–streamflow rela-
ionship was further complicated after 1985, when The Woodlands
ake and the Bear Branch Reservoir stormwater detention facilities
ere built.

For both water-year periods, precipitation–streamflow data
airs were assessed under two different conditions. For water
ears 1975–1976, the first condition was the watershed status quo
ondition. The second condition excluded the watershed’s dry peri-
ds. Similarly, for water years 2000–2002, the first condition was
he status quo condition, and the second condition excluded the
ake/reservoir detention effect.

.3.1. Water years 1975–1976 (early phases of development)
In the first condition (status quo), precipitation–streamflow

ata pairs were selected when precipitation was recorded. In the
econd condition, two criteria were established to exclude the dry
eriods. (1) Following a long dry period (e.g., a week), rainfall needs
o last at least two days, so that rainfall on the first day is able to
ncrease the soil moisture. If the flow is greater than the base flow
n the second day, the second day’s precipitation–streamflow data
air becomes eligible. (2) The first day precipitation–streamflow
ata pair is also acceptable, if flow on the first day is already greater
han the base flow when a rainfall event occurs on the first day.

.3.2. Water years 2000–2002 (later phases of development)
Likewise, the first condition (status quo) included

recipitation–streamflow data pairs if precipitation was recorded.
he second condition excluded data pairs influenced by the
ake/reservoir detention effect. If one of the following three cri-
eria is met, the lake or the reservoir is regarded to have reached
ts maximum storage capacity, and excessive runoff resulted from
ubsequent rainfall. (1) Precipitation from the first day must be at
east 41.7 mm to fill the lake or 31.5 mm to fill the reservoir. (2) It
s acceptable if the sum of rainfall depths from several consecutive
ays reaches the specified depths, but flow values during these
ays must be consistently greater than the base flow value. (3)

t is also acceptable if the first-day precipitation is less than the
equired precipitation, but the flow is greater than the base flow.
his indicates the watershed is experiencing a wet period before
his rainfall event.

. Analysis

.1. Impervious area

In land use planning, three methods are generally used to
apture the impervious surface area of development: (1) use par-
el data to quantify the impervious area (Alley and Veenhuis,
983; Rogers and DeFee, 2005), (2) classify Landsat remote sensing

magery to extract the impervious area (Alberti et al., 2007; Shandas
nd Alberti, 2009), and (3) digitize high-resolution aerial pho-
ographs to delineate the impervious area (Light, 1993; Jennings
nd Jarnagin, 2002).

This study used the first method to calculate the impervious

rea from 1972 to 2002 using the Geographic Information System
GIS). GIS parcel data provide the parcel boundary and location,
arcel area, building type, year built, and building square footage.
orting these data by year built provides the state of development
n the watershed each year. Road surface area was estimated by

2
w

w
i
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ultiplying the road length with the average width of the roads
n the watershed (Rogers and DeFee, 2005). Another component of
mpervious areas is the sidewalk. A majority of the development
as sidewalks on both sides of the road. Hence, the road length
as doubled as the sidewalk length. The sidewalk area was then

stimated by multiplying the length with the average width of
idewalk.

Finally, estimation was made for the driveway impervious area.
revious studies have used the number of garage stalls multiplied
y the average width (3 m) of the driveway (Stone, 2004; Stone
nd Bullen, 2006). However, parcel data for The Woodlands do
ot provide driveway information. As frontyard setback distance
as specified by The Woodlands Residential Development Stan-
ards: “a garage or garage addition must be set back at least 16 feet
4.88 m) from the side property line” (Community Associations of
he Woodlands, 1996, Section 2.1, p. 14), this setback distance was
ultiplied by the width of a two-stall garage (6 m) to approximate

he driveway impervious area, calculated by Eq. (3):

riveway area (m2) = front-yard setback (m) × 3m

× number of garage stalls (3)

This driveway area was multiplied by the total number of
arcels in the watershed to estimate the total driveway areas.

.2. Watershed runoff volume

Annual mean runoff depth was calculated for the five water
ears. Watershed runoff depth (m) is calculated by dividing the
otal runoff volume (m3) by the watershed area (m2). This method
ssumes a uniform depth of water falling onto the watershed. In
his way, the flow volume is standardized and becomes compara-
le. The runoff depth was calculated using Eq. (4):

= Qi × t

A
(4)

here H is the watershed annual runoff depth (m); Qi is the annual
ean flow at year i (m3 s−1); t is a constant, 31,536,000 s, the total

umber of seconds in a year; and A (m2) is the watershed area.

