








963Vol. 48(3): 955−968

Table 5. Summary of inflow and outflow sediment (suspended solids) mass flow for the west grid and east grid.
18 July 2001 2 Aug. 2001 13 Aug. 2001 23 Aug. 2001 1 July 2002 11 May 2002

West grid inflow of sediment (g m−1)
Average inflow 10154 973 1237 9628 35670 23716
Standard deviation 10239 1353 1003 6552 25069 10640

West grid outflow of sediment (g m−1)
Sampler 1 (W-S-1) 234 158 133 319 1544 936
Sampler 2 (W-S-2) 1927 116 42 1787 15295 8606
Sampler 3 (W-S-3) 3197 306 154 3236 5151 8684
Average outflow 1786 193 110 1780 7330 6075

West grid % trapping efficiency 82 80 91 82 79 74

18 July 2001 2 Aug. 2001 13 Aug. 2001 24 Aug. 2001 1 July 2002 11 May 2002

East grid inflow of sediment (g m−1)
Average inflow 17832 1083 3344 9734 23127 10760
Standard deviation 9507 1657 3724 3560 20240 4462

East grid outflow of sediment (g m−1)
Sampler 1 (E-S-1) 2379 90 228 169 4489 --[a]

Sampler 2 (E-S-2) 7800 88 1039 1432 7616 1583
Sampler 3 (E-S-3) 3964 79 197 551 2467 2066
Average outflow 4714 86 488 717 4857 1825

East grid % trapping efficiency 74 92 85 93 79 83
[a] Sampler not operational.

Sediment inflow per unit width varied from one event to
the next (table 5). The sediment loading ranged from
approximately  973 g m−1 to 35670 g m−1. The sediment
trapping efficiency ranged from 74% to 93%. If the events are
considered cumulative, then the average sediment trapping
was approximately 80%.

DYE TRACER STUDIES

Dye tracer flow paths were mapped onto both the
low-resolution topography (6 cm contour interval) and the

high-resolution topography (3 cm contour interval) (figs. 6
and 7). The water flow paths more closely follow the
predicted path from the high-resolution survey than the
predicted path from the low-resolution survey. In addition,
even though there is little cross-slope at this site, the flow
pathways were not directly perpendicular to the upstream and
downstream edges of the filter. The ability to reasonably
predict water flow pathways is important when positioning
sampling equipment and when interpreting data. Topograph−

Figure 6. Low-resolution east grid survey with dye tracer pathway from 13 August 2001.
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Figure 7. High-resolution east grid survey with dye tracer pathway from 13 August 2001.

ic data are critical for predicting the area contributing to a
sampling location.

Using the high-resolution topographic map, the contribut-
ing area to a downstream width of 3 m was determined by
drawing orthogonal lines to the contours and proceeding
upstream. Orthogonal lines to the contours give approximate
flow lines, and the area between adjacent flow lines are

referred to as watershed facets (Bren, 1998). For both grid
areas, Facet 2 (E2 and W2) has the smallest contributing
upstream width of the five facets (figs. 8 and 9). Facet E5 has
the largest upstream contributing width for both grid areas.
The full impact of the contributing width of facet E5 is not
completely reflected in the irrigation events since there was
no inflow along the entire contributing width. The facets pro−
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Figure 8. High-resolution east grid survey with facet boundaries.
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Figure 9. High-resolution west grid survey with facet boundaries.

vide further evidence that there are areas of converging and
diverging overland flow in the VF. Using the high-resolution
topography, it was possible to accurately predict water flow
pathways in the VF. This method of obtaining high-resolution
topography and defining watershed facets provides a tool for
assessing convergence and divergence of overland flow in a
VF.

DEPTH OF FLOW

The maximum depth of flow was measured at 51 locations
in each grid for the irrigation events. Various transects were
plotted for the maximum depth of flow for the 13 August
2001 irrigation event in the east grid (fig. 10). In these plots,
a transect is a line running from west to east at a specific
north-south location in the grid area. The trend in the depth
of flow data was similar from one event to the next, giving
confidence in the measurement equipment, especially since
some of the events had similar flow conditions. The depth
varied along a transect, indicating that flow is not uniformly
distributed across the filter.

