
        

Citation for published version:
Fidal, J & Kjeldsen, TR 2020, 'Accounting for soil moisture in rainfall-runoff modelling of urban areas', Journal of
Hydrology, vol. 589, 125122. https://doi.org/10.1016/j.jhydrol.2020.125122

DOI:
10.1016/j.jhydrol.2020.125122

Publication date:
2020

Document Version
Peer reviewed version

Link to publication

Publisher Rights
CC BY-NC-ND

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.jhydrol.2020.125122
https://doi.org/10.1016/j.jhydrol.2020.125122
https://researchportal.bath.ac.uk/en/publications/42e8aeb9-59bd-4afc-8b59-8602014e2a60


Accounting for soil moisture in rainfall-runoff modelling1
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Abstract5

An important challenge in hydrology is the quantification of the effect of6

urbanisation on rainfall-runoff processes. Many existing hydrological models7

assume a constant percentage runoff from urban areas disconnected from soil8

moisture which is contrary to evidence from observational studies. The aim9

of this study is to explore if linking soil moisture and urban runoff generation10

can improve rainfall-runoff simulations. Two new conceptual representations11

(models) are introduced to account for hydrological effects of urban land12

including the introduction of a dynamic link between runoff and soil moisture.13

The first model uses a constant percentage runoff that will change from14

catchment to catchment. The second model explicitly links soil moisture and15

runoff from urban areas. The results show that the model with an explicit16

link to soil moisture performed 12% better than the fixed percentage model17

across 28 urban catchments located in the United Kingdom. For peak flows18

in highly urbanised catchments the linked model performed 17% better than19

the fixed percentage model.20
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1. Introduction23

It is well documented that urbanisation can have a detectable impact on24

the hydrology of a catchment, including: a reduction in baseflow (Brun and25

Band, 2000; Bhaskar et al., 2015), changes in groundwater (Vázquez-Suñé26

et al., 2005; Bhaskar et al., 2016) increased runoff rates (Fletcher et al., 2013;27

Jones et al., 2000) and reduced lag-times (Shaw, 1994; Huang et al., 2008)28

both effects resulting in increased peak flows (Miller et al., 2014; Rose and29

Peters, 2001). However, Packman (1980); Borah (2011); Shields and Tague30

(2012); Kjeldsen et al. (2013); Davidsen et al. (2018) discussed that despite31

the importance of urban catchments in operational hydrology there is little32

research into how best to represent effects of urban land-cover into rainfall-33

runoff models, especially for medium to large scale catchments characterised34

by a complex mixture of rural and urban land-uses.35

Common for many rainfall-runoff modelling approaches is that the runoff36

rates from urban areas are considered to be a fixed percentage value which is37

largely disconnected from the soil moisture in the underlying strata. Fixed38

percentage runoff values such as 70% runoff (Packman, 1980; Kjeldsen et al.,39

2013) or zero infiltration (Wiles and Sharp, 2008) are reported in the liter-40

ature. However, these values do not reflect the results from experimental41

studies, Ramier et al. (2011) conducted an in-depth 38 month study of the42

infiltration rates on streets, and reported that 30% to 40% of rainfall was lost43

due to infiltration and evaporation. Butler et al. (2011, p. 528) suggested that44

infiltration rates depend on the type of urban area, citing reductions in infil-45

tration of 30% (residential) to 95% (city centre). Through field experiments46

Wiles and Sharp (2008) showed that infiltration rates were approximately47
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21% for paved surfaces. While Salt and Kjeldsen (2018) demonstrated that48

infiltration though cracked surfaces can be considerable, with infiltration49

rates ranging from 0% to 90% values depending on the age of the pavement.50

Through field experiments Hollis and Ovenden (1988) estimated percentage51

runoff from rainfall events to be 11.4% for roads and 56.9% for roofs. The52

experimental studies referenced above show that runoff values from urban53

areas are very variable with respect to the type of urban surface. Not only54

is the type of urban surface a factor but seasonality can also influence runoff55

