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Field-Scale Monitoring of Urban Green
Area Rainfall-Runoff Processes

Kristoffer T. Nielsen'; Per Moldrup, Ph.D.2; Sgren Thorndahl, Ph.D.3;
Jesper E. Nielsen, Ph.D.% Mads Uggerby®; and Michael R. Rasmussen, Ph.D.®

Abstract: Rainfall-runoff-generating mechanisms in urban green areas are scarcely understood, and limited knowledge and data on rainfall-
runoff processes are available. Therefore, a large-scale experimental field station was established to investigate the inherent hydrological proc-
esses of a grass-covered 4,300 m? urban catchment consisting of sandy loam soil. A facility to collect surface runoff from the area was designed.
Runoff, soil moisture properties, and rainfall were measured simultaneously by a flow meter, in-ground soil sensors, and rain gauges, respec-
tively. Measured soil volumetric water content was above 0.34 m> H,Om™ soil during fall and winter and ranging between 0.13 and
0.34 m? H,O m~3 soil during late spring and summer. Measured runoff recorded from September 2016 until July 2018 strongly indicates that
subsurface throughflow was the dominant runoff type. There was good correlation between the dynamics of soil water content and runoff.
Accumulated rainfall and runoff was linearly correlated for soil volumetric water contents above 0.34 m® H,O m~> soil. The relationship be-
tween runoff and rainfall shows a runoff coefficient of 0.18 for the 4,300 m? area. DOI: 10.1061/(ASCE)HE.1943-5584.0001795. This work is
made available under the terms of the Creative Commons Attribution 4.0 International license, hitp://creativecommons.org/licenses/by/4.0/.

Author keywords: Urban drainage; Rainfall-runoff from green areas; Pervious surface; Permeable; Infiltration; Subsurface throughflow.

Introduction

Rainfall-runoff from urban green areas can potentially contribute
with significant runoff loads to urban drainage networks. Never-
theless, Redfern et al. (2016) acknowledge that studies and research
on this topic are limited; hence, accurately assessing the hydrolog-
ical impact from urban green areas is a difficult task. Boyd et al.
(2009, 1994) studied rainfall-runoff from urban green areas on ur-
ban catchment scales. However, more research is needed for deeper
understanding as urban green surface runoff could increase uncer-
tainty in urban drainage modeling (Thorndahl et al. 2006, 2008).
Generally, runoff from urban green areas is dependent on a variety
of parameters, and without empirical knowledge, it is difficult to
qualitatively estimate the runoff load from these areas. In the design
of urban drainage systems, this can result in wrong assumptions,
leading to either under- or overestimation of the runoff load from
urban green areas. The consequence of this is either too high con-
struction costs in the case of overestimation or too high flood
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damage costs in the case of underestimation. Therefore, empirical
knowledge is crucial to improve future assumptions regarding in-
filtration and runoff models for urban green areas.

Infiltration excess models such as Horton’s infiltration equation
(Horton 1939) and the Green—Ampt model (Green and Ampt
1911) are widely used to estimate rainfall-runoff from permeable
surfaces. These models assume that if the rainfall intensity exceeds
the infiltration capacity, the excess will cause surface runoff. This
runoff is known as infiltration excess overland flow and has always
been considered the primary hydrological process for generating
rainfall-runoff from permeable surfaces. However, studies have
shown that permeable runoff is more diverse (Dunne and Black
1970a, b; Kirkby and Chorley 1967). Generally, permeable runoff
can be grouped into three processes: (1) infiltration excess runoff,
(2) saturation excess runoff, and (3) subsurface throughflow.
All three types are observed in a field study by Pilgrim et al.
(1978). However, other field studies have not been able to detect
infiltration excess overland flow as a contributor of rainfall-runoff
from permeable surfaces (Dunne and Black 1970a, b; Kirkby and
Chorley 1967). More empirical knowledge about these hydrolog-
ical processes will improve both the design and modeling of urban
drainage networks. Such observations can be implemented in both
model calibration and in data-driven models such as in data assimi-
lation (Brocca et al. 2009) and artificial neural networks for hydro-
logical applications (ASCE Task Committee on Application of
Artificial Neural Networks in Hydrology 2000; Govindaraju 2000).