DISCUSSION
It is apparent from the hydrograph and volumetric flow

information that there is spatial variation in the flow rate
along the downstream edge of the VF. The maximum outflow
rate was greater than the average inflow rate for all events in
the west grid and for four of the six events in the east grid, in−
dicating convergence of overland flow. In addition, there ap−
pears to be evidence of diverging flow, especially shown by
sampler 1 in the west grid (W−S−1). The flow rate at this
location was much lower than the flow at the other
measurement locations. For some events, the percent reduc-
tion in volumetric flow is less than zero (table 3), suggesting
converging flow.

Runoff data from the experiments were compared to
expectations of runoff from design storms. The volumetric
inflow per unit width for a 1−hour duration, 10−year return
period precipitation event is on the order of 11000 L m−1

using the NRCS (SCS) curve number method, assuming a
670 m field length contributing to the filter, an SCS runoff
curve number of 75, and a field slope of 1.4%. The total
inflow volumes for measured events ranged from 4090 to
17900 L m−1, which brackets the volume expected for the
1−hour, 10−year return period precipitation event (11000 L
m−1). The peak flow rate for this 1−hour duration, 10−year re-
turn period precipitation event was estimated using HEC−
HMS (USCE, 1998). The calculated peak flow rates for this
event are approximately 2.8, 2.1, and 1.75 L m−1 s−1 for the
670, 400, and 300 m contributing field lengths, respectively.
Measured peak flow rates, which ranged from 0.26 to 1.32 L
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Figure 10. East grid, depth of flow at various transects, 13 August 2001
event.
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m−1 s−1 for the events, were well below the peak flow rates
expected for the 1−hour, 10−year return period precipitation
event.

The area ratio for the Clear Creek Buffer is approximately
50. Reviewing the data from previous studies (fig. 1), for an
area ratio of approximately 50:1, the range in sediment
trapping efficiency is from 40% to 85%. This range is likely
due to the differences in hydrologic, precipitation, runoff,
and soil conditions for these various studies. A direct
comparison of the existing data to our data is therefore
difficult, but the comparison provides a frame of reference
for the data from the Clear Creek Buffer. The efficiencies
measured at the Clear Creek Buffer were 74% to 93%, slight-
ly higher than the range determined in previous studies. Be-
cause the peak flow rates were relatively low and the site had
a relatively low slope, it is understandable that the trapping
efficiency of the Clear Creek Buffer is higher than the range
reported in previous studies.

The dye tracer studies indicated that the flow pathways
through the VF closely followed the pathways predicted by
the high-resolution topographic map (fig. 7). The results
provide confidence in our ability to predict the direction of
overland flow, which is important for defining converging
and diverging flow areas. High-resolution topographic maps
provided a tool for assessing converging and diverging flow
areas in a VF and the levels of convergence and divergence
at the Clear Creek Buffer. In addition, being able to predict
flow pathways would be important when modeling overland
flow in a VF and when locating positions for samplers. The
subareas of the Clear Creek Buffer had relatively little
cross-slope and were relatively planar, with some subtle
microtopographic  features. Despite this, the overland flow
did not cross the VF directly perpendicular to the upstream
and downstream edges of the VF. The ability to predict the
direction of water movement should be investigated on
different filters and at different topographic resolutions.

The depth peg data indicate that the maximum depth of
flow varies within the VF and along a transect perpendicular
to the predominant flow direction. This information, along
with the overland flow sampler data, provides evidence that
flow converges and diverges and that flow is not uniformly
distributed within the VF, despite the fact that the VF had
been graded for furrow irrigation many years prior to this
project.

Convergence and divergence of flow is also supported
using the watershed facet concept (figs. 8 and 9). With areas
of converging and diverging flow, the flow rate per unit width
will vary within the VF. Areas of converging flow will have
greater flow rate per unit width (Haan et al., 1994). The
change in flow rate per unit width will likely impact the
velocity of overland flow, which is an important factor in
sediment transport (Tayfur et al., 1993). Depending on the
level of convergence, flow convergence can reduce the
ability of a filter to retain sediment (Helmers et al., 2005).

