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FIELD TEST OF GRASSED-SWALE PERFORMANCE IN REMOVING

RUNOFF POLLUTION

By Shaw L. Yu,1 Jan-Tai Kuo,2 Members, ASCE, Elizabeth A. Fassman,3 and Henry Pan4

ABSTRACT: The paper presents results of field tests, conducted in Taiwan and Virginia, of the pollutant removal
efficiencies of grassed swales. Swales are a low-cost storm-water best management practice (BMP) that have
been reported as a cost-effective method for controlling runoff pollution from land surfaces, especially highways
and agricultural lands. The Virginia experiments tested a highway median swale, while the Taiwan experiments
were conducted on an agricultural test farm. Average pollutant removal efficiencies reported for the test swales
vary from 14 to 99% for total suspended solids (TSS), chemical oxygen demand (COD), total nitrogen (TN),
and total phosphorus (TP). The wide range of performance results indicates the importance of such design
parameters as length, longitudinal slope, and the presence of check dams. Minimum design guidelines for use
of swales as a BMP are suggested.
INTRODUCTION

Grassed swales are increasingly being employed as a storm-
water best management practice (BMP) for runoff quantity and
quality control. The primary mechanisms for pollutant removal
in swales are filtration by the vegetation, settling of particu-
lates, and infiltration into the subsurface zone. As runoff trav-
els through a swale, the vegetation reduces peak velocity while
infiltration reduces flow volume. Attenuation of runoff flow
promotes pollutant removal. In practice, check dams are some-
times placed in grassed swales to increase the detention time
and to create a ‘‘mini-storage’’ effect.

Effectiveness of a swale as a BMP is therefore highly de-
pendent on design characteristics such as length, longitudinal
slope, and the presence of check dams. Each factor influences
detention time, and hence treatment efficiency. Most studies
show that long swales with gradual slopes are more effective
at removing pollutants because of increased time for settling
and physical sites for infiltration. (Kaighn and Yu 1996; Wa-
tershed Protection Techniques 1996; Patron 1998). Ponding of
water behind check dams further enhances infiltration and set-
tling by temporarily blocking the flow of water. Yu et al.
(1994) presented a compilation of various studies’ design
guidelines, which recommended maximum 5% longitudinal
slope; 30 to 60 m length; 0.6 m bottom width; soil with high
infiltration rate; dense, deep-rooted, flood-tolerant vegetation;
and the inclusion of check dams.

Kaighn and Yu (1996) compared swales of equal length but
having different slopes. One of the swales also contained a
check dam. Results indicated that pollutant removal was im-
pacted more by the presence of the check than by changes in
slope. Yousef et al. (1985) also concluded that inclusion of
check dams in swale design would have a significant impact
on pollutant removal performance.

Pollutant removal efficiencies of swales reported in the lit-
erature covers a wide range. (Yousef et al. 1985; Kaighn and
Yu 1996; Watershed Protection Techniques 1996; Barrett et al.
1998; Patron 1998). In general, swales show good perfor-
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mance for removal of large particles, such as suspended solids
(TSS); however, during intense storms, settled particles are
potentially subject to resuspension, resulting in net export of
pollutant. Export of pollutants has also been reported for nu-
trients. Investigation of total phosphorus (TP) and total nitro-
gen (TN) removal for swales has indicated that the vegetation
itself or fertilization might contribute to nutrient loads, partic-
ularly after mowing (Patron 1998).

Even though not all studies show positive results in terms
of water quality improvement, swales are an attractive option
for agencies such as departments of transportation since they
are easily incorporated into the landscape, such as in highway
medians. Minimal maintenance requirements include mowing
and periodic inspection to assess vegetative health and fill in
eroded paths. Swale construction costs are estimated at $5 to
$15 per linear foot, which makes them a cost-effective option
for storm-water management if performance is acceptable (Pa-
tron 1998). An analysis of design criteria, therefore, is war-
ranted to render swale applications as effective as possible for
storm-water management.