In empirical case studies from forest, agricultural areas, and lab-
oratory studies, rainfall simulators are a widely used method to es-
timate runoff, erosion, nutrient transport, and other runoff-related
mechanisms (Benavides Solorio and MacDonald 2001; Cerda et al.
1997; Clarke and Walsh 2007; Humphry 2002; Ribolzi et al. 2011;
Sharpley 2003; Shuster et al. 2008). However, with artificially gen-
erated rainfall, rain and soil interactions may not always be real-
istic. Therefore, large-scale studies are important to understand
how small-scale rainfall simulator studies can be interpreted and
scaled in relation to urban catchments.
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Various factors have the potential to affect rainfall-runoff in
urban environments. Pan and Shangguan (2006) found that grass
cover reduces surface-runoff generation compared to bare soils.
However, Quinton et al. (1997) found no significant relationship
between the type of plant cover and runoff generation, except that
plant cover generally reduces runoff. Quinton et al. (1997) further
found that generated runoff decreases by increased canopy cover.
Soil water content also affects permeable runoff and has been
used to improve runoff prediction models (Jacobs et al. 2003).
Grayson (1997) indicated that horizontal or vertical water transport
processes in the soil could be detected depending on the spatial
uniformity of soil water content. Furthermore, properties of soil
types can significantly affect the infiltration capacity (Groenendyk
et al. 2015). Some areas in urban environments suffer from de-
graded infiltration capacity due to heavy soil compaction caused
by urban activity, for example, road and building constructions
(Gregory 2006). Finally, morphological properties such as the slope
and length of a catchment also affect the amount of runoff from
permeable surfaces (Sharma 1986).

In the present study, a large-scale experimental field station is
designed to measure rainfall-runoff from an urban green catchment.
Simultaneously, soil water properties and rainfall are measured on
site. Furthermore, a comprehensive study of the basic soil water
properties and soil characteristics are investigated. The scope is
to evaluate whether rainfall-runoff is present from a relatively
common type of urban surface (grass covered park in a residential
area). Studying the runoff processes on a large scale makes it pos-
sible to evaluate how urban green area rainfall-runoff responds as a
result of hydrological mobilization of an entire catchment. This is
contrary, for example, to rainfall simulation studies that only study
runoff processes in areas of approximately 1 m? which could lead
to boundary effects affecting measured runoff. Furthermore, this
study will be a reference study to urban green surface runoff studies
because similar such experiments in urban environments are scarce,
whereas only a few such experiments have been carried out in rural
areas. Finally, it is the goal of this study to obtain qualitative hydro-
graphs to examine the relationship between rainfall and permeable
runoff. Thus, the correlation between soil water properties and
rainfall-runoff is studied to assess whether such measurements have
a potential use in urban drainage design.

Materials and Methods

The field station is established in the city of Lystrup, Denmark, to
collect rainfall-runoff from a 4,300 m?> permeable catchment
(Fig. 1) with an average slope of 8.8%. Before urban development,
the land was used as agricultural farmland until the 1960s. The
monitored area in Lystrup is a recreational park surrounded by
residential houses. The field station is equipped with a slope-
intercept line drain (Fig. 1) that collects surface runoff and
measures the discharge from the catchment with a flow meter.
Furthermore, three clusters of soil sensors are established for
measuring soil volumetric water content (VWC) and matric poten-
tial (MP). The soil sensor clusters will be further denoted as the
bottom, middle, and top sensor clusters. Finally, a tipping bucket
rain gauge monitors the rainfall. All sensors are connected to
battery-driven YDOC ML-315ADS-Li data loggers (YDOC 2016,
Bennekom, The Netherlands), and data are transferred through a
mobile broadband connection to a file transfer protocol (FTP)
server in real time. The field station has been collecting data since
September 2016 and is still active. Data included in this study ex-
tend from September 2016 to July 2018.

© ASCE

04019022-2

The field station measures some of the central parameters used
in traditional surface runoff modeling. Eq. (1) presents a simple
continuity equation that shows the primary processes that affects
the accumulation of water on a permeable surface:

dy _ _
AE_PA O(y) — fA (1)

where A (m?) = catchment surface area; y (m) = ponding water level
on soil surface; 7 (s) = time; P (ms™!) = precipitation; Q (m*s™') =
surface runoff rate; and f (ms~') = infiltration rate. Precipitation
is the input source of water to the runoff model, while the surface
runoff rate and infiltration rate discharges water from the model.
Precipitation and the runoff rate can be measured directly, while
the infiltration rate is more difficult to measure. However, infiltration
depends on the soil water content and matric potential. Therefore,
these parameters can be used as indirect indicators of infiltration.
In urban drainage modeling, various simplified approaches are typ-
ically used to model the vertical infiltration capacity of a permeable
surface. The Green—Ampt model is one of the most commonly used
models and describes the infiltration rate as a function of time (Green
and Ampt 1911; Kale and Sahoo 2011):

() :K(l+%) (2)

where K (ms™!) = saturated hydraulic conductivity; %, (m) = depth
of ponding water level on soil surface; /i, (m) = capillary suction
head or matric potential at wetting front; and L (m) = distance
to wetting front. The matric potential depends on the soil water con-
tent. As seen, runoff, precipitation, soil water content, and soil matric
potential can therefore be used to describe the primary processes that
could affect rainfall-runoff from the 4,300 m? permeable catchment
in Lystrup.