The watershed facets, defined using the high-resolution
topographic map, were useful in highlighting areas of flow
convergence and divergence in the VF where overland flow
followed natural flow pathways. The area of the facets can be
compared to the facet area assuming a constant width equal
to the upstream width of the facet. From this assumption, a
convergence ratio can be defined:

 
C

A

FA
FA

1CR −=  (1)

where
CR = convergence ratio
FAA = actual facet area
FAC = facet area assuming constant width equal to

upstream facet width.
Convergence ratios were calculated for all facets except

E5, since the full facet area of E5 was not within the surveyed
area (table 6). The ratios had a range of −1.55 to 0.34, where
negative values indicate a diverging facet, positive values
indicate a converging facet, and a convergence ratio of zero
indicates uniform flow. The facets where overland flow
samplers were located are noted in table 6. When reviewing
the flow data shown in table 3, it is evident that the flows at
samplers W-S-2 and W-S-3 indicate converging flow, while
the convergence ratios for facet W3 and W5 indicate a
diverging facet. Since the facet is defined by a 3 m width at
the downstream edge of the VF and the sampler only samples
a 0.3 m width, it is understandable that there is some
difference between convergence ratios and flow at the
samplers.

The tests performed at the Clear Creek Buffer site indicate
that convergence and divergence of overland flow exist.
However, a direct comparison of sediment trapping under
these flow conditions compared to flow conditions with no
convergence or divergence cannot be made. This study site
has been modeled considering uniform, converging, and di-
verging flow conditions by Helmers et al. (2005), who found
that while convergence and divergence of overland flow ex-
isted at this study site, there was negligible impact on sedi-
ment trapping. In this case, the convergence ratios ranged
from −0.11 to 0.17 for the facets that were modeled and
compared to measurements. Based on this, the overall sedi-
ment trapping performance of the VF is similar to a condition
where the flow is uniformly distributed. Helmers et al. (2005)
show that for the 24 August 2001 event for the east grid area,
a convergence ratio of 0.46 was required to achieve a 10% re-
duction in the modeled sediment trapping efficiency (80% to
70%). The largest convergence ratio at the Clear Creek Buff-
er was for facet W4 (CR = 0.34). While this particular facet
was not modeled, using curves developed by Helmers et al.
(2005) for sediment trapping efficiency as a function of con-
vergence ratio for the 24 August 2001 event, a sediment trap-
ping efficiency of 73% would be estimated, compared to 80%

Table 6. Summary of watershed facet areas and convergence ratios.

Facet[a]
Sampler
in Facet

Actual
Facet
Area
(m2)

Constant
Width
Facet

Area (m2)
Convergence

Ratio

W1 W-S-1 33.2 29.8 −0.11
W2 21.5 8.4 −1.55
W3 W-S-2 47.7 45.3 −0.05
W4 21.5 32.4 0.34
W5 W-S-3 89.0 83.6 −0.06

E1 E-S-1 39.5 44.0 0.10
E2 22.5 18.1 −0.24
E3 E-S-2 58.4 70.0 0.17
E4 55.6 59.6 0.07

[a] Facet E5 is not included since its full facet area was not included in the
surveyed area.
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for CR = 0. From this modeling study, it was found that the
effect of convergence ratio varied depending on the flow con-
ditions in the vegetative filter. For example, the sediment
trapping efficiency was more sensitive to convergence ratios
at higher flow rates and shorter filter lengths.

The greatest area-based convergence ratio at the Clear
Creek Buffer was only 0.34, but in many field conditions the
ratio could be much greater. Dosskey et al. (2002) reported
that the effective buffer area averaged 6%, 12%, 40%, and
80% of the gross buffer area (convergence ratios of 0.94,
0.88, 0.60, and 0.20, respectively) for four farms in eastern
Nebraska, although some of the convergence reflected in the
convergence ratios in their study occurred within the field
before the flow reached the filter.

This study was conducted in part to investigate water
movement through a VF with unconfined flow pathways.
However, the study was performed on a relatively flat, planar
VF with only subtle microtopographic features in the
subareas. Despite this, the overland flow was not uniformly
distributed, highlighting that it would be unlikely that
shallow, completely uniformly distributed overland flow
would exist in a VF under field settings. Since we had
relatively low slope and low velocity conditions, the
sediment trapping was relatively high even with some flow
convergence. For these conditions, the impacts of flow
convergence on sediment trapping caused by microtopogra-
phy was probably minimal because of the low slope and low
velocity.