CASE STUDIES

Site Descriptions

Taiwan

The Taiwan experiments were conducted in 1997 on an ag-
ricultural experiment farm site of the National Taiwan Uni-
versity. The test swale (Fig. 1) was 30 m with a longitudinal
slope of 1%. A triangular weir was placed at the swale mid-
point and outlet to facilitate flow measurement. The midpoint
weir also served as a check dam. Synthetic runoff with pre-
scribed pollutant concentrations and flow rate was fed to the
swale from two 5-ton storage tanks. Tests were run with and
without the midpoint check dam. Automatic and manual sam-
pling techniques were employed in the experiments.

Virginia

Field testing of swales occurred in the summer of 1997 in
Northern Virginia. The Goose Creek (heretofore referred to as
GC) swale is located in the median of State Route 7, which
is subject to an average daily traffic (ADT) of approximately
39,000 vehicles per day. Swale testing was performed during
highway construction in the immediate drainage area, as
shown in Fig. 2. The total length of the GC swale is 274.5 m,
with a 3% longitudinal slope and check dams located at 175
and 237.5 m from the swale inlet. Runoff that does not infil-
trate into the swale is conveyed via storm sewer at the swale
outlet for ultimate discharge to a scenic river.
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FIG. 1. 30 m Test Swale with 1 Check Dam at Taiwan Site

FIG. 2. Goose Creek Swale and Check Dam System

Methodology

Taiwan

As described above under ‘‘Site Descriptions,’’ synthetic
runoff with prescribed pollutant concentrations and flow rate
was used in the swale experiments. Samples were taken man-
ually and with automatic samplers at 5–10 min intervals. Each
water sample was collected and analyzed individually in ac-
cordance with the QA/QC requirements specified by the Tai-
wan Environmental Protection Administration, which were
based mainly on the Standard Methods for the Examination of
Water and Waste Water.
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TABLE 1. Pollutant Mass Removal for Test Swales: TSS, COD, TN,
and TP

Experiment
Length

(m)

Mass Removal (%)

TSS COD TN TP

TA check dam 15 75.2 55.7 24.2 41.2
outlet 30 69.7 62.9 20.9 76.9

TB check dam 15 74.4 48.0 13.6 34.0
outlet 30 86.3 45.6 23.1 58.1

TC outlet 30 47.7 33.9 20.0 50.3
TD outlet 30 67.2 42.7 13.8 28.8
GC upper 238 29.7 NT NT 73.4
GC lower 99 97.2 NT NT 96.8
GC entire swale 274.5 94.0 NT NT 98.6

Note: ‘‘T’’ designates Taiwan Swale; ‘‘GC’’ designates Virginia Swale;
NT = not tested.

Virginia

Site conditions permitted only manual sampling techniques.
Storm samples were collected June 18, July 22, and August 4,
1997, at four locations along the swale—at the edge of pave-
ment near the inlet, downstream of each check dam, and at
the outlet. For each storm event monitored, sampling began
after 0.25 cm (0.1 in.) of rainfall accumulation, provided run-
off was generated. For every 0.25 cm of accumulation there-
after, samples were taken at each location above where runoff
occurred and the time was recorded. Samples were analyzed
for TSS according to Standard Methods for the Examination
of Water and Wastewater, 19th Edition, Method 2450D Total
Suspended Solids Dried at 103–1057C (1995). Total phospho-
rus was analyzed according to Hach Method 8190, equivalent
to U.S. EPA Method 365.2 and Standard Methods 4500-PB
(5) and 45000-PE for wastewater.

Highway runoff flow into the swale was calculated using
the rational formula, which is appropriate for small water-
sheds. Lateral flow into the swale was included in calculation
of total runoff volume. Flow through the swale was deter-
mined using Manning’s Equation, with the coefficient of
roughness as prescribed from results of other swale studies
(Yousef et al. 1985) and the continuity equation. It is important
to note that since actual flow measurement was not possible,
because of site limitations, calculation of flow through the
swale does not account for runoff volume reduction due to
infiltration. Therefore, pollutant mass removal for storms that
were large enough to discharge runoff to the outlet is most
likely underestimated. Mass removal was calculated according
to flow weighting of sample concentration and the total flow
through the swale. One hundred percent mass removal was
assumed for storms that did not produce flow at the outlet (i.e.,
all runoff was infiltrated into the soil).