Surface Runoff Collection and Flow Meter

A cross-sectional view of the surface runoff collection facility is
presented in Fig. 2. First, surface runoff is collected in a 51 m long,
concrete-reinforced, ACO HexaLine line drain (ACO Nordic 2014,
Ringsted, Denmark). The collected water is transported through a
grit chamber to remove dirt and particles before reaching a V-notch
weir that measures the discharge. The current water level in the
V-notch weir is logged every 5 min and converted into flow
estimates with a calibrated Q-h relation. The water level is mea-
sured with two Campbell Scientific CS451 pressure transducers
(Campbell Scientific 2014, Logan, UT).

Soil Sensors

Three soil sensor clusters equipped with four sensors each measure

different soil water properties every 15 min. The sensors in each

cluster are located within a few meters from each other. The fol-
lowing sensor types are installed to monitor soil water content and
soil matric potential:

* Five Decagon 5TE sensors (Decagon Devices 2016, Pullman,
WA) measuring soil volumetric water content; two are located
at the top sensor cluster, two at the middle sensor cluster, and
one at the bottom sensor cluster.

*  Four Decagon MPS6 sensors (Decagon Devices 2015, Pullman,
WA) measuring soil matric potential (range 1.96-6.01 pF); one
is located at the top soil sensor cluster, two at the middle soil
sensor cluster, and one at the bottom soil sensor cluster.
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Fig. 1. Study area in Lystrup, Denmark. Location at 56.23, 10.22 (latitude, longitude). The catchment covers an area of 4,300 m?. Cross Section A—A’

of water collection system is seen in Fig. 2.

e Two Stevens TensioMark (Portland, OR) sensor (ecoTech
Umwelt-MeBsysteme 2014) measuring soil matric potential
(range 0-2.85 pF); each of the top and bottom soil sensor clus-
ters have one of these installed.

* One Sentek SDI-12 Drill & Drop Probe (Stepney, South
Australia) (Sentek 2015) measuring soil volumetric water con-
tent at nine different depths from —5 to —85 cm. This sensor is
located at the bottom sensor cluster.

Rain Measurement

Rainfall is measured with a triple rain gauge setup with three colo-
cated tipping bucket rain gauges mounted on one stand. In this way,
the measurement uncertainty is reduced, and it gives the opportunity
to compare the performance of each rain gauge constantly. The
tipping bucket rain gauges are of the ARG100 type (Campbell
Scientific 2010, Logan, UT) and measure 0.2 mmtip‘1 in time
increments of 1 min. In general, the rain gauges show little intervar-
iation in measured rainfall. The setup had to be moved from its origi-
nal location (Fig. 1) to a new location in the period July 2—-12, 2017,

© ASCE

04019022-3

to avoid vandalism. After the July 12, 2017, the rain gauges were set
up on a private estate 400 m northwest of the original location.

Soil Characterization

A total of 23 intact samples from a depth of 10 cm were used for
soil characterization. Dry bulk density and total porosity of soil
samples are determined by drying at 105°C. Effective porosity is
measured using a pressure plate apparatus (Dane and Topp 2002).
Average organic matter content is estimated by ignition loss on six
samples at 550°C in a muffle oven.

Soil layering near the surface is investigated with a soil profiler
to 100 cm depth at 12 points. Soil texture is classified at 10 cm
depth by wet sieving analysis of six samples, which separates sand
particles from silty and clayey particle fractions. Another three wet
sieving analyses are carried out on soil samples sampled in deeper
soil layers. Two hydrometer tests are performed in both the top
layer and deeper soil layers to estimate the clay content. The soil
texture is finally classified according to the USDA soil classifica-
tion system (Ashman and Puri 2013).
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Fig. 2. Cross-sectional view of Section A-A’ in Fig. 1 of water collection system (dimensions in millimeters).

Infiltrometer tests are carried out on 12 locations with a double-
ring infiltrometer designed according to the criteria given by
Arriaga et al. (2010). Consequently, the saturated hydraulic con-
ductivity, K¢, (cm min~"), can be derived according to (Dane and
Topp 2002)

qs
H

Ky = T 1
Cid+Cya ' o (Cyd+Cya)

+1 (3)

where ¢, (cmmin~!) = quasi-steady infiltration rate; H (cm) =
water ponding depth; d (cm) = insertion depth of infiltrometer;
a (cm) = inner-ring radius of double-ring infiltrometer; a* (cm™!) =
macroscopic capillary length of soil; and C; and C, are quasi-
empirical constants. For calculations of the saturated hydraulic con-
ductivity in this study d = 10 cm, a =15 cm, o = 0.12 cm™!,
Cy =0.316m, and C, = 0.1847. H and ¢, vary within each infil-
trometer test.

