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An important challenge in hydrology is the quantification of the effect of urbanisation on rainfall-runoff pro-
cesses. Many existing hydrological models assume a constant percentage runoff from urban areas disconnected
from soil moisture which is contrary to evidence from observational studies. The aim of this study is to explore if
linking soil moisture and urban runoff generation can improve rainfall-runoff simulations. Two new conceptual
representations (models) are introduced to account for hydrological effects of urban land including the in-
troduction of a dynamic link between runoff and soil moisture. The first model uses a constant percentage runoff
that will change from catchment to catchment. The second model explicitly links soil moisture and runoff from

urban areas. The results show that the model with an explicit link to soil moisture performed 12% better than the
fixed percentage model across 28 urban catchments located in the United Kingdom. For peak flows in highly
urbanised catchments the linked model performed 17% better than the fixed percentage model.

1. Introduction

It is well documented that urbanisation can have a detectable im-
pact on the hydrology of a catchment, including: a reduction in base-
flow (Brun and Band, 2000; Bhaskar et al., 2015), changes in ground-
water (Vazquez-Suné et al., 2005; Bhaskar et al., 2016) increased runoff
rates (Fletcher et al., 2013; Jones et al., 2000) and reduced lag-times
(Shaw, 1994; Huang et al., 2008) both effects resulting in increased
peak flows (Miller et al., 2014; Rose and Peters, 2001). However,
Packman (1980), Borah (2011), Shields and Tague (2012), Kjeldsen
et al. (2013) and Davidsen et al. (2018) discussed that despite the im-
portance of urban catchments in operational hydrology there is little
research into how best to represent effects of urban land-cover into
rainfall-runoff models. This papers focus will be on medium to large
scale catchment hydrological modelling characterised by a complex
mixture of rural and urban land-uses as opposed to smaller more de-
tailed urban drainage modelling. These urban drainage models have
been researched and multiple products exist such as the SWMM and
MIKE Urban modelling systems.

Common for many rainfall-runoff modelling approaches is that the
runoff rates from urban areas are considered to be a fixed percentage
value which is largely disconnected from the soil moisture in the un-
derlying strata. Fixed percentage runoff values such as 70% runoff
(Packman, 1980; Kjeldsen et al., 2013) or zero infiltration (Wiles and
Sharp, 2008) are reported in the literature. However, these values do
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not reflect the results from experimental studies, Ramier et al. (2011)
conducted an in-depth 38 month study of the infiltration rates on
streets, and reported that 30% to 40% of rainfall was lost due to in-
filtration and evaporation. Butler et al. (2011, p. 528) suggested that
infiltration rates depend on the type of urban area, citing reductions in
infiltration of 30% (residential) to 95% (city centre). Through field
experiments Wiles and Sharp (2008) showed that infiltration rates were
approximately 21% for paved surfaces. While Salt and Kjeldsen (2018)
demonstrated that infiltration though cracked surfaces can be con-
siderable, with infiltration rates ranging from 0% to 90% values de-
pending on the age of the pavement. Through field experiments Hollis
and Ovenden (1988) estimated percentage runoff from rainfall events
to be 11.4% for roads and 56.9% for roofs. The experimental studies
referenced above show that runoff values from urban areas are very
variable with respect to the type of urban surface. Not only is the type
of urban surface a factor but seasonality can also influence runoff values
as evidenced by Ragab et al. (2003) showing that whilst asphalt roads
have 70% annual runoff, values change depending on season with 90%
in winter months and 50% in summer months. Whilst runoff is in-
creased in urban areas due to impervious surfaces, soils in urban green
zones (areas such as parks and sports fields) can also affect runoff rates.
As soils in urban areas differ from undeveloped areas, due to compac-
tion and synthetic materials being mixed into the land, this can lead to
different infiltration rates than those found in soils that are not com-
pacted. For example Gregory et al. (2006) showed that infiltration from
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Fig. 1. Visual representation of the URMOD model. Left hand side shows infiltration and runoff generation processes, with the conceptual soil column and three
zones (Zone 1 when soil moisture is above the field capacity (m > F), Zone 2 when field capacity but does exceed the rooting depth (R < m < F) and Zone 3 when
soil moisture is below the rooting depth (m < R)). Right hand side shows the routing process, with the rural surface storages (Base and surface) and the urban pipe

storage.

compacted soils reduced infiltration from 70% to 99% in low-impact
development areas. Similarly experimental studies by Richard et al.
(2001) and Nielsen et al. (2019) showed that more water was retained
by compacted soils leading to more runoff.