.3. Streamflow response

A daily streamflow response value was created for streamflow-
recipitation data pairs when precipitation was recorded (Jennings
nd Jarnagin, 2002). The streamflow response (m3 s−1 m−1) value
s calculated by diving mean daily streamflow (m3 s−1) by daily
recipitation (m). “Streamflow response value allows for a uni-
ed term for the data pair in which changes in streamflow as a
esult of variations in precipitation could be comparable for histor-
cal data” (Jennings and Jarnagin, 2002, p. 476). The average annual
treamflow response value was calculated for each water year.

.4. Precipitation–streamflow correlation

Three sets of correlation analyses were conducted to reflect the
atershed characteristics using different drainage systems. The
rst set of correlation analysis provided an overall comparison of
he two watersheds. For water years 1975–1976, correlation anal-
sis was conducted for the watershed status quo condition and the
ondition in which the dry periods were excluded. For water years

000–2002, the function of large stormwater detention facilities
as assessed.

The second set of correlation analysis was conducted only for
ater years 2000–2002. The purpose was to compare the flood mit-

gation effectiveness of different drainage systems together with
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arge stormwater detention facilities. Correlation analysis was con-
ucted on a daily basis for precipitation–streamflow data pairs

f precipitation >0 mm. Precipitation data were further grouped
nto two categories: >0 mm and >6 mm. The first category (>0 mm)
tands for all rainfall events. The second category (>6 mm) includes
oderate and large rainfall events (Jennings and Jarnagin, 2002).
The third set of correlation analysis was also conducted only

or water years 2000–2002. It aimed at evaluating flood mitiga-
ion effectiveness solely from different drainage systems. Finally,
orrelation analysis evaluated the daily precipitation–streamflow
elationship and the relationship between yesterday’s precipita-
ion and today’s streamflow (Rogers and DeFee, 2005).

It was found that in water years 2000–2002, Watershed #1
treamflow sometimes did not reach the highest value on the
ame day as when a large rainfall occurred. A peak flow emerged
n the second day. However, this phenomenon was less fre-
uently observed in Watershed #2 in this period. This is perhaps
ecause Watershed #1’s open drainage system detained runoff and
resented a lag time after rainfall, whereas Watershed #2’s con-
entional drainage system discharged runoff efficiently without
etaining it.

. Results

.1. Impervious area

Development conditions in Watershed #1 and Watershed #2
re presented in Fig. 6. By the end of 2002, there were 355 ha
877 acres) of impervious area in Watershed #1 and 743 ha
1835 acres) in Watershed #2. These areas accounted for 15% and
1% of Watershed #1 and Watershed #2 areas, respectively. It is

mportant to note that Watershed #1 contains 93 ha (203 acres)
f The Woodlands Town Center commercial area. This commer-
ial area presents a high percentage of impervious cover and will
dversely impact the effectiveness of the open drainage system.

.2. Watershed runoff volume

The annual runoff depths of five specific water years are shown
n Fig. 7. Two trends emerged in this analysis. The first trend

as that Watershed #1 has a lower runoff depth than Water-
hed #2 in each year examined—meaning less runoff volume has
een generated from Watershed #1. The second trend was that a
oteworthy increase in runoff depth occurred in Watershed #2 in
he later phases of development. In the early phases (1975–1976),
atershed #2’s runoff depths were around three times those of
atershed #1. However, in the later phases (2000–2002), these

atios increased to five to eight times.
Because Watershed #2 has a lower percentage of impervious

rea than Watershed #1, more runoff volume from Watershed

ig. 6. Cumulated percentage of impervious area in Watershed #1 (open drainage)
nd Watershed #2 (conventional drainage).

t
p
a
s
s
s
t

F
W

ig. 7. Surface runoff depths of Watershed #1 (open drainage) and Watershed #2
conventional drainage).