values as evidenced by Ragab et al. (2003) showing that whilst asphalt roads56

have 70% annual runoff, values change depending on season with 90% in win-57

ter months and 50% in summer months. Whilst runoff is increased in urban58

areas due to impervious surfaces, soils in urban green zones (areas such as59

parks and sports fields) can also affect runoff rates. As soils in urban areas60

differ from undeveloped areas, due to compaction and synthetic materials be-61

ing mixed into the land, this can lead to different infiltration rates than those62

found in soils that are not compacted. For example Gregory et al. (2006)63

showed that infiltration from compacted soils reduced infiltration from 70%64

to 99% in low-impact development areas. Similarly experimental studies by65

Richard et al. (2001) and Nielsen et al. (2019) showed that more water was66

retained by compacted soils leading to more runoff.67

Whilst the experimental literature shows that both land-use and soil can68

affect runoff rates in urban areas, hydrological models rarely take this into ac-69

count Redfern et al. (2016). Commonly used models such as SWAT (Arnold70

et al., 1998) and United States Army Corps of Engineers (USACE) watershed71

model HEC-HMS are based on the SCS curve number method, assigning high72
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CN numbers to urban land-use classes. Other models such as the soil mois-73

ture distribution and routing (SMDR) model assumes 100% runoff from grid74

cells characterised as urban Easton et al. (2007). However, the results from75

the experimental studies show that, while computationally convenient, the76

assumption that urban surfaces generate 100% runoff is not generally sup-77

ported by observational evidence published from observational and computa-78

tional studies. Representing the extent and spatial variation of urban surfaces79

within hydrological models can be achieved through a number of methods.80

Using the imperviousness of a catchment is generally accepted in the wider81

literature as a benchmark McGrane (2016); Schueler et al. (2009). This82

method is called total impervious area (TIA), and uses different weighted83

land cover categories to express impervious cover as a percentage or frac-84

tion of a total catchment area. Multiple different methods to classify TIA85

exist, Koga et al. (2016) created a 10m grided cells of Japan to calculate86

the impervious area ratio (ratio of TIA for each grid cell). Flood Estimation87

Handbook (FEH) (Bayliss, 1999) developed an URBEXT catchment descrip-88

tor as a weighted sum of urban and suburban fraction of a catchment, whilst89

the updated URBEXT2000 incorporates inland bare ground zones into the90

metric as well Bayliss et al. (2006). Whilst URBEXT and other metrics are91

widely accepted the problem with TIA is that it does not take spatial varia-92

tion into account (Miller and Brewer, 2018). Directly connected impervious93

area (DCIA) uses spatial data and remote sensing to estimate the hydrauli-94

cally connected sections of TIA (Han and Burian, 2009). As such DCIA95

can provide more spatial information on a urban area than simply using the96

TIA. Applying DCIA methods to models has been shown to be more accu-97
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rate than applying TIA as outlined in Hwang et al. (2017) and Miller and98

Brewer (2018). However, Miller and Brewer (2018) discusses the drawback99

of using DCIA including that not enough accurate land use data may exist100

to accurately estimate.101

One of the challenges, as stated by Salvadore et al. (2015), facing hy-102

drological modeling is the complexity and suitable parameterisation when103

considering the impacts of urban surfaces on the hydrological cycle. In re-104

sponse to this challenge, this paper will determine if linking soil moisture105

and runoff from urban areas improves model simulations over simply taking106

a fixed percentage runoff. To do this a new approach to modelling infiltration107

and runoff rates across urban surfaces, explicitly considering the link between108

infiltration and soil moisture through a series of parameter parsimonious con-109

ceptual models is introduced. The infiltration models are implemented in a110

generic rainfall-runoff framework and tested on a set of urban catchments111

located within the greater Thames basin in south east England.112

2. Model development113

A deterministic, continuous-time, lumped, conceptual rainfall-runoff model114

designed for simulating runoff from catchments including urban land-cover115

(URMOD) (Packman, 2004; Fidal, 2019) will be used in this study. The116

hydrological effects of urbanisation are explicitly accounted for by splitting a117

catchment into a rural and an urban section, with each section being assigned118

different infiltration (and thus runoff) and routing characteristics.119

The model structure is shown in Figure 1 and consists of two main pro-120

cesses; (i) the soil column, where soil moisture level controls infiltration and121
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Figure 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.