Whilst the experimental literature shows that both land-use and soil
can affect runoff rates in urban areas, hydrological models rarely take
this into account Redfern et al. (2016). Commonly used models such as
SWAT (Arnold et al., 1998) and United States Army Corps of Engineers
(USACE) watershed model HEC-HMS are based on the SCS curve
number method, assigning high CN numbers to urban land-use classes.
Other models such as the soil moisture distribution and routing (SMDR)
model assumes 100% runoff from grid cells characterised as urban
Easton et al. (2007). However, the results from the experimental studies
show that, while computationally convenient, the assumption that
urban surfaces generate 100% runoff is not generally supported by
observational evidence published from observational and computa-
tional studies. Representing the extent and spatial variation of urban
surfaces within hydrological models can be achieved through a number
of methods. Using the imperviousness of a catchment is generally ac-
cepted in the wider literature as a benchmark McGrane (2016) and
Schueler et al. (2009). This method is called total impervious area
(TIA), and uses different weighted land cover categories to express
impervious cover as a percentage or fraction of a total catchment area.
Multiple different methods to classify TIA exist, Koga et al. (2016)
created a 10 m grided cells of Japan to calculate the impervious area
ratio (ratio of TIA for each grid cell). Flood Estimation Handbook (FEH)
(Bayliss, 1999) developed an URBEXT catchment descriptor as a
weighted sum of urban and suburban fraction of a catchment, whilst the
updated URBEXT,q0o incorporates inland bare ground zones into the
metric as well Bayliss et al. (2006). Whilst URBEXT and other metrics
are widely accepted the problem with TIA is that it does not take spatial
variation into account (Miller and Brewer, 2018). Directly connected
impervious area (DCIA) uses spatial data and remote sensing to esti-
mate the hydraulically connected sections of TIA (Han and Burian,
2009). As such DCIA can provide more spatial information on a urban
area than simply using the TIA. Applying DCIA methods to models has
been shown to be more accurate than applying TIA as outlined in
Hwang et al. (2017) and Miller and Brewer (2018). However, Miller
and Brewer (2018) discusses the drawback of using DCIA including that
not enough accurate land use data may exist to accurately estimate.

One of the challenges, as stated by Salvadore et al. (2015), facing

hydrological modeling is the complexity and suitable parameterisation
when considering the impacts of urban surfaces on the hydrological
cycle. In response to this challenge, this paper will investigate if linking
soil moisture and runoff from urban areas can improve model simula-
tions over taking fixed percentage runoff. To do this a new approach to
modelling infiltration and runoff rates across urban surfaces is pre-
sented that explicitly considers the link between infiltration and soil
moisture through a series of parameter parsimonious conceptual
models. The infiltration models are implemented in a generic rainfall-
runoff framework and tested on a set of urban catchments located
within the greater Thames basin in south east England.

2. Model development

A deterministic, continuous-time, lumped, conceptual rainfall-
runoff model designed for simulating runoff from catchments including
urban land-cover (URMOD) (Fidal, 2019) will be used in this study. The
URMOD model is an extension of the existing DAYMOD model devel-
oped for rural catchments by Packman (2004) and an integral part of
the Revitalised Flood Hydrograph (ReFH) model routinely used for
design flood estimation in the United Kingdom (Kjeldsen et al., 2005). A
lumped model does not split catchments into multiple subcatchments
but considers a single catchment with only one outlet point. The hy-
drological effects of urbanisation are explicitly accounted for by split-
ting a catchment into a rural and an urban section, with each section
being assigned different infiltration (and thus runoff) and routing
characteristics. URMOD has nine parameters in need of calibration from
observed precipitation, potential evaporation and river flow.

The model structure is shown in Fig. 1 and consists of two main
processes; (i) the soil column, where soil moisture level controls in-
filtration and runoff generation (Section 2.1ii) routing of base and
surface flow for rural and urban areas (Section 2.4). The model has a
total of nine parameters in need of calibration. Five parameters describe
the soil column, whilst four parameters are used for routing (three for
rural and one for the urban routing).

2.1. Infiltration and runoff approaches

Surface runoff and infiltration are modeled using a soil-column
based approach. The precipitation (i) that does not infiltrate into the
soil column is converted into direct runoff (rain = runoff +
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Fig. 2. Both urban infiltration extensions and rural method as percentage in-
filtration against soil moisture (m) over soil column (S). Solid black line is rural,
dotted grey line is extension 1 and dashed black line is extension 3.

infiltration). The fraction of precipitation that is turned to either runoff
or infiltrates depends on the soil moisture level, and the soil moisture
dynamics differs depending on the rural or urban section of the model.
The temporal change in soil moisture for the rural area is driven by
three processes: (i) infiltration, (ii) drainage and (iii) evaporation. If
urban land-cover is present then infiltration across the catchment will
be made up of two contributions; infiltration from the rural areas and
the urban areas respectively. The total infiltration is represented as a
weighted average of infiltration (f) from the two land-cover classifica-
tions:

f= l(l - u)frur + iqub, (1)

where i is rainfall, u is the fraction of the total catchment area covered
by urban land-cover, f,,. represents infiltration in the rural areas and is
defined in Eq. (2), and infiltration in urban areas is denoted f,,,. The
infiltration in the rural areas shown in Eq. (2) is based on the PDM
model by Moore (2007); (see Appendix A for details)