Obtained values of average effective porosity and saturated hy-
draulic conductivity are subsequently validated by the empirical
relationship of common soil types between effective porosity,
€100- and saturated hydraulic conductivity, K, (cmday~"), derived
by Poulsen et al. (1999):

log(K,) = 2.8log(gpg) + 4.3 (4)

© ASCE

04019022-4

Results

Soil Characteristics

Fig. 3 shows the distribution of dry bulk density, total porosity, and
effective porosity at a depth of 10 cm, and the saturated hydraulic
conductivity of the topsoil. It is evident that there is a significant
spatial variation in the soil parameters at the site. However, the sa-
turated hydraulic conductivity is more homogeneously distributed.
In general, the topsoil layer yields an average dry bulk density of
1.52 gem™3, total porosity of 0.43, effective porosity of 0.18,
saturated hydraulic conductivity of 1.10 mmmin~', and average
organic matter content of 5.06%. This composes a topsoil with a
relatively high infiltration capacity and high organic matter content.

According to Eq. (4), the calculated saturated hydraulic conduc-
tivity is 1.14 mmmin~! using a measured average effective poros-
ity of 0.18. Compared to the average of the measured conductivity,
it is a deviation of 3.8%, indicating that the quality of the sampling
is high.

A layer transition is found at an average depth of 46 cm. The
organic matter content in the lower layer is significantly lower at
1.34%. However, the soil texture in both layers is relatively similar
(Fig. 4), and both layers are sandy loams according to the USDA
soil classification system. However, the lower soil layer does seem
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Fig. 3. Spatial distribution of dry bulk density, total porosity, effective porosity, and saturated hydraulic conductivity at 12 sampling points. Below
each spatial distribution map a histogram shows the sampling distribution of 23 intact samples (saturated hydraulic conductivity is based on 12

infiltrometer tests).

to contain slightly more silt. Combined with a higher soil compac-
tion at this depth, this could result in a lower effective porosity and
thereby lower the infiltration capacity compared to the topsoil.

Variation of Soil Volumetric Water Content and
Distribution of Accumulated Rainfall

According to Fig. 5, soil volumetric water content is high from
September until May. In the period from April until August, greater
variation in soil water content is observed at lower values.

Observed Rainfall-Runoff and Soil Water Content
Dynamics

From September 2016 to July 2018, 14 significant rainfall events
(Table 1) were recorded. Six events contributed significantly to

Clay Silt Sand Gravel
100 — ~
- -
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x 80
s ]
2
2 60
g 4
.4 E
= -
2 40
3 1 e
= =
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0 e S S
100 10! 107 10% 104

Grain size (um)

Fig. 4. Grain size distribution of soil samples from 10 and 45 to 50 cm
depth derived on both wet sieving analysis and hydrometer tests.
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surface runoff from the green area, while some events produced
limited or close to no runoff. Runoff events occur during fall and
winter caused by long-lasting precipitation with relatively low rain-
fall intensity. The runoff period is significantly longer than the rain-
fall duration. The runoff duration is observed to be between 2 and
16 days. The severity of the rainfall is expressed by the largest
return period of rainfall events precipitating within the runoff in
terms of intensity-duration-frequency according to Danish rainfall
statistics (Madsen et al. 2017).

Rainfall Events ¢ and d (Table 1) reach return periods of 10 and
7 years for rainfall durations of 0.5 and 12 h, respectively. Event c is
a short-term convective cloudburst (above 15 mm rainfall within
30 min), and Event d is a long-term frontal passage with stratiform
rainfall. Measurements showed that the cloudburst (Event ¢) did not
produce significant contributions to runoff. In contrast, the frontal
rainfall produced significant runoff.

The dynamics of some selected significant rainfall-runoff events
are presented in Fig. 6. These events are primarily the result of peri-
ods with combined rainfall events where rainfall prior to the event
has not completely infiltrated. Instead, rainfall events occurring
within short intervals maintain a high soil water content and thereby
increases the probability of further rainfall to produce surface runoff.

Runoff Events a, d, and g (Fig. 6) demonstrate similar patterns
where an initial relatively large rainfall event triggers the runoff.
Event i in Fig. 6 differs from other events as runoff increases during
consecutive rainfall events causing the runoff to reach higher rates
for each rainfall event. Runoff starts to decrease as soon as rainfall
occurs with larger intervals.

Generally, all significant rainfall-runoff events start when the
soil water content is high. Events c, d, and n (Table 1) start at lower
soil water contents than the other events. Event n is unique as snow-
melt causes runoff. Therefore, Event n is not considered further in
the study of rainfall-runoff relationships.

Soil volumetric water content measured in the soil sensor clus-
ters (VWC bottom, middle, and top in Fig. 6) shows good corre-
lation with observed rainfall-runoff. When soil water content

J. Hydrol. Eng.

J. Hydrol. Eng., 2019, 24(8): 04019022



Downloaded from ascelibrary.org by Aaborg University on 07/03/19. Copyright ASCE. For personal use only; al rights reserved.