runoff generation (Section 2.1), and (ii) routing of base and surface flow for122

rural and urban areas (Section 2.4). The model has a total of nine parame-123

ters in need of calibration. Five parameters describe the soil column, whilst124

four parameters are used for routing (three for rural and one for the urban125

routing).126

2.1. Infiltration and runoff approaches127

Surface runoff and infiltration are modeled using a soil-column based128

approach. The precipitation (i) that does not infiltrate into the soil column129

is converted into direct runoff (rain=runoff+infiltration). The fraction of130

precipitation that is turned to either runoff or infiltrates depends on the soil131
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moisture level, and the soil moisture dynamics differs depending on the rural132

or urban section of the model. The temporal change in soil moisture for133

the rural area is driven by three processes: (i) infiltration, (ii) drainage and134

(iii) evaporation. If urban land-cover is present then infiltration across the135

catchment will be made up of two contributions; infiltration from the rural136

areas and the urban areas respectively. The total infiltration is represented as137

a weighted average of infiltration (f) from the two land-cover classifications:138

f = i(1− u)frur + iufurb, (1)

where i is rainfall, u is the fraction of the total catchment area covered by139

urban land-cover, frur represents infiltration in the rural areas and is defined140

in Equation 2, and infiltration in urban areas is denoted furb. The infiltration141

in the rural areas shown in Equation 2 is based on the PDM model by Moore142

(2007); (see Appendix A for details)143

frur =
(

1− m

S

) 1
2
, (2)

where m is the soil moisture content (mm) and S is the soil column ca-144

pacity (mm), thus 0 ≤ m/S ≤ 1. When the soil column is close to saturation145

(m/S ≈ 1), the infiltration is low and most of the rain is converted to direct146

runoff. The conceptual soil column is assumed to have three different zones147

representing soil moisture levels, controlled by field capacity (F ) and rooting148

depth (R) both of which are calibrated parameters. The drainage and the149

evaporation from the soil column depends on the soil moisture level as shown150

on the left hand side of Figure 1. Zone 1, near the soil surface, is defined151
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as when the soil moisture is above the field capacity (m > F ). In this case152

the evaporation is assumed at the potential rate (Ep) and drainage to deeper153

storage depends on moisture content (m) and a calibrated drainage coefficient154

(k) so drainage out of the column takes place at a rate of k(m− F ). Zone 2155

is when the soil moisture does not exceed the field capacity but does exceed156

the rooting depth (R < m < F ) the evaporation is again at the potential157

rate (Ep), but there is no drainage. Zone 3 when soil moisture is below the158

rooting depth (m < R), there is again no drainage and evaporation reduces159

linearly with depth as E = Ep(m/R) until it reaches E = 0 for m = 0. Three160

different differential equations describe the soil moisture dynamics in each of161

the three different zones. The infiltration term in each of these equations162

does not change and is determined by Equation 2. Hence, the equation for163

each zone is shown in Equations 3, 4 and 5.164

Zone 1
dm

dt
= i(1− u)

(
1− m

S

) 1
2

+ iufurb︸ ︷︷ ︸
infiltration

− k(m− F )︸ ︷︷ ︸
Drainage

− Ep︸︷︷︸
Evaporation

(3)

Zone 2
dm

dt
= i(1− u)

(
1− m

S

) 1
2

+ iufurb︸ ︷︷ ︸
infiltration

− Ep︸︷︷︸
Evaporation

(4)

Zone 3
dm

dt
= i(1− u)

(
1− m

S

) 1
2

+ iufurb︸ ︷︷ ︸
infiltration

− Ep
m

R︸ ︷︷ ︸
Evaporation

. (5)

A scaling term is applied to the amount of evaporation that occurs in the165

urban areas. Since there is no consensus in modelling studies on the value166

that evaporation takes in urban areas, it is agreed that this value is less than167

the amount in rural areas and larger than no evaporation, see (Mitchell et al.,168
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2003; Xiao et al., 2007) for more details. As such the value chosen for this169

study will be set at 50%.170

Figure 2: Both urban infiltration extensions and rural method as percentage infiltration
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.