1
m\2
Jrr = (1 B E) ’ )

where m is the soil moisture content (mm) and S is the soil column
capacity (mm), thus 0 < m/S < 1. When the soil column is close to
saturation (m/S ~ 1), the infiltration is low and most of the rain is
converted to direct runoff. The conceptual soil column is assumed to
have three different zones representing soil moisture levels, controlled
by field capacity (F) and rooting depth (R) both of which are calibrated
parameters. The drainage and the evaporation from the soil column
depends on the soil moisture level as shown on the left hand side of
Fig. 1. Zone 1, near the soil surface, is defined as when the soil moisture
is above the field capacity (m > F). In this case the evaporation is as-
sumed at the potential rate (E,) and drainage to deeper storage depends
on moisture content (m) and a calibrated drainage coefficient (k) so
drainage out of the column takes place at a rate of k(m — F). Zone 2 is
when the soil moisture does not exceed the field capacity but does
exceed the rooting depth (R < m < F) the evaporation is again at the
potential rate (Ep), but there is no drainage. Zone 3 when soil moisture
is below the rooting depth (m < R), there is again no drainage and
evaporation reduces linearly with depth as E = E,(m/R) until it reaches
E = 0 for m = 0. Three different differential equations describe the soil
moisture dynamics in each of the three different zones. The infiltration
term in each of these equations does not change and is determined by
Eq. (2). Hence, the equation for each zone is shown in Egs. (3)-(5).
Frur

d my s

Drainage
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Lo . Evaporation
infiltration pe
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A scaling term is applied to the amount of evaporation that occurs in
the urban areas. Since there is no consensus in modelling studies on the
value that evaporation takes in urban areas, it is agreed that this value
is less than the amount in rural areas and larger than no evaporation,
see (Mitchell et al., 2003; Xiao et al., 2007) for more details. As such the
value chosen for this study will be set at 50%.

The key question addressed in this paper is how best to represent the
infiltration across the urban surfaces, f,,. Two different approaches
(urban extension to the rural rainfall-runoff model) to modelling in-
filtration (and thus runoff) from urban areas are developed and com-
pared. The extensions are introduced below with the subsequent sec-
tions providing more details. A visual representation of each urban
extension, including the rural method (Eq. (2)) is displayed in Fig. 2
showing the percentage of rainfall that infiltrates as a function of soil
moisture. Firstly, the infiltration in rural areas represented in Eq. (2) is
shown as a solid grey line. The first urban extension (black dotted line)
assumes a fixed percentage of rainfall infiltrates, and thus the hydro-
logical process on the urban surfaces are de-coupled from soil moisture.
The second extension (dashed grey line) assumes that runoff and in-
filtration generation in the urban areas are dependent on a scaling term
denoted vy, such that infiltration from the urban surfaces depends on the
soil moisture content of the rural areas but is decreased by a factor
(1 — y). Thus, extension 2 also directly links urban infiltration to soil
moisture levels.

2.2. Urban extension 1: Fixed percentage runoff

Urban extension 1 assumes a fixed percentage runoff from the urban
area and that runoff generally is independent of the soil moisture. This
fixed percentage runoff will be denoted w. As shown in Fig. 2 com-
paring o to the runoff generated for the rural parts, it is clear that if @ is
less than 100% there will be a threshold where soil moisture levels are
so high that the percentage runoff generated from the rural areas ex-
ceed runoff rates from the urban areas, which is considered counter
intuitive. The soil moisture threshold value (m/S) where this shift oc-
curs is derived as

1

1 1
1—(1—ﬂ)2>(1—ﬂ)2w:>ﬂ>1—(1—w)2.
5 S s

rural urban (6)

Therefore, infiltration from the urban areas has to be considered for
soil moisture levels both above and below this threshold. If the soil
moisture level exceeds this threshold then infiltration on the urban
areas will revert to behavior like on the rural areas. The infiltration on
the urban areas is therefore defined as;

1-w 0<m/S<1 -1 —w)?
fl‘ub =

1
(1—%)2 1-(1-wP<m/S<L -

By substituting Egs. (2) and (7) into Eq. (1), the total infiltration
accounting for both the urban and rural areas can be defined as
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1
(1—u)(1—%)2+iu(1—a)) m/S<1—-(1 - w)?
f=

1
(1-5) ®)

Whilst traditionally w would be set as a fixed value such as 70% or
100%, for the purpose of this study it is defined as a calibrated value in
order to compare how the fixed percentage value will change de-
pending on urbanisation.

m/S>1-(1 - w?

2.3. Urban infiltration extension 2: Multiplicative urban effects

Urban extension 2 assumes infiltration across the urban areas is
dependent on soil moisture similar to infiltration in the rural parts but
reduced by a multiplicative factor (1-y). As a result, extension 2 avoids
the explicit introduction of a threshold as needed in extension 1. The
functional form is defined as:

o = [1 ) YJ(I ) %); ©

The calibration parameter y € [0, 1] is introduced to account for the
variability in infiltration across different urban catchments, such that a
large vy indicates that the urban area is mostly impervious and more
runoff is generated, whilst a smaller value indicates that the urban area
has more pervious surfaces and less runoff is generated. If y is zero then
infiltration for the impervious area is the same as the rural area,
whereas if v is one then the impervious area would be completely sealed
and there would be no infiltration. The total infiltration is derived by
substituting Egs. (2) and (9) into Eq. (1) as:

(R R (et e G

rural urban

(10)

The infiltration defined Eq. (10) can then be substituted into the
three soil moisture equations (Egs. (3)—(5)).