2 could be attributed to the differences in drainage designs. In
atershed #1, the open drainage system and The Woodlands Lake

etained a large amount of water for infiltration and evapotran-
piration. Conversely, in Watershed #2, the pipe drainage system
acilitates runoff without detaining it—counteracting the detention
unction provided by the Bear Branch Reservoir.

.3. Streamflow response

Fig. 8 shows the streamflow response values and the annual
recipitation in the two watersheds. Precipitation values were
imilar in the two watersheds in each year examined. However,
he streamflow response values presented differences in the later
hases of development. Likewise, two trends emerged in this anal-
sis. The first trend was that the streamflow response values
emained low in the early phases in both watersheds. The sec-
nd trend was that the value increased at a much greater rate in
atershed #2 than in Watershed #1 in the later phases.
In 2002, the Watershed #2 streamflow response value was

ore than nine times that of Watershed #1—indicating more flashy
treamflow after development. Given the fact that Watershed #2
as less percentage of impervious area than Watershed #1, thus
he conventional drainage system has altered Watershed #2 to be

ore sensitive in response to rainfall than Watershed #1.

.4. Precipitation–streamflow correlation analysis

Four sets of correlation analyses were conducted and
he results are presented in Tables 4–6. The first set of
recipitation–streamflow correlation analysis was conducted on

daily basis, and Pearson’s correlation coefficients (r) are

ummarized in Table 4. In the early phases, when both water-
heds maintained forest conditions, streamflow and precipitation
howed little correlation—low r values. Also, there was little varia-
ion in correlation between the dry and wet periods.

ig. 8. Annual precipitation (m) and streamflow response value (m3 s−1 m−1) of
atershed #1 (open drainage) and Watershed #2 (conventional drainage).
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Table 4
Correlation analysis of precipitation (>0 mm) and daily mean streamflow.a.

Water year Watershed Precipitation (>0 mm)

Correlation
coefficientb

Sample
number

1975–1976 #1 0.35 193
Before excluding

dry periods
#2 0.26 209

1975–1976 #1 0.35 158
After excluding

dry periods
#2 0.39 116

2000–2002 #1 0.17 379
Before excluding

lake detention
effect

#2 0.48 483

2000–2002 #1 0.10 43
After excluding

lake detention
#2 0.61 90

s
W
m
I
W
c
b

f
o
d
r
s

f
(
f
s
b
r
t
W
t
w

f
l
m
t
W

fi
a higher precipitation–streamflow correlation than Watershed

T
C

T
C

s

s

effect

a Hurricane Allison on 6/9/2001 was excluded as an outlier.
b Correlation coefficient: Pearson’s coefficient “r”.

In the later phases, the correlation remained low in Water-
hed #1 but increased to be much higher in Watershed #2. Hence,

atershed #1 stormwater management strategies seemed to be
ore effective than those of Watershed #2 in mitigating flood.
n other words, the open drainage system together with The
oodlands Lake detained water more effectively than did the

onventional drainage system and the Bear Branch Reservoir com-
ined. The lake and the reservoir performed a similar detention

#
v
t
d

able 5
orrelation analysis of precipitation and streamflow before excluding lake/reservoir deten

Water year Watershed Precipitation

>0 mm

Correlation coefficientb Sa

2000 #1 0.03
#2 0.69

2001 #1 0.03
#2 0.36

2002 #1 0.42
#2 0.54

a Hurricane Allison on 6/9/2001 was excluded as an outlier.
b Correlation coefficient: Pearson’s coefficient “r”.

able 6
orrelation analysis of precipitation and streamflow after excluding the lake/reservoir de

Model Watershed Precipitation

>0 mm

Correlation coefficientb S

Daily modelc

Mean flow #1 0.11 4
#2 0.61 9

Max. flow #1 0.07 4
#2 0.62 9

Lagged modeld

Mean flow #1 0.42 1
#2 0.29 4

Max. flow #1 0.55 1
#2 0.21 4

a Hurricane Allison on 6/9/2001 was excluded as an outlier.
b Correlation coefficient: Pearson’s coefficient “r”.
c Daily model: Y = a + bX. The independent variable is X: precipitation (mm). The depend

treamflow were used as the dependant variable Y.
d Simplified lagged model: Y = a1 + b1X1. The independent variable is X1: precipitation

treamflow and daily maximum streamflow were used as the dependant variable Y.
ering 36 (2010) 1639–1650 1647

unction. However, the conventional drainage system adversely
ffset the reservoir’s detention effect. After The Woodlands Lake
etention effect was excluded, low precipitation–streamflow cor-
elation was still observed in Watershed #1. The open drainage
ystem alone suggested a viable stormwater detention solution.