The key question addressed in this paper is how best to represent the171

infiltration across the urban surfaces, furb. Two different approaches (urban172

extension to the rural rainfall-runoff model) to modelling infiltration (and173

thus runoff) from urban areas are developed and compared. The extensions174

are introduced below with the subsequent sections providing more details.175

A visual representation of each urban extension, including the rural method176

(Equation 2) is displayed in Figure 2 showing the percentage of rainfall that177

infiltrates as a function of soil moisture. Firstly, the infiltration in rural178

areas represented in Equation 2 is shown as a solid grey line. The first urban179
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extension (black dotted line) assumes a fixed percentage of rainfall infiltrates,180

and thus the hydrological process on the urban surfaces are de-coupled from181

soil moisture. The second extension (dashed grey line) assumes that runoff182

and infiltration generation in the urban areas are dependent on a scaling term183

denoted γ, such that infiltration from the urban surfaces depends on the soil184

moisture content of the rural areas but is decreased by a factor (1−γ). Thus,185

extension 2 also directly links urban infiltration to soil moisture levels.186

2.2. Urban extension 1: Fixed percentage runoff187

Urban extension 1 assumes a fixed percentage runoff from the urban area188

and that runoff generally is independent of the soil moisture. This fixed189

percentage runoff will be denoted ω. As shown in Figure 2 comparing ω190

to the runoff generated for the rural parts, it is clear that if ω is less than191

100% there will be a threshold where soil moisture levels are so high that the192

percentage runoff generated from the rural areas exceed runoff rates from193

the urban areas, which is considered counter intuitive. The soil moisture194

threshold value (m/S) where this shift occurs is derived as195

1−
(

1− m

S

) 1
2︸ ︷︷ ︸

rural

> ω︸︷︷︸
urban

⇒ m

S
> 1− (1− ω)2. (6)

Therefore, infiltration from the urban areas has to be considered for soil196

moisture levels both above and below this threshold. If the soil moisture197

level exceeds this threshold then infiltration on the urban areas will revert198

to behavior like on the rural areas. The infiltration on the urban areas is199

therefore defined as;200
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furb =

1− ω : 0 ≤ m/S ≤ 1− (1− ω)2

(1− m
S

)
1
2 : 1− (1− ω)2 < m/S ≤ 1.

(7)

By substituting Equations 2 and 7 into Equation 1, the total infiltration201

accounting for both the urban and rural areas can be defined as202

f =

(1− u)(1− m
S

)
1
2 + iu(1− ω) : m/S ≤ 1− (1− ω)2

(1− m
S

)
1
2 : m/S > 1− (1− ω)2.

(8)

Whilst traditionally ω would be set as a fixed value such as 70% or 100%,203

for the purpose of this study it is defined as a calibrated value in order to204

compare how the fixed percentage value will change depending on urbanisa-205

tion.206

2.3. Urban infiltration extension 2: Multiplicative urban effects207

Urban extension 2 assumes infiltration across the urban areas is depen-208

dent on soil moisture similar to infiltration in the rural parts but reduced209

by a multiplicative factor (1-γ). As a result, extension 2 avoids the explicit210

introduction of a threshold as needed in extension 1. The functional form is211

defined as:212

furb = (1− γ)
(

1− m

S

) 1
2
. (9)

The calibration parameter γ ∈ [0, 1] is introduced to account for the213

variability in infiltration across different urban catchments, such that a large214

γ indicates that the urban area is mostly impervious and more runoff is215

generated, whilst a smaller value indicates that the urban area has more216
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pervious surfaces and less runoff is generated. If γ is zero then infiltration217

for the impervious area is the same as the rural area, whereas if γ is one218

then the impervious area would be completely sealed and there would be no219

infiltration. The total infiltration is derived by substituting Equation 2 and220