2.4. Rural routing model

Separate routing of the direct runoff generated from the rural and
urban parts of catchments is introduced as shown in Fig. 1. The direct
runoff generated from the rural parts of the catchment is split and a
proportion goes to the baseflow while the rest is designated as surface
flow. The proportion of the runoff which contributes to the baseflow is
first routed through a local linear baseflow reservoir with a time con-
stant delay of , before it emerges into the channel, and is then routed
through a channel linear reservoir of delay S; in order to obtain the
baseflow at catchment outlet. The proportion of runoff designated as
surface flow is only routed through the channel linear reservoir, before
combining with the baseflow for the rural flow at the catchment outlet
to form total runoff (surface and baseflow).

2.5. Urban routing model

The contribution of runoff from the urban areas is routed directly to
the outlet via a separate and parallel linear reservoir. It is assumed that
the urban area is one lumped entity transporting runoff to the catch-
ment outlet quicker than the runoff from the surrounding rural areas.
This is done by defining an upper bounded linear reservoir conceptually
representing the convergence in storm water pipes and defined as
having a time delay of U, shorter than that of the rural channel
(Up < Sp). Whilst the linear reservoir linked to the rural area does not
have an upper capacity, the upper bounded nature of the pipe system

Journal of Hydrology 589 (2020) 125122

Table 1
All parameters, data inputs and parameters for both models with notation in the
left column.

Notation Meaning Type

i Observed rainfall (mm) Input

Ep Potential evaporation (mm) Input

Gobs Observed flow of the river (mTS) Input

S Soil capacity of the moisture Calibrated
F Field capacity, moisture in the soil after drainage Calibrated
R Rooting depth of the plants Calibrated
k Coefficient of drainage Calibrated
Br Proportion of water designated as base flow (Ratio) Calibrated
B Base flow lag (days) Calibrated
Cr Channel lag (days) Calibrated
19/3 Urban lag (days) Calibrated
w, ¥ Urban runoff parameter Calibrated
Gsim Output

3
The total outflow of the simulation (mT)

means that if the pipe system reaches the full capacity the extra runoff
spills over to the rural part of the catchment and thus is added to the
direct runoff generated on the rural areas. This is an attempt to simulate
the finite capacity of the pipes in the urban drainage network. The
solution to the linear storage equation will be used to determine the
urban routing. Let S, be the storage of the pipe system with Uy, being the
lag time and v representing the outflow of the system. The linear re-
servoir is defined as

Su = ULU. (1 1)

The change in storage S, is solved for outflow at time t via a finite
difference method over the time step At resulting in Eq. (12). Full de-
tails are given in (Fidal, 2019),

_ 2ULvo + ALz — Vo + Zo)

>

2(0, + Ar) 12)

Vr

where vj is the outflow from the previous time step and z; is the runoff
designated as direct runoff from the urban areas. The routed runoff
from the urban areas v, is then combined with the total surface flow and
base flow from the rural section of the model to generate the total flow
at the catchment outlet denoted q,. For reference all of the inputs,
outputs and parameters of the model are shown in Table 1.

The next section will present a case study to compare the perfor-
mance of each of the two extensions across 28 urban catchments.

3. Case study — The Thames catchment

A set of 28 sub-catchments from within Thames river basin in south
east England was selected for this study (A summary of which is in
Table B.3 in the appendix). To have a meaningful comparison of the
proposed urban models, only catchments with urban land-cover in ex-
cess of 5% (measured by the catchment descriptor URBEXT) were
chosen. One additional catchment with urbanisation of 1.20% was also
included since it was a larger catchment and so the urban land cover
was still large in absolute terms. Fig. 3 shows the entirety of the Thames
river basin in black on the map of the UK, whilst the selected catch-
ments and full river network are shown in light grey on the closer view
of the Thames catchment. The 28 catchments ranged in size from
21.80 km? to 904.04 km? with fractional urban land cover values from
1.20% to 54.75%.

3.1. Hydro-meteorological data

For each catchment observed records of: catchment average daily
precipitation i (mm), average daily river flow g,,,(m3/S) and daily po-
tential evaporation data E,(mm) were collected. The precipitation data
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Fig. 3. Map of the UK with catchments highlighted in black on the left hand side. The right hand side is a closer view of the Thames, with the selected catchments

highlighted in grey.

were obtained from the CEH-GEAR data set (Keller et al., 2015) span-
ning 20 years (1990-2010). Runoff data at a daily time step were ac-
quired from the National River Flow Archive (NRFA). Similar to the
precipitation data the river flow data set spanned over 20 years from
1990-2010. Finally, potential evaporation data was obtained from the
Climate, Hydrology and Ecology research support system (CHESS)
(Robinson et al., 2016). The first catchment descriptor used is catch-
ment area (henceforth denoted AREA), this is the entire area that drains
into the river and recorded by the gauging stations.