Precipitation data was collected on-site for most storms.
Equipment failure during one storm resulted in inaccurate
measurements. Precipitation data collected at Dulles Interna-
tional Airport (approximately 11.3 km from the site) was sub-
stituted for on-site data for this storm.

RESULTS

Results of field tests are found in Table 1. Mass balance
calculations were calculated for all events where accurate flow
measurements were possible. Four scenarios (TA, TB, TC, TD)
were tested at the Taiwan site. TA and TC were conducted
with inlet flows of 4.2 3 1023 m3s21 and 4.0 3 1023 m3s21,
resulting in detention times of 7 min and 5.5 min, respectively.
TB and TD were conducted with inlet flows of 0.86 3 1023

m3s21 and 0.9 3 1023 m3s21 and detention times of 18 min
and 10 min, respectively. The Virginia data represent average
pollutant removal efficiencies at the GC swale for three storms.
The extensive length and presence of several check dams al-
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lowed for analysis of shorter segments of the swale, which
reflect lengths more often reported in the literature. The upper
GC swale was considered as the segment of the swale from
the inlet to the second check dam for a total length of 238 m.
The lower GC swale was the segment from the first check
dam to the swale outlet for a total length of 99 m.

DISCUSSION

Taiwan Swale

Inspection of the table reveals several performance charac-
teristics of the test swale. The most prominent swale feature
that enhanced pollutant removal was the presence of the check
dam in experiments TA and TB. For all pollutants tested, re-
moval over the entire length of the swale was higher than for
tests without the check dam (TC and TD). Comparison of tests
performed at equal inflow rates (TA and TC, paired, and TB
and TD, paired) indicates that mass removal at the check dam
in most cases was higher than at the outlet for the no–check
dam experiments. Flow retardation due to the check dam in-
creases detention time, thereby enhancing sedimentation and
contact time, and hence pollutant removal. For the low-flow
case (TB and TD), detention time is almost doubled with the
check dam. The check dam cases showed the greatest improve-
ment TP reduction. Outlet removals less than check dam lo-
cation removals are most likely due to resuspension of settled
particles near the outlet or export of plant detritus, such as
grass clippings. There was no significant difference in mass
removal for COD between check dam and no–check dam
cases.

Since the mass balance analysis incorporates flow volume,
removal of pollutants can also indicate volume reduction. As
runoff travels the length of the swale, runoff volume and pol-
lutant concentration decreases because of infiltration and set-
tling. Check dams enhance the amount of reduction.

Virginia Swale

Of the sections of the GC swale presented in table, the upper
GC swale showed the poorest average pollutant removal effi-
ciency. Edge of pavement samples collected at the site re-
vealed high pollutant concentrations, particularly for TP. The
upper section was subject to the greatest loads and, hence, one
would expect reduced performance for this type of BMP.
Short-circuiting of the system via lateral inflow may have also
contributed to export of TP during the August storm and export
of TSS during the June and August storms. The mass balance
presented herein is a conservative estimate of performance
since calculation of volume reduction was not possible. There-
fore, actual export of pollutants during these storms may be
less than as indicated, thereby reflecting overall improved per-
formance of the system.

The lower section and the entire swale showed good per-
formance as a stormwater BMP. The trend demonstrates the
significance of swale length and the presence of check dams
in terms of quantity and quality of improvements.

An important feature of the GC swale was its ability to
infiltrate larger volumes of runoff, compared with other
swales. The longer-than-average length and the presence of
two check dams caused complete infiltration of runoff (and
therefore 100% removal of pollutants) for storms with less
than approximately 12.7 mm total precipitation. Complete in-
filtration of runoff was reported for two 30 m swales from
storms with less than 5 and 7 mm total precipitation (Kaighn
and Yu, 1996). Kercher et al. (1983) reported 99% removal of
pollutants measured for an extensive swale system, with only
3 out of 13 storms producing outflow. For geographic regions
subject to frequent light rainfall, which results in long-dura-
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FIG. 5. Regression Curve Showing Relationship between Swale
Length and Zinc Pollutant Removal (Kaighn and Yu 1996)

FIG. 4. Relationship between Swale Total Phosphorous Removal Ef-
ficiency, Length, and Slope

FIG. 3. Relationship between Swale Total Suspended Solids Removal
Efficiency, Length, and Slope (Important: Curves Are Meant to Show
Estimated Trends; They Are Not Absolute Relationships)

tion, low-intensity storms, swales can be highly effective for
pollutant removal.