0.40 — — 1400
g , Lo 2.
- R LT Y 3 BTN ik sk -
L 035 & i - \ ARy . 1200

3 \ i YL W M, I\

Q \' \ 3 H I‘-v _
QN H : ¢ Y ] g
e AN Frey — 1000 £
& 030 — A L Iy =
b ! Iy &
5 0 | P — 800 €
g 0| g
S 025 — ik L I s
= R/ | ]
8 | 600 =
< vl ~
5 \' - =
2 020 — v g
g v — 400 §
g Y <
3
2 015 200
3
w

0.10 I I I I I I 0

Sep-2016  Dec-2016  Mar-2017 Jun-2017 Sep-2017 Dec-2017  Apr-2018 Jul-2018
VWC bottom =— — VWC middle -+ VWC top === Acc. rainfall

Fig. 5. Variation of measured soil volumetric water content in bottom, middle, and top sensor clusters presented in Fig. 1 and accumulated rainfall
in Lystrup recorded in period September 2016-July 2018. Due to a malfunctioning data logger, no data for VWC top were recorded in period
April 2018-July 2018.

Table 1. Summary data of measured significant rainfall and runoff events, September 2016-July 2018

Recorded rainfall-runoff events

Runoff Total Return Total Initial volumetric
duration precipitation Precipitation period runoff Runoff water content

Event Event start (days) (mm) type (year) (mm) percentage (m®* H,Om™ soil)

a November 4, 2016 10.5 403+ 1.0 Rain <1 7.4 18.4 0.34

b November 14, 2016 9.5 30.8 £0.7 Rain <1 4.9 15.9 0.35

c July 30, 2017 <0.1 224+0.2 Cloudburst 10 (¢4, = 0.5 h) ~0 ~0 0.30

d September 5, 2017 16.2 1029 +0.3 Rain 7 (tg,r = 12 h) 12.7 12.3 0.32

e October 4, 2017 2.9 10.0 £0.0 Rain <1 0.1 1.0 0.34

f October 7, 2017 2.2 5.8+0.0 Rain <1 ~0 0.6 0.34

g October 11, 2017 2.0 159 +0.1 Rain <1 0.4 2.3 0.34

h October 21, 2017 22 95+0.2 Rain <1 0.1 1.4 0.34

i October 24, 2017 5.6 24.6+0.5 Rain <1 1.7 6.8 0.35

j November 1, 2017 1.7 7.5+£0.1 Rain <1 0.1 0.7 0.34

k November 21, 2017 9.3 235+0.2 Rain <1 3.8 16.1 0.35

1 January 15, 2018 4.9 12.0 £0.0 Rain <l ~0 0.1 0.35

m January 23, 2018 3.8 8.6 +0.2 Rain <1 ~0 0.2 0.35

n March 5, 2018 9.8 — Snowmelt — 5.9 — 0.33

Note: Event duration is based on approximate trigger of runoff and the end at which the runoff rate reaches approximately zero flow; total runoft (mm) is
calculated using a catchment area of 4,300 m?; t4,, = rainfall duration of return period.

increases, the runoff rate does, too. Furthermore, slowly declining
runoff is comparable to slowly declining soil water content. During
strong runoff peaks, the bottom sensor cluster (VWC bottom in
Fig. 6) shows a different relationship between soil water content
and runoff than the other soil sensor cluster. During peak runoff
rates, the water content in the bottom sensor cluster stagnates
briefly. This is an indication of near saturated conditions in the soil
at the bottom of the hill, which further indicates that subsurface
throughflow is discharging water to the surface. Furthermore, near
saturated conditions at the bottom of the hill could also be an in-
dicator of wet spots causing direct runoff known as saturation ex-
cess runoff. Therefore, the bottom hill soil sensor cluster shows the
best correlation to strong runoff peaks.

It seems that matric potential (MP in Fig. 6) is more dynamic
compared to soil volumetric water content and reaches zero in some
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periods. This indicates that the soil is fully saturated. The soil ma-
tric potential does not increase or decrease in the same way as the
soil water content does compared to runoff. Instead, it is observed
that during periods of high runoff rate, the matric potential tends to
rapidly reach zero and stay there until the runoff rate decreases.
This is because near saturated soil conditions increase subsurface
throughflow as flow in the soil pores is activated due to a water
storage deficit in the soil.