As discussed in the introduction multiple methods of classifying the
total percentage of urbanisation in a catchment exists. The criteria
chosen withing this study is the FEH descriptor URBEXT2000 catchment
descriptor (Bayliss et al., 2006), where the subscript 2000 denoting that
the underlying 50m x 50m land-cover data that was used to construct
the index refers to the period between the years of 1998-2000. UR-
BEXT,000 uses a contribution of both urban, sub-urban and inland bare
ground land-cover classes, with the urban land-cover consisting of
roofs, roads and man-made structures, sub-urban section is a mix of
vegetation and semi-built up areas, whilst inland bare ground is a mix
of gravel car parks, railway sidings and derelict industrial land. For a
catchment URBEXT,, is defined as

0.5xsub-urban
AREA

urban
AREA

0.8xinland bare ground

URBEXTZ()OO = AREA

13

Only half of the sub-urban area is defined as urban as it is assumed
that half of the sub-urban is made up of vegetation and only 0.8 of
inland bare ground is considered urban (Bayliss et al., 2006). Hence-
forth URBEXT,000 Will be denoted URBEXT for ease of viewing. UR-
BEXT is used within URMOD to separate the contribution from rural
and urban areas when calculating runoff and infiltration generation,
from Eq. 1 u = URBEXT. Hence,

f=i(1 — URBEXT)f,, + iURBEXTY,,. (14)

The BFIHOST catchment descriptor (Boorman et al., 1995) which is
a linear regression relationship between Base Flow Index (BFI) and

Hydrology of Soil Types (HOST) (Bayliss, 1999) will be used in this
study to explore the models performance on baseflow dominated
catchments. The BFIHOST is a value between 0 and 1 with a larger
value indicates that the catchment is base flow dominated, whilst a
smaller value implies that the catchment is not.

4. Model calibration and validation

The combination of one of the two urban extensions from Section
2.1 with the urban routing model from Section 2.5 will create two
distinct models. Each of these models will be called M,, where a = 1,2
depending on the extension used. In order to determine the optimal
parameter set (denoted 6, in which a = 1,2) all nine parameters need
calibrating. Calibration of the model parameters requires observed, and
coinciding, records of rainfall, river flow and potential evaporation. An
initial estimate of the parameters is chosen, and the optimisation of the
model parameters is achieved by minimising the value of an objective
function using the shuffled complex evolution algorithm (SCE) (Duan
et al., 1993). Once a set of optimal parameters have been obtained,
observed rainfall and potential evaporation can be used as input to
drive the model to obtain estimated river flow denoted g, and cal-
culate a performance criteria Z by comparing observed and simulated
runoff. One problem with a single performance criteria for a catchment
is the subjectivity of its interpretation e.g. Ritter and Munoz-Carpena
(2013). In order to resolve this problem multiple performance criteria
and a subsequent average will be calculated for each catchment, and for
each model, using a jackknife approach; further details in Section 4.2.

4.1. Model performance criteria
The performance criteria adopted for this study is the well-known

Nash-Sutcliffe efficiency (NSE) statistic (Nash and Sutcliffe, 1970) de-
fined as:
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_ 2:1:1 (qobs - qsim)2

Z=1
Z?:1 (qobs - qobs)2 (15)

with g,,; denoting the mean of the observed river flow and n the number
of observations. The range of NSE lies between one and — oo, with a
value of one indicating perfect fit, i.e g, = q,,,.- Whilst the NSE is the
most widely used performance measure (Ewen, 2011; Gupta et al.,
2009), there is no universally accepted range of values for evaluating
performance. For the purpose of this paper, NSE values above 0.5 will
be deemed satisfactory as recommend by Moriasi et al. (2007).

4.2. Jackknife calibration method

When calibrating and validating a hydrological model, as discussed
by Klemes$ (1986), the data assigned for calibration and validation
should not overlap. In this paper the observed data from the validation
period will be compared with model simulated data to obtain a per-
formance criteria for the period. Calibration and validation of the two
models is conducted using systematic re-sampling based on a jackknife
approach, as described by Fidal and Kjeldsen (2020). This method al-
lows for all of the data to be taken into account during calibration as
opposed to a simple split-sample test. The observed hydro-meteor-
ological records are divided into a number of subsets thereby allowing
multiple calibrations and validation to be performed on different
combination of subsets.

The method is presented in Fig. 4 and the details of each step out-
lined below for the case where records are available for 1990-2010.
The starting point is 20 years of observed data, divided into a five year
calibration period and a 15 year validation period.

e Split the 20 years into four (5 year) non-overlapping periods starting
at the first year (1990).

o Calibrate model M, on the first sub period (1990-1994), to obtain a
set of model parameters 6;.

e Use model M, with parameter set 6; to simulate runoff on the re-
maining 15 years (1995-2009).