The second set of analysis included yearly analysis and rain-
all intensity categorical analysis, and the correlation coefficients
r) are listed in Table 5. This set of analysis was conducted only
or water years 2000–2002. As aforementioned, precipitation-
treamflow data pairs were further divided into two categories
ased on precipitation values >0 mm and >6 mm. Similar to Table 4
esults, Watershed #1 responded to rainfall in a manner similar
o its predevelopment forest condition (low r values). Conversely,

atershed #2 presented high precipitation–streamflow correla-
ions during 2000–2002 when the conventional drainage system
as installed (high r values).

The third set of correlation analysis was also conducted only
or water years 2000–2002, and the correlation coefficients (r) are
isted in Table 6. This set of analysis aimed at evaluating the flood

itigation effectiveness solely provided by drainage systems. In
his analysis, soil was saturated and the detention effects of The

oodlands Lake and the Bear Branch Reservoir were excluded.
Two models were used: the daily model and the simpli-

ed lagged model. In the daily model, Watershed #2 showed
1 for both rainfall intensities examined, indicating a situation
ulnerable to flooding. In contrast, Watershed #1 showed lit-
le precipitation–streamflow correlation, suggesting that the open
rainage system was effective in detaining runoff.

tion effect.a.

>6 mm

mple number Correlation coefficientb Sample number

98 0.06 19
134 0.67 36

161 0.03 47
191 0.24 68

120 0.38 31
156 0.55 53

tention effect.a.

>6 mm

ample number Correlation coefficientb Sample number

3 0.32 25
0 0.52 65
3 0.17 25
0 0.55 65

6 0.30 11
4 0.20 36
6 0.48 11
4 0.14 36

ant variable is Y: streamflow (m3 s−1). Daily mean streamflow and daily maximum

of yesterday (mm). The dependant variable is Y: streamflow (m3 s−1). Daily mean
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ig. 9. Pearson’s correlation coefficients (r) of precipitation (>0 mm) and daily mean
1 (open drainage), (b) Watershed #2 (conventional drainage).

The simplified lagged model further demonstrated the lag-
ime effect, since the slope and the flow path length are similar
n the two watersheds. In this model, Watershed #1 showed a
igher precipitation–streamflow correlation than Watershed #2.
his means peak flow was less likely to occur on the same day
s when a large rainfall emerged in Watershed #1. In Watershed
1, yesterday’s precipitation was a better predictor than today’s
recipitation for today’s streamflow. In Watershed #2, however,
esterday’s precipitation and today’s streamflow showed little cor-
elation. This means that Watershed #2 discharged runoff faster
han Watershed #1 instead of detaining it. This set of analysis
howed that when the detention effect of the lake/reservoir was
xcluded, the open drainage system presented an advantage over
he conventional drainage system in mitigating flood.

The fourth set of analysis enumerated precipitation–streamflow
orrelation coefficients (r) as precipitation increases. It
rovided a comprehensive correlation analysis for all the
recipitation–streamflow data pairs. This analysis demon-
trated the incremental change of the correlation and minimized
he potential bias due to the precipitation intensity thresholds
pecified (e.g., precipitation >6 mm indicates a large rainfall).

Figs. 9 and 10 present the scatterplots obtained from the daily
odel. Fig. 9 showed that before excluding the lake detention

ffect, r values remained low, near zero, in Watershed #1, regard-
ess of the precipitation intensities. In Watershed #2, it was evident
hat r values increased as precipitation increased. Fig. 10 showed
similar trend; that is, after excluding the lake detention effect,

values remained low in Watershed #1, but the values increased

n Watershed #2 as rainfall intensity increased. Also, comparing
onditions before and after excluding the lake detention effect, the
orrelation became much higher in Fig. 10 than in Fig. 9, particularly
uring a large rainfall.

c
r
i
A
v

ig. 10. Pearson’s correlation coefficients (r) of precipitation (>0 mm) and daily mean stre
1 (open drainage), (b) Watershed #2 (conventional drainage).
mflow during 2000–2002, before excluding the lake detention effect. (a) Watershed