The rainfall-runoff events possess similar characteristics regard-
ing which criteria need to be fulfilled before surface runoff starts.
Considering the initial phase of Event d (Fig. 7), it is seen that the
soil must reach a certain soil water content before runoff starts. This
happens between Points P1 and P2, which are marked as focus
points in Fig. 7, where the average soil volumetric water content
rises to approximately 0.34 m?® H,O m~ soil. At P2 to P3 (Fig. 7),
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runoff seems to be triggered and starts to produce significant runoff.
After P3, the runoff response to precipitation seems to become in-
creasingly sensitive as relatively small amounts of rainfall cause a
relatively high spike in the runoff rate. At the time of the runoff
spike, the soil water content in VWC bottom (Fig. 7) stagnates.
This indicates that the soil could be at or near a fully saturated state
in the bottom sensor cluster. Between P3 and P4, the runoff
rate decreases due to less rainfall with only small runoff increases
due to rainfall. Generally, the same patterns seem to be present for
all rainfall-runoff events. The average soil volumetric water content
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of all soil sensor clusters needs to be above 0.34 m> H,Om™ soil
before runoff starts, and during high runoff spikes, the soil water
content at the bottom hill sensor cluster stagnates.

Runoff Coefficient for Surface Runoff from
Green Areas

Significant runoft does not start unless the soil volumetric water con-
tent exceeds 0.34 m® H,Om™ soil. Compared to the average total
porosity of 0.43, and locally as low as 0.37, this is a relatively wet

J. Hydrol. Eng.

J. Hydrol. Eng., 2019, 24(8): 04019022



Downloaded from ascelibrary.org by Aaborg University on 07/03/19. Copyright ASCE. For personal use only; al rights reserved.

P1 P2 P3

30.0 — 80 N
£
P E
g - 60 =
£ 20.0 I g
- g
2 / — 40 g
= 2
= 10.0 =
£ 20 2
R 3
AN g
0.0 T : 0
036 7 M
P ~
4“ ™ ”"“'-——"ﬁ\nt\\,n\, /,—' \"‘I\Jl.
034 ,'\ ~
Q
h .
E — | A A VO e~ m PV A
032 1~ I VWC bot
i —-—- VWC mid
e = — — VWCtop
0.30 T T |
06-Sep 00:00 06-Sep 18:00 07-Sep 12:00 08-Sep 06:00 09-Sep 00:00

Date (dd-mmm HH:MM)

Fig. 7. Detailed illustration of initial phase of rainfall-runoff Event D (Table 1). Numbered vertical lines indicate special focus points (P1-P4) in terms

of rainfall-runoff-generating mechanisms.

14
12 4
’é\ 4
él()_-
= ]
2 8
oy ]
|51 ]
s 6
= ]
E o
5 ]
5 4
< ]
2 7] o O Measurements|
] | inear fit
0+ I e e e e e S S e B e |

o
(=)
(3]
=
o

40 60 80 100
Accumulated rainfall (mm)

Fig. 8. Accumulated runoff model for soil water contents above
0.34 m*H,0m™3 soil. The regression has a correlation coefficient
of R? =0.92.

state in the soil. Therefore, the relationship between accumulated
runoff and rainfall is investigated only for rainfall and runoff occur-
ring above soil volumetric water contents of 0.34 m* H,O m~3 soil.
This is illustrated in Fig. 8, where measured rainfall with accumu-
lated rainfall volumes smaller than 15 mm occurring at soil volu-
metric water contents above 0.34 m® H,Om™ soil produces no
runoff. The remaining measurements with accumulated rainfall vol-
umes higher than 15 mm produce significant runoff and show a
linear relationship between accumulated rainfall and runoff. There-
fore, runoff events with accumulated rainfall depths below 15 mm
are not included to form the linear regression between accumulated
rainfall, P, (mm), and runoff, V., (mm), presented in Fig. 8 and

Eq. (5):
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Viot(Pior) = 0.18P,,, — 1.26 (5)

The linear regression expresses the amount of runoff that can
be expected as a function of the accumulated rainfall if the soil
volumetric water content is above 0.34 m*H,Om™> soil. The
regression can be further used to explain some of the basic hydro-
logical processes occurring from the hill in Lystrup. The intercept
of the x-axis shows that an initial loss of 7.1 mm is present accord-
ing to the linear theory between rainfall and runoff. This differs
from the initial loss of 15 mm based only on measurements. How-
ever, there is still good correspondence with measured data, because
it seems from Fig. 8 that the intercept of the x-axis at 7.1 mm is in
the middle of the recorded rainfall events that produced no runoff.
Finally, the linear model has a slope of 0.18, which corresponds to
the runoff coefficient for the measurement area. Consequently, the
linear model states that 18% of rainfall discharges if the soil volu-
metric water content exceeds 0.34 m> H,Om™ soil and if the ac-
cumulated rainfall exceeds an initial loss of 7.1 mm.