® A performance criteria (Z;) is obtained by comparing the model si-
mulated data and the observed flow data over the validation period.

® The next 5 years of data (1995-1999) is defined as the calibration
period and a new parameter set 6, is obtained. The model validated
on the period 1990-1994 and 2000-2010, and a performance cri-
teria Z, calculated.

This process is repeated until the model has been calibrated and
validated on all subsets and four parameter sets (6;, 6,, 65, 6;) and four
corresponding validation performance criteria (Z, Z,, Zs, Z,) are ob-
tained for each catchment, and for both of the models; see Fidal and
Kjeldsen (2020) for further details. In order to compare performance
criteria between models an average of the four performance criteria is

derived for each catchment and model defined as

4
_ 1
ZaZ_Z Zoms a=1,2.
4 (16)
Z, can be compared between models in order to obtain a difference
in performance as shown in Eq. (1)

Zyo=2,- 7 an”n

Estimates of Z; will be obtained for each of the ¢ = 1, ...,28 catch-
ments. With positive values of Z; indicating that M, has performed
better than M; on the select catchment, whilst negative values show the
reverse.

5. Results

The results section is divided into three sections. The first Section
(5.1) will show the performance of the both models presented as a
boxplot. The second section will compare the difference in performance
of each catchments comparing against, catchment area (AREA), degree
of urbanisation (URBEXT) and the baseflow index as derived from soil
data (BFIHOST). The third Section (5.2) will explore the differences in
the calibrated parameters w and vy, against URBEXT value to determine
if a relationship between the parameter and catchment descriptor ex-
ists. This is to determine if either model performs better on certain sized
or urbanised catchments and at what point does model performance
decrease for baseflow dominated catchments. Finally, the fourth Sec-
tion (5.4) will explore the performance for select catchments using a
hydrograph based approach.

5.1. Analysis of individual model performance

Fig. 5 shows a boxplot of the model performance (as measured by
the NSE) results obtained for both M; and M, for each validation period,
with three outliers removed (2 from M, and 1 from M;).

Fig. 5 shows that the median performance of M; is 0.58, whilst M,
achieves a score of 0.65 which is an increase in performance by 12%.
Whilst M, has a larger median than M, there are instances when it
performs worse than M;. As shown in Fig. 7 this occurs mainly on
catchments characterised by high BFIHOST values (baseflow domi-
nated).

5.2. Comparing model performance M; and M,

Models M; and M, were calibrated and validated on each of the 28
catchments as described in Section 3. Based on the difference in average
NSE values (Z;), model M, outperformed M; on 16 out of 28 catch-
ments.

Fig. 6 shows the difference in performance of models M; and M,,
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Fig. 5. Boxplot of all averaged jackknife validation runs (Z) for both models (3 outliers not plotted) for all 28 catchments with three outliers omitted (2 from M, and

1 from M,).

with Z; = Z, — Z; plotted against degree of urbanisation. The figure
shows that below a threshold of URBEXT = 0.25, the performance of
both models is varied with neither model performing consistently better
than the other. However, for catchments with a higher degree of ur-
banisation (URBEXT > 0.25) M, performs better than M; in more cases.
However percentage of urbanisation is not the only catchment de-
scriptor affecting performance. Fig. 7 shows the difference in perfor-
mance between M, and M; when plotted against BFIHOST (left hand
figure) and AREA (right hand figure with logged x axis).

On four catchments characterised by high BFIHOST values
(BFIHOST > 0.65), model M; appears to perform considerably better
than M, (Z; < — 0.4). However, on these catchments the performance
of M, is also relatively poor, and thus the large differences are likely
related to the general poor performance of the base model structure on
baseflow dominated catchment. Notably, the performance of both M;
and M, is poor (Z < 0.45) on a additional high BFIHOST catchment, but
the absolute difference (Z) is small, so they don’t show-up as outliers in
Fig. 7. When comparing model performance against AREA, M; per-
formed better than M, for the two very large catchments but only with a
difference in NSE scores of 0.03 and 0.07. Both of the aforementioned
catchments models M, and M, performed reasonably well, achieving
NSE scores of 0.69 and 0.68 for M; and 0.65 and 0.6 for M,.

5.3. Analysis of calibrated parameters w and vy

Fig. 8 shows the calibrated parameters w and y plotted against
URBEXT for each of the 28 catchments.

Both w and y appear not to show any dependence on URBEXT.
However for values of URBEXT below 0.25 of both parameters are very

varied (between 0 and 0.8) whilst URBEXT values above 0.25 the values
of both parameters are less varied (between 0 and 0.4). This indicates
that for more urbanised catchments both models tend to generate less
runoff and more infiltration. This may be due to green zones within
catchments (permeable green areas within the urban areas) or the lo-
cation of the urbanisation to the river.