SWALE DESIGN AND POLLUTANT REMOVAL

Often regulations are written in terms of sediment and phos-
phorus removal. The data presented in this report were com-
bined with results of eight studies found in the literature to
demonstrate the theoretical relationship between swale design
characteristics and pollutant removal (Urban Best Management
Practices 1994, 1996; Yu et al. 1994; Kaighn and Yu 1996)
Figs. 3 and 4 show TSS and TP removal with respect to swale
length and slope. While a specific equation describing perfor-
mance was prevented because of significant scatter of data
points, combining field observation with engineering judgment
leads to several conclusions worthy of note.

As previously stated, it is generally agreed that swale length
and slope are important parameters leading to pollutant re-
moval. Consideration of these design parameters is shown in
Fig. 4 by a theoretical family of curves based on longitudinal
slope. It is important to note that curves indicated on the figure
are meant to show estimated trends; they are not meant as
absolute relationships. More data is required to substantiate a
definitive relationship. The figure does show, however, that in
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addition to generally improved performance with increased
length, swales with a more gradual slope reported better re-
moval of suspended particles. The rate of improvement
reaches a plateau when swales are longer than approximately
75 m regardless of slope. A relationship between swale length
and zine (Zn) removal, as shown in Fig. 5 and presented by
Kaighn and Yu (1996), also shows that the rate of increasing
pollutant removal with length decreases after a sharp initial
rise. The regression equation was reported as RZn = 8.302L0.50,
where RZN represents zinc removal and L is swale length. Sig-
nificant scatter of data led to an R2 value of only 0.40; how-
ever, the figure shows a theoretical relationship similar to that
found for TSS in this study.

Trends based on slope and length are not evident for re-
moval of TP, as shown in Fig. 4. Swales generally are not
considered efficient for removal of nutrients, due to the ten-
dency to be effected by vegetation characteristics. The figure
does demonstrate that increased swale length beyond approx-
imately 75 m again does not result in a similar increase in
pollutant reduction. Average TP mass removal for swales less
than 75 m was approximately 42.3%, whereas swales greater
than 75 m long showed only increased mass removal by 4.5%
on average.

Field test data for buffer strip performance have been used
for detecting trends and developing design recommendations.
For example, Desbonnet et al. (1994, after Jones, unpublished,
1997) compiled literature data for 35 buffer strips and found
that removal efficiency for TSS, TP, and TN, in general, in-
creases over buffer width but at a diminishing rate after ap-
proximately 10 to 50 m, although the data were quite scattered.
Also, Fan et al. (1998) used regression analysis to derive func-
tional relationships between buffer strip pollutant removal ef-
ficiency and hydraulic loading rate and slope. The general
form of the equation is as follows:

c
qbR = A 3 S 3 (1)S DL

where R is pollutant removal rate; S the buffer strip slope; q
the flow rate across the strip; L the buffer length; and A, b, c
are regression coefficients. Since the key parameters—i.e.,
slope, length, and flow rate—are also applicable to swales,
similar equations could be derived for the latter. The growing
interest in implementation of infiltration techniques for storm-
water management gives rise to a demand for effective design
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criteria. Further research in the application of swales for re-
moving runoff pollution can lead to empirical relationships
such as described by (1) for use by water quality professionals.

CONCLUSIONS

1. Properly engineered grassed swales can be an effective
storm-water BMP, particularly for areas subject to low-
intensity storms.

2. Swales should be a minimum of 75 m in length and have
a maximum 3% longitudinal slope.

3. The presence of check dams generally improves swale
performance.
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