Equation 9 into Equation 1 as:221

f = i(1− u)
(

1− m

S

) 1
2︸ ︷︷ ︸

rural

+ iu(1− γ)
(

1− m

S

) 1
2︸ ︷︷ ︸

urban

= i(1−uγ)
(

1− m

S

) 1
2
. (10)

The infiltration defined Equation 10 can then be substituted into the222

three soil moisture equations (Equations 3, 4 and 5).223

2.4. Rural routing model224

Separate routing of the direct runoff generated from the rural and urban225

parts of catchments is introduced as shown in Figure 1. The direct runoff226

generated from the rural parts of the catchment is split and a proportion goes227

to the baseflow while the rest is designated as surface flow. The proportion228

of the runoff which contributes to the baseflow is first routed through a local229

linear baseflow reservoir with a time constant delay of BL, before it emerges230

into the channel, and is then routed through a channel linear reservoir of231

delay SL in order to obtain the baseflow at catchment outlet. The propor-232

tion of runoff designated as surface flow is only routed through the channel233

linear reservoir, before combining with the baseflow for the rural flow at the234

catchment outlet to form total runoff (surface and baseflow).235
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2.5. Urban routing model236

The contribution of runoff from the urban areas is routed directly to237

the outlet via a separate and parallel linear reservoir. It is assumed that238

the urban area is one lumped entity transporting runoff to the catchment239

outlet quicker than the runoff from the surrounding rural areas. This is done240

by defining an upper bounded linear reservoir conceptually representing the241

convergence in storm water pipes and defined as having a time delay of UL242

shorter than that of the rural channel (UL < SL). Whilst the linear reservoir243

linked to the rural area does not have an upper capacity, the upper bounded244

nature of the pipe system means that if the pipe system reaches the full245

capacity the extra runoff spills over to the rural part of the catchment and246

thus is added to the direct runoff generated on the rural areas. This is an247

attempt to simulate the finite capacity of the pipes in the urban drainage248

network. The solution to the linear storage equation will be used to determine249

the urban routing. Let Su be the storage of the pipe system with UL being the250

lag time and v representing the outflow of the system. The linear reservoir251

is defined as252

Su = ULv. (11)

The change in storage Su is solved for outflow at time t via a finite dif-253

ference method over the time step ∆t resulting in Equation 12. Full details254

are given in (Fidal, 2019),255

vt =
2ULv0 + ∆t(zt − v0 + z0)

2(UL + ∆t)
, (12)
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where v0 is the outflow from the previous time step and zt is the runoff256

designated as direct runoff from the urban areas. The routed runoff from257

the urban areas vt is then combined with the total surface flow and base258

flow from the rural section of the model to generate the total flow at the259

catchment outlet denoted qsim. For reference all of the inputs, outputs and260

parameters of the model are shown in Table 1.261

Notation Meaning Type
i Observed rainfall (mm). Input
Ep Potential evaporation (mm) Input

qobs Observed flow of the river (m
3

s
). 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
BL Base flow lag (days). Calibrated
CL Channel lag (days). Calibrated
UL Urban lag (days). Calibrated
ω, γ Urban runoff parameter Calibrated

qsim The total outflow of the simulation (m
3

s
). Output

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

The next section will present a case study to compare the performance262

of each of the two extensions across 28 urban catchments.263

3. Case study- The Thames Catchment264

A set of 28 sub-catchments from within Thames river basin in south east265

England was selected for this study (A summary of which is in Table B.2266

in the appendix). To have a meaningful comparison of the proposed urban267
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models, only catchments with urban land-cover in excess of 5% (measured by268

the catchment descriptor URBEXT) were chosen. One additional catchment269

with urbanisation of 1.20 % was also included since it was a larger catchment270

and so the urban land cover was still large in absolute terms. Figure 3 shows271

the entirety of the Thames river basin in black on the map of the UK, whilst272

the selected catchments and full river network are shown in light grey on the273

closer view of the Thames catchment. The 28 catchments ranged in size from274

21.80 km2 to 904.04 km2 with fractional urban land cover values from 1.20%275

to 54.75%.276

Figure 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.
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3.1. Hydro-meteorological data277