5.4. Analysis of individual model performance

Fig. 9 shows an example simulated hydrograph from a catchment
(NRFA: 39023) characterised by high BFTHOST value (0.8), and slightly
urbanised (URBEXT = 0.11) obtained from each model. Whilst M; had
an acceptable NSE value (0.5) the simulated flow does not match the
observed flow, suggesting that the calibration of M; prioritised a longer
lag time at the expense of the peak flows. In contrast model M, obtained
a low NSE value (0.06), but the simulated flow prioritised generating
peaks at the expense of very quick lag times. This effect is observed for
multiple catchments with high BFIHOST.

Fig. 10 shows an example simulated hydrograph from a catchment
characterised by a large URBEXT value (0.5), low BFIHOST (0.423)
obtained from each model. Relatively high NSE values were obtained
with both models, with M; achieving 0.56 and M, achieving 0.68 re-
spectively. However, Fig. 10 highlights a problem with M; calibration
such that the model attempts to match the low flows instead of the peak
high flows. This is a consequence of implementing a fixed percentage
runoff mechanism, on runoff rates from the urban areas will remain
constant until the threshold (outlined in Section 2.2) is reached and
then the runoff will match the rural model. Or a large value of w is
selected and then too much runoff is generated. In contrast, the
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Fig. 6. Difference in performance between M; and M, when the NSE are applied, plotted against URBEXT»g0o. The circles indicate M, outperforms M;, whereas the

triangles represent the reverse.
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Fig. 7. Difference in performance between M, and M, when the NSE are applied, plotted against AREA (km?) and BFIHOST. The circles indicate M, outperforms M,

whereas the triangles represent the reverse.

flexibility of M, enables the model to achieve larger runoff values when
soil moisture is saturated alongside smaller runoff values during dryer
periods.

Fig. 11 shows a performance criteria for each model for the most
urbanised catchments (URBEXT values ranging from 0.4 to 0.55). The
performance criteria is calculated by extracting the top 33% of both the
simulated and modelled flow (high flows) for each period for a catch-
ment, and a performance criteria is then calculated for each period by
comparing the observed and modelled flow with an average of these
values for each catchment. In Fig. 11 the circles represent the perfor-
mance criteria for model M, and the triangles are for model M;. The
figure shows that for every highly urbanised catchment model M; un-
dersimulates peak flows, with a average performance of the eight
catchments being 0.69. In contrast model M, is able to better capture
the peak flows resulting in an average performance criteria of 0.82,
which is an increase in the NSE performance of 0.17.

6. Discussion

Model extension 1 used a modified fixed percentage approach by
introducing a calibrated parameter to represent the fixed percentage.
Whilst traditional methods have a fixed percentage of 70% or 100%
runoff (Packman, 1980; Kjeldsen et al., 2013; Wiles and Sharp, 2008)
the results in Fig. 8 have shown that these values are too large with only
four catchments having a w of over 0.7 (70%). This means that simply
having a singular value for runoff percentages is too simple, whilst the
SCS curve numbers do have different values for different types of urban
area. It is shown in this study that simply applying a calibrated fixed

value term can improve the model simulations.

The fixed percentage approach was in line with traditional methods,
but conflicts with hydrological studies such that infiltration and runoff
rates in urban areas can change depending on season (Ragab et al.,
2003) or soil moisture levels of green zones (Redfern et al., 2016). In
contrast, model extension 2 has a explicit link between soil moisture
and urban runoff. Redfern et al. (2016) described the challenge for
hydrological modelling as a greater understanding between urban
surfaces and hydrological behaviour and not just using static values
describing runoff and assumptions of imperiousness. This paper ad-
dresses this very challenge by showing that linking urban runoff and
soil moisture can improve hydrological simulations, as shown in Sec-
tion 5 M, outperforming M, in nearly all catchments where URBEXT
values exceed 0.2 (for low BFIHOST catchments). Moving forward hy-
drological models should abandon the use of fixed percentages within
models to focus on linking soil moisture into modelling.

Two important points raised in the introduction need to be dis-
cussed, measures of classification of urban areas and the role urban soils
when used for lumped models. Many different TIA and DCIA methods
for representing urban extent exist, the criteria selected within this
study was URBEXT50qo which is a relatively simple measure to quantify
the impervious cover within UK catchments and has been used within
the Flood Estimation Handbook Bayliss (1999, 2006). A more complex
criteria was not selected as this study aimed to show the out of the box
readiness of URMOD and the fact that it can still create good perfor-
mance with a simple criteria. However, much work is being put into
creating viable DCIA methods such as Hwang et al. (2017) and Miller
and Brewer (2018) with a view to improve hydrological modelling of
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Fig. 8. Parameters y and w plotted against URBEXT 0.
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Fig. 9. Flow hydrograph and daily rainfall totals of the year 2003, the top figure is observed (grey line), M; simulated flow (black line) and M, simulated flow (black
dashed line) (metre cube per second m?/s). The bottom figure is observed daily rainfall (mm).

urban areas. Secondly, whilst this study did consider soil moisture of
the catchment a number of properties of urban soils were not included.
Firstly is that the properties of urban soils are different than rural soils,
due to compaction which leads to more runoff generated from urban
areas. As shown by Richard et al. (2001) and Nielsen et al. (2019) soil
compaction can have a considerable impact on infiltration rates. Whilst
this is not inherently built into URMOD the method presented does link
change infiltration rates of soils in urban areas reducing them when
calibrated with y. Future research within urban soils linked to models
should build upon this link created in this paper.