. Discussion

The open drainage system can detain stormwater runoff for
nfiltration in addition to its drainage function, whereas the
onventional drainage system aims at passing runoff down-
tream as fast as possible. After development, there was a
6% runoff volume increase in Watershed #1 (open drainage).
owever, a much greater increase, 110%, was found in Water-

hed #2 (conventional drainage). Land with high permeable
oils (e.g., sandy soils) accounted for 49% of Watershed #1 area
nd 35% of Watershed #2 area, and by 2002, impervious areas
ccounted for 15% and 11% of Watershed #1 and Watershed #2
reas, respectively. Intuitively, these differences are not signifi-
ant enough to engender such a vast difference in runoff (26%
ersus 110%). Thus, the difference in runoff volume could be
argely attributed to the difference between drainage designs.
ompared with conventional drainage, open drainage enabled
ore water to infiltrate and evaporate before discharging down-

tream.
Streamflow response analysis further illustrated that the con-

entional drainage watershed presented a high runoff increase per
nit of precipitation. Obviously the conventional drainage system
as exerted a much greater impact on the natural flow regime
han the open drainage watershed. Natural streams became flashy
hannels in the conventional drainage watershed and suggested a
ondition prone to flooding. In contrast, in the open drainage water-
hed, streamflow peaks occurred with a longer lag time than in the

onventional drainage watershed. The open drainage watershed
esponded to rainfall in a manner similar to its forest conditions,
n which streamflow did not necessarily increase when it rained.
lthough the Bear Branch Reservoir helped detain runoff in the con-
entional drainage watershed, the conventional drainage system

amflow during 2000–2002, after excluding the lake detention effect. (a) Watershed
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fficiently conveyed runoff downstream and muted the detention
ffect of the reservoir.

Moreover, the yearly correlation analysis showed that the com-
ined effect of the open drainage system and The Woodlands
ake was consistently more effective in detaining water than the
onventional drainage system combined with the Bear Branch
eservoir. The Woodlands Lake (92 ha) and the Bear Branch Reser-
oir (21 ha) were designed as flood control devices (U.S. Army
orps of Engineers, 1982). After excluding the lake/reservoir deten-
ion effect, a much higher precipitation–streamflow correlation
merged in the conventional drainage watershed, showing the
ositive flood mitigation function the reservoir could provide and
he negative impacts on this function the conventional drainage
ystem could cause. The Woodlands Lake has played an impor-
ant role in detaining runoff in the open drainage watershed. But
ven without the lake, the open drainage system maintained a low
recipitation–streamflow correlation. Moreover, the lagged model
howed the elongated lag time this drainage system could bring.

Prior to the construction of The Woodlands Lake (1985), The
oodlands survived storm in excess of 100-year levels in 1979
ith little property damage (Girling and Kellett, 2005). Although
ot based on scientific study, it was believed that the open drainage
ystem played a vital role in protecting The Woodlands in this sig-
ificant event (Morgan and King, 1987; Galatas and Barlow, 2004).
ome other storms also help explain the effectiveness of this open
rainage system. On September 28, 1987, southern Montgomery
ounty experienced a 130-mm rain. High water and flooding were
eported along Panther Creek. The city of Oak Ridge North to
he east of The Woodlands and Timber Ridge subdivisions to the
outh of The Woodlands were flooded. In contrast, no flooding was
bserved in The Woodlands (NOAA, 1987). In 1994, a 500-year level
torm occurred in The Woodlands, with over 890 mm of rain falling
ithin 36 h. Again, the open drainage system successfully endured

his significant event (Galatas and Barlow, 2004).
After The Woodlands took a different approach in drainage

esign, especially after its ownership was changed in 1997, home-
wners started to complain about the flooded streets during large
torms (Haut, 2006). On April 2, 2000, The Woodlands had consid-
rable street flooding and many roads became impassable (NOAA,
000). Again in the 2008 Hurricane Ike, a large territory of The
oodlands was flooded. The western Woodlands, developed with

he conventional drainage system, was severely flooded. A number
f streets and thoroughfares became impassable after the hurricane
Madere, 2008).