For each catchment observed records of: catchment average daily precip-278

itation i(mm), average daily river flow qobs(m
3/S) and daily potential evap-279

oration data Ep(mm) were collected. The precipitation data were obtained280

from the CEH-GEAR data set (Keller et al., 2015) spanning 20 years (1990-281

2010). Runoff data at a daily time step were acquired from the National282

River Flow Archive (NRFA). Similar to the precipitation data the river flow283

data set spanned over 20 years from 1990-2010. Finally, potential evapora-284

tion data was obtained from the Climate, Hydrology and Ecology research285

support system (CHESS) (Robinson et al., 2016). The first catchment de-286

scriptor used is catchment area (henceforth denoted AREA), this is the entire287

area that drains into the river and recorded by the gauging stations.288

As discussed in the introduction multiple methods of classifying the total289

percentage of urbanisation in a catchment exists. The criteria chosen withing290

this study is the FEH descriptor URBEXT2000 catchment descriptor (Bayliss291

et al., 2006), where the subscript 2000 denoting that the underlying 50m x292

50m land-cover data that was used to construct the index refers to the period293

between the years of 1998-2000. URBEXT2000 uses a contribution of both294

urban, sub-urban and inland bare ground land-cover classes, with the urban295

land-cover consisting of roofs, roads and man-made structures, sub-urban296

section is a mix of vegetation and semi-built up areas, whilst inland bare297

ground is a mix of gravel car parks, railway sidings and derelict industrial298

land. For a catchment URBEXT2000 is defined as299

16



URBEXT2000 =
urban

AREA
+

0.5xsub-urban

AREA
+

0.8xinland bare ground

AREA
. (13)

Only half of the sub-urban area is defined as urban as it is assumed that300

half of the sub-urban is made up of vegetation and only 0.8 of inland bare301

ground is considered urban (Bayliss et al., 2006). Henceforth URBEXT2000302

will be denoted URBEXT for ease of viewing. URBEXT is used within303

URMOD to separate the contribution from rural and urban areas when cal-304

culating runoff and infiltration generation, from Equation 1 u = URBEXT .305

Hence,306

f = i(1− URBEXT )frur + iURBEXTfurb. (14)

The BFIHOST catchment descriptor (Boorman et al., 1995) which is a307

linear regression relationship between Base Flow Index (BFI) and Hydrology308

of Soil Types (HOST) (Bayliss, 1999) will be used in this study to explore309

the models performance on baseflow dominated catchments. The BFIHOST310

is a value between 0 and 1 with a larger value indicates that the catchment311

is base flow dominated, whilst a smaller value implies that the catchment is312

not.313

4. Model Calibration and validation314

The combination of one of the two urban extensions from section 2.1315

with the urban routing model from section 2.5 will create two distinct mod-316

els. Each of these models will be called Ma, where a = 1, 2 depending on the317
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extension used. In order to determine the optimal parameter set (denoted318

θa in which a=1,2) all nine parameters need calibrating. Calibration of the319

model parameters requires observed, and coinciding, records of rainfall, river320

flow and potential evaporation. An initial estimate of the parameters is cho-321

sen, and the optimisation of the model parameters is achieved by minimising322

the value of an objective function using the shuffled complex evolution algo-323

rithm (SCE) (Duan et al., 1993). Once a set of optimal parameters have been324

obtained, observed rainfall and potential evaporation can be used as input325

to drive the model to obtain estimated river flow denoted qsim and calculate326

a performance criteria Z by comparing observed and simulated runoff. One327

problem with a single performance criteria for a catchment is the subjectiv-328

ity of its interpretation e.g. (Ritter and Muñoz-Carpena, 2013). In order to329

resolve this problem multiple performance criteria and a subsequent average330

will be calculated for each catchment, and for each model, using a jackknife331

approach; further details in Section 4.2.332

4.1. Model performance criteria333

The performance criteria adopted for this study is the well-known Nash-334

Sutcliffe efficiency (NSE) statistic (Nash and Sutcliffe, 1970) defined as :335

Z = 1−
∑n

t=1(qobs − qsim)2∑n
t=1(qobs − q̄obs)2

(15)