Discussion

Dunne and Black (1970a) and Kirkby and Chorley (1967) con-
cluded that rainfall-runoff from permeable hill slopes is produced
by wet spot (saturation excess) runoff and subsurface throughflow.
Rainfall-runoff observed in this study show the same dynamics.
Saturated areas near the line drain seem to produce short-term
peaks during rainfall, while subsurface throughflow generates run-
off in an extended time afterward. Subsurface throughflow seems to
be the primary contributor to runoff and occurs when the soil water
content is high. High soil water content is necessary to produce
subsurface throughflow as this increases horizontal water transport
in the soil. Measured soil water content at the bottom of a hill is
highly correlated with produced runoff. This indicates that water is
first transported across this point within the soil before reaching the
soil surface and, thereby, the line drain. The soil characteristics of
the area could further induce horizontal water transport in the soil
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since a siltier soil is present at a depth of 46 cm. Furthermore, the
soil will supposedly be prone to higher compaction at a depth of
46 cm, which will reduce the effective porosity. Due to a higher silt
content and soil compaction, the soil layer at a depth of 46 cm will
have a lower infiltration capacity than the topsoil layer and, there-
fore, in some periods become a barrier to vertical water transport in
the soil. This forces water to move horizontally.

During most of the year, there is a potential for surface runoff
from the urban green area in Lystrup. According to Fig. 5, the soil
water content is 0.34 m> H,Om™ soil or above from September
until July. This is a high soil water content that is relatively close
to the average total porosity of 0.43, which locally is as low as
0.37. The high soil volumetric water content is probably main-
tained in this period due to low evapotranspiration during fall
and winter. Comparatively, during late spring and summer, the soil
water content is significantly reduced and reaches values as low as
0.13-0.20 m* H,O m~3 soil in the upper soil layer. In this way, a
significant storage volume is available during spring and summer
that will be exhausted only if the soil volumetric water content
reaches 0.34 m* H,Om™ soil again.

Several rainfall events are seen to produce runoff at the field
station in Lystrup. None of these rainfall events exceeded the mea-
sured infiltration capacity of the topsoil, which in this case is the
saturated hydraulic conductivity of 1.1 mmmin~!. This indicates
that runoff is produced primarily because rainfall exceeds the water
storage capacity of the topsoil as the infiltration capacity of the
lower soil layer is exceeded. The water storage capacity, AS (mm),
of the soil is dependent on the soil water content and can be written
in the form of a simple mass balance in Eq. (6):

AS = (0, — 0)d, (6)

where 6, (m*>H,0Om™ soil) = soil volumetric water content at
maximum storage capacity before mobilization of horizontal water
transport in soil; & (m® H,O m~ soil) = initial soil volumetric water
content; and d,; (mm) = depth of soil body capable of storing water.
If 6 < 6., there is an excess water storage capacity and horizontal
water transport will not be significant. For example, under dry
conditions, as seen in the summer where the soil volumetric water
content reaches 6 = 0.15 m? H,O m™3 soil, there is an excess stor-
age volume up to 0, = 0.34 m® H,O m~ soil, whereas the storage
capacity according to the measurements is exhausted. The differ-
ence in soil water content is multiplied by the depth of the topsoil
layer in Lystrup, which is d; = 460 mm. This results in a temporary
storage capacity at this point in time of 97 mm. The theory pre-
sented in Eq. (6) is confirmed by measurements where runoff is
not produced below an average soil volumetric water content of
0.34 m* H,0m™3 soil.

The measurements from the field station indicate that subsurface
throughflow is present, and therefore both horizontal water trans-
port in terms of throughflow and vertical water transport in terms of
infiltration to deeper aquifers are essential to describe rainfall-
runoff in Lystrup. Therefore, a two-dimensional model could be
the best solution to model the measured runoff processes. In this
case, Horton’s infiltration equation or other one-dimensional infil-
tration models are not sufficient. Furthermore, a measured cloud-
burst of a 10-year return period produced no runoff. The reason that
no runoff was produced is that the rainfall intensity was not high
enough to exceed the infiltration capacity, and as the initial soil
water content prior to the rainfall event was 0.30 m? H,O m3 soil,
and so below the critical soil volumetric water content of
0.34 m* H,Om™ soil, there were also storage capacity left in
the soil to store rainfall in the soil matrix. In general, this rainfall
event is an indication that rainfall intensities must be relatively
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large to cause infiltration excess overland flow in Lystrup. Future
experiments will investigate which rainfall characteristics are
needed to generate infiltration excess overland flow in Lystrup.