While flow rate and flow volume varied with position
along the downstream edge of the vegetative filter, the
sediment concentration showed little variability. As such,
there was likely minimal impact of converging or diverging
flow on the sediment concentration. Previous VF research
has shown that the majority of the sediment is deposited near
the inlet portion of the vegetative filter. Robinson et al.
(1996) found that sediment concentration decreased greatly
in the first 3.0 m of the vegetative filter and that there was
little change in sediment concentration beyond a length of
9.1 m. Schmitt et al. (1999) state that doubling the filter strip
width from 7.5 to 15 m did not improve sediment settling.
Since the flow at the Clear Creek Buffer was relatively
uniformly distributed at the upstream edge of the filter,
because the furrows did not allow flow to converge within the
field, it is likely that the sediment concentration changed
little after the initial portion of the vegetative filter. Thus, it
is understandable that convergence and divergence of
overland flow in the Clear Creek Buffer did not have a
significant impact on sediment concentration in the outflow
from the vegetative filter.

As mentioned above, the orientation of the furrows
directed runoff into the buffer without in-field flow conver-
gence. Helmers et al. (2005) found that both in-field and
in-filter convergence are important in evaluating buffer
performance.  In our test conditions, the dominant conver-
gence process observed was in-filter convergence. For cases
where in-field convergence occurs, having a dense stand of
vegetation in the VF in order to increase the hydraulic
roughness will be important to diffuse some of the runoff
prior to entering the VF. This impact of converging and
diverging flow on sediment trapping should be considered in
future investigations of VF performance, especially under
conditions where topographic features may cause greater
convergence than occurred at the Clear Creek Buffer.

SUMMARY AND CONCLUSIONS
The objectives of this study were to quantify performance

of a VF with natural flow pathways and field-scale flow path
lengths and to develop methods to detect and quantify
overland flow convergence and divergence in a VF. The
results of this field study showed that the volumetric outflow
varied with position along the downstream edge of the filter.
In addition, the outflow rate was greater than the average
inflow rate for most of the monitored events, providing
evidence that overland flow in the Clear Creek Buffer had
areas of converging flow in the buffer. Even though this site
had been graded for surface irrigation, overland flow was not
uniformly distributed and there were areas of converging and
diverging flow. From this, it is unlikely that shallow,
completely uniformly distributed overland flow exists in a
VF under field settings.

Water movement followed pathways predicted using a
high-resolution topographic map (3 cm contour interval)
more closely than it followed the pathways predicted by a
low-resolution topographic map (6 cm contour interval). Dye
tracer studies revealed that high-resolution maps more
closely identified the actual flow pathways. Since flow
pathways predicted by the high-resolution maps closely
followed actual flow pathways, we used these maps to define
and quantify converging and diverging flow areas using
watershed facets. Watershed facets were defined using the
high-resolution topographic maps by defining the contribut-
ing facet area to a uniform downstream width of 3 m. We
concluded that it is possible to predict the direction of
overland flow if the topographic map provides enough detail
and that this method of developing high-resolution topogra-
phy and watershed facets can be used to predict converging
and diverging flow areas.

Convergence ratios were defined using the watershed
facets. The ratios had a range of −1.55 to 0.34, where negative
values indicate a diverging facet, positive values indicate a
converging facet, and a convergence ratio of zero indicates
uniform flow. Measured convergence ratios were generally
less than values estimated by Dosskey et al. (2002) on four
farms in eastern Nebraska (convergence ratios of 0.94, 0.88,
0.60, and 0.20).

Water flow and sediment mass flow varied by event and
position along the downstream edge of the filter. The flow
measured at the downstream overland flow sampler locations
indicated converging flow at multiple sampling locations.
The total mass inflow of sediment was approximately
73631 g m−1 for all the events in the two grid areas, and the
mass outflow was approximately 14982 g m−1, giving an
average sediment trapping efficiency of 80%. This reason-
able trapping efficiency was attained even though flow
convergence occurred in the vegetative filter. When
compared to modeling studies (Helmers et al., 2005) using
data from the Clear Creek Buffer, the level of convergence at
this site had little impact on the sediment trapping efficiency.
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