As this study has shown using a fixed percentage is not suitable
urban lumped hydrological modelling moving forward should consider
the aspects discussed above, and should start developing methods to
account for soil moisture whilst considering DCIA criteria. However,
the new method presented in this paper did not outperform the fixed
method in every case, which means more research is needed to link
results from experimental studies of urban hydrology to model devel-
opment.

7. Conclusion

The aim of this study was to explore if linking soil moisture and
urban runoff generation can improve rainfall-runoff simulations. Two
new and generic urban model extensions were presented that can be
applied to a conceptual rainfall-runoff model in order to account for
urbanisation. In order to do this a conceptual modelling approach was

adopted, and two new and generic urban extensions were developed
compatible with a conceptual rainfall-runoff model in order to better
account for urbanisation. Results showed that the extension explicitly
linking soil moisture to infiltrate in urban areas outperformed the tra-
ditional approach based on a fixed percentage runoff from the urban
surfaces by 12%.

Whilst the new models presented here were developed specifically
for use with a lumped model, the implications of this research is that
the same underlying principles can be applied to any model that cur-
rently attempts to model runoff and infiltration in urban areas with
hydrologists being encouraged to implement these principles into
models that currently rely on the simplified fixed percentage runoff
concept. The developments and results presented in this paper have
shown results and model behavior more in line with findings from
detailed experimental studies and therefore provides a better classifi-
cation of runoff generation in urban areas than is currently available.
Future work should focus on further exploring the link between soil
moisture and urban runoff generation, for example by defining separate
soil columns for the urban and rural areas, respectively, thereby al-
lowing more explicit accounting for spatial differences in soil moisture
dynamics.
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Appendix A. Derivation of infiltration equation

The infiltration and runoff generation on the rural part in URMOD is based on a Probability Distributed Model (PDM) developed by Moore
(1985), adopting a uniformly distributed soil moisture capacity. The PDM assumes that the soil moisture capacity (C) varies randomly over the entire
catchment between a value of zero and C,y, but is assumed to be statistically uniform, such that capacities occur with equal frequency. Before a
rainfall event of depth 1, an initial moisture content ¢, will be assumed. Runoff is generated from areas with a spare capacity less than m, whereas the
other areas are unsaturated (C — ¢;) > 0 and no runoff is generated.

Since soil moisture is uniformly distributed and the maximum of the soil moisture capacity is denoted Cy,4, the mean of C equals the mean soil
moisture capacity (S) in the catchment and is defined as,

S = 0.5Cyax 18

Initially, the proportion of the catchment that is unsaturated is a ratio of the deficit of saturation in areas and the maximum soil moisture capacity
(Cmax=m) The mean moisture content m, which is defined as the mean capacity less the mean unsaturated volume:

lelX
—- )2
mO — O,SCmax _ (Cmax ml)
Conax (19)
hence
m, m; Y
AU (1 - _‘) .
S Conax (20)

The role of C::_;x is the catchment average percentage runoff, hence (1 - CVCTOM) is the fraction of rainfall that infiltrates into the soil. So Eq. (10) can
be written as
1
(1 - i) = (1 - @)2.
Cinax S (21)
Dropping the suffix 0, gives the infiltration Eq. (2)

1

f:@_%f‘ @2)

10
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Table B.3
Table of 28 catchments used, with respective AREA, URBEXT50o and BFIHOST values.

NRFA station AREA (km?) URBEXT2000 () BFIHOST (-)
39003 176.1 0.36 0.76
39005 43.5 0.5 0.48
39007 354.8 0.13 0.63
39010 743 0.12 0.63
39011 396.3 0.05 0.8
39012 69.1 0.31 0.6
39013 322.92 0.11 0.54
39022 164.5 0.09 0.59
39023 137.3 0.11 0.8
39030 183.21 0.10 0.73
39033 49.2 0.0012 0.77
39044 84 0.08 0.59
39049 29 0.40 0.18
39052 50.2 0.24 0.36
39053 89.9 0.19 0.46
39056 120.4 0.34 0.71
39057 61.7 0.49 0.23
39058 38.3 0.55 0.53
39068 317.23 0.12 0.44
39069 142 0.15 0.45
39079 904.03 0.07 0.72
39086 33.6 0.17 0.6
39087 81.57 0.17 0.39
39088 105 0.06 0.69
39093 117.6 0.48 0.2
39094 96.67 0.49 0.42
39095 33.5 0.48 0.61
39096 21.8 0.51 0.18
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