To assess the runoff dynamics due to infiltration excess overland
flow, it is necessary to use other means such as rainfall simulators
if the natural rainfall intensity does not exceed the infiltration
capacity. Rainfall simulators are generally designed to study high-
intensity rainfall and how this affects infiltration excess runoff and
processes related to this type of runoff. However, rainfall simulators
would not be able to study subsurface throughflow because this
requires the entire catchment to be hydrologically mobilized. This
would simply require an unrealistic amount of water if such hydro-
logical conditions should be reached with a rainfall simulator.
Therefore, this study supplements rainfall simulator studies well
because it can be used to study throughflow effects, while the rain-
fall simulators can be used to study infiltration excess overland
flow. The disadvantage of this large-scale study is the missing abil-
ity to produce desired rainfall characteristics, which means that in-
filtration excess runoff will rarely be observed in this case.

The field station gives insights on where to locate soil sensor
equipment in other research locations. Within the field station in
Lystrup, the bottom hill sensor cluster showed the best correlation
to the dynamics of generated runoff. Therefore, the most useful data
are collected closest to the outlet of the catchment. This is expected
because the bottom hill sensor cluster measures the result of all
hydrological processes occurring within the hill slope. Although
the uphill sensor clusters showed weaker correlations with the run-
off, they are still important to indicate the average soil water content
of the hill to estimate the total water storage capacity of the
soil body.

The field station developed in this project collects and monitors
all runoff reaching the line drain at the soil surface. The result of
this can be that several types of runoff are mixed, for example, that
subsurface throughflow is mixed with infiltration excess overland
flow. In this way, it could be difficult to separate one runoff type
from another and qualitatively quantify them. Future studies could
put more emphasis on separating runoff types in the field by sepa-
rating the surface from the subsurface. However, measuring the
subsurface throughflow within the subsurface could lead to meas-
uring throughflow that would have stayed in the subsurface and at a
later point infiltrate to deeper aquifers.

Practical Applications

Accumulated runoff increases linearly as a function of accumu-

lated rainfall if the soil volumetric water content is above

0.34 m*>H,0 m™> soil and an initial loss of 7.1 mm is exceeded.

Under these conditions, the runoff coefficient is 0.18. This can

be utilized for further modeling of rainfall-runoff in Lystrup. Such

a model will be helpful to

* estimate rainfall-runoff from urban green areas to stormwater
detention ponds;

» estimate the baseflow produced by urban green area rainfall
runoff in urban drainage networks as rainfall-runoff from urban
green areas occur over several days; this could decrease the dis-
charge capacity of the drainage networks during combined rain-
fall events; and

e estimate rainfall-runoff to wastewater treatment plants as
these often have real-time-controlled cleaning processes de-
pending on the relative concentration of sewage at the inlet to
the plant.

In urban drainage engineering, one-dimensional infiltration
models have the broadest application. In many cases, though,
rainfall-runoff from green areas is neglected. It has been realized
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that rainfall-runoff from the hill slope in Lystrup is more compli-
cated than expected. This is because the runoff processes are con-
trolled within the topsoil, as opposed to the runoff occurring
directly at the soil surface. This result will help engineers to in-
terpret and understand the hydrological processes in urban green
areas and how this type of runoff should be included in the design
of urban drainage systems and wastewater-treatment plants. This
study has presented a robust method to monitor surface runoff di-
rectly from urban green surfaces, which will help future research
projects to conduct similar experiments. However, the results in
this study cannot generalize how green surfaces contribute to total
runoff to urban drainage systems because of its limited geographi-
cal scale. Therefore, it is difficult to extrapolate the current data;
more empirical attempts will be necessary to investigate the under-
lying runoff processes necessary for qualitative runoff estimation
from urban green areas.

Conclusion

It has been found that an urban green area in Lystrup, Denmark,
frequently contributes to runoff. The following characteristics of
runoff were found:

* Runoff is only present at soil volumetric water contents above
0.34 m*H,0/m? soil.

e If rainfall occurs at a soil volumetric water content above
0.34 m*H,0/m? soil, an initial loss of 7.1 mm must be ex-
ceeded before runoff starts.

* The runoff coefficient of the area is 0.18 if the soil volumetric
water content is above 0.34 m*H,0/m? soil and an initial loss
of 7.1 mm is exceeded.

* Runoff most probably occurs as subsurface throughflow.

The results of this study agree with other large-scale studies car-
ried out in rural areas. Generally, infiltration excess overland flow
was not present, which is often assumed in the terms of Horton’s
infiltration theory. This indicates that engineers and scientists
should be careful when deciding which runoff mechanism is the
most dominant in urban green areas. Furthermore, as infiltration
excess overland flow is often assumed to be dominant, it will be
necessary in future studies to revisit current models used in design
practice and determine whether the current assumptions and models
for urban green area rainfall-runoff are reliable.

Future studies are necessary to develop both engineers’ and sci-
entists’ knowledge of this field as urban green area rainfall-runoff
can be crucial for optimal urban drainage design. Therefore, future
research projects in urban environments are highly recommended.
They can be conducted as large-scale experiments but also with
small-scale rainfall simulator studies, which are often used to study
runoff processes in rural and agricultural areas.
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