The study also provided some suggestions for planning and
esign practices. Two issues emerged. The first issue is that loca-
ion is an important design consideration of developing surface
rainage (USEPA, 1999; Villarreal et al., 2004). Open drainage
hannels in The Woodlands were designed in conjunction with
irculation systems, soil characteristics, and site drainage pat-
erns. Check dams were integrated with grading plans to ensure

aximum infiltration and groundwater recharge (WMRT, 1973a,
973c). The second issue is that the combined effect of several BMPs

s better than that of a stand-alone BMP (USEPA, 1999). This study
howed that open drainage swales could be used as a stand-alone
MP but are more effective if used together with large detention

acilities. Also, open drainage swales in The Woodlands demon-
trated effectiveness in detaining runoff during large storms, and
his finding contributed to the USEPA swale design guidelines.

Nevertheless, the research design could not address several

onfounding factors and presented some limitations. One of the
imitations was the Thiessen polygon method used for estimat-
ng precipitation. The Thiessen method assumes uniform rainfall

ithin delineated polygons. However, there were cases when flow
alues increased enormously while no precipitation records were

d
f
B
f
w

ering 36 (2010) 1639–1650 1649

hown. Because of the localized rainfall pattern in Texas, it is pos-
ible that a rain occurred within a watershed but was not captured
y its nearest weather station. Due to the limitation of the Thiessen
olygon method, there are inconsistency in the results of stream-
ow response analysis and precipitation–streamflow correlation
nalysis.

Another limitation was the difficulty of fully capturing the
mpervious area in the watershed. The sum area of building foot-
rints, roads, sidewalks, and driveways provided an approximation
f the impervious surface. In this regard, the available data meant
o show the general trend of development. Some other components
f impervious cover were obscured in the analysis (e.g., parking lot,
ot lot playground, and various other pavement areas).

Finally, using watershed as a unit of analysis made it difficulty
o delineate watersheds that were ideal for the scope of study. On
ne hand, Watershed #1 includes a large portion of The Wood-
ands Town Center, a commercial area with large impervious areas.
he Town Center shall undermine the effectiveness of the open
rainage system demonstrated in the results. On the other hand,
atershed #1 contains less than one third of the Village of Grogan’s
ill, the only village that strictly used McHarg’s open drainage

esign. In short, the effectiveness of the open drainage system was
ot fully illustrated due to limitations of the research design.

. Conclusions

This study evaluates the ecological engineering principles used
n drainage designs in The Woodlands new town development.
his study provides evidence that the open drainage system effec-
ively mitigates floods while conventional one does not. The open
rainage system generates less runoff volume and increases the

ag time to reach peak flow. Therefore, the open drainage system
resents a viable alternative to the conventional drainage system

n urban development, particularly in the Houston area, where
nnual hurricane generates intense precipitation in short dura-
ions. Although clay soil will hinder stormwater infiltration, the
pen drainage swale provides greater storage than the curb-and-
utter drainage system. Moreover, the meandering shape of swales
longates the time for runoff to reach streams.

McHarg’s open drainage design mimics the natural hydrologic
ycle so that the impact of urban development on the watershed
ould be minimized. This innovation, however, did not come easily.
ultural preferences sometimes transcend the ecological benefits

n the design decision-making process. Such has been the case in
he Woodlands when the open drainage system was changed to
he conventional drainage one because of its lack of popularity
mong homeowners (Kutchin, 1998; Galatas and Barlow, 2004).
he well-protected pine forest may give homeowners and visi-
ors an impression that this town is developed in harmony with
ature, but the less visible ecological values that open drainage
ould bring are often beyond what the general public could com-
rehend. It takes time for the general public to value and appreciate
he ecological design innovations.

This study also suggests that large detention facilities, such as
he Woodlands Lake and the Bear Branch Reservoir, present an
ffective stormwater management strategy. In addition, using a
ombination of several BMPs (e.g., open drainage system and The

oodlands Lake) is a better strategy. Also, the location of the open
rainage channels and the detention facilities present important
lanning and design considerations. McHarg placed the open

rainage channels where high permeable soils were available
or stormwater infiltration. The Woodlands Lake and the Bear
ranch Reservoir were also strategically located to collect runoff

rom different drainage zones. Future study shall investigate how
atersheds respond during single intense storms and whether the
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