with q̄obs denoting the mean of the observed river flow and n the number336

of observations. The range of NSE lies between one and −∞, with a value337

of one indicating perfect fit, i.e qsim = qobs. Whilst the NSE is the most338

widely used performance measure (Ewen, 2011; Gupta et al., 2009), there is339
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no universally accepted range of values for evaluating performance. For the340

purpose of this paper, NSE values above 0.5 will be deemed satisfactory as341

recommend by Moriasi et al. (2007).342

4.2. Jackknife calibration method343

When calibrating and validating a hydrological model, as discussed by344

Klemeš (1986), the data assigned for calibration and validation should not345

overlap. In this paper the observed data from the validation period will be346

compared with model simulated data to obtain a performance criteria for347

the period. Calibration and validation of the two models is conducted using348

systematic re-sampling based on a jackknife approach, as described by Fidal349

and Kjeldsen (2020). This method allows for all of the data to be taken into350

account during calibration as opposed to a simple split-sample test. The351

observed hydro-meteorological records are divided into a number of subsets352

thereby allowing multiple calibrations and validation to be performed on353

different combination of subsets.354

Figure 4: Jackknife calibration and validation process. Grey hatched periods show that
four sets of five years will be calibrated and the solid grey section shows that 15 years of
data will be used for validation.
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The method is presented in Figure 4 and the details of each step outlined355

below for the case where records are available for 1990-2010. The starting356

point is 20 years of observed data, divided into a five year calibration period357

and a 15 year validation period.358

• Split the 20 years into four (5 year) non-overlapping periods starting359

at the first year (1990).360

• Calibrate model Ma on the first sub period (1990-1994), to obtain a set361

of model parameters θ1.362

• Use modelMa with parameter set θ1 to simulate runoff on the remaining363

15 years (1995-2009).364

• A performance criteria (Z1) is obtained by comparing the model simu-365

lated data and the observed flow data over the validation period.366

• The next 5 years of data (1995-1999) is defined as the calibration pe-367

riod and a new parameter set θ2 is obtained. The model validated368

on the period 1990-1994 and 2000-2010, and a performance criteria Z2369

calculated.370

This process is repeated until the model has been calibrated and validated371

on all subsets and four parameter sets (θ1 ,θ2 ,θ3 ,θ4) and four correspond-372

ing validation performance criteria (Z1 ,Z2 ,Z3 ,Z4) are obtained for each373

catchment, and for both of the models; see Fidal and Kjeldsen (2020) for374

further details. In order to compare performance criteria between models an375

average of the four performance criteria is derived for each catchment and376

model defined as377
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Z̄a =
1

4

4∑
m=1

Zm, a = 1, 2. (16)

Z̄a can be compared between models in order to obtain a difference in378

performance as shown in Equation 17379

Z̄d = Z̄2 − Z̄1 (17)

Estimates of Z̄d will be obtained for each of the c = 1, ..., 28 catchments.380

With positive values of Z̄d indicating that M2 has performed better than M1381

on the select catchment, whilst negative values show the reverse.382

5. Results383

The results section is divided into three sections. The first section (5.1)384

will explore the differences in the calibrated parameters ω and γ, against385

URBEXT value to determine if a relationship between the parameter and386

catchment descriptor exists. The second section (5.2) will compare the per-387

formance of the models for each individual catchment, comparing against,388

catchment area (AREA), degree of urbanisation (URBEXT) and the base-389

flow index as derived from soil data (BFIHOST). This is to determine if either390

model performs better on certain sized or urbanised catchments and at what391

point does model performance decrease for baseflow dominated catchments.392

Finally, the third section (5.4) will explore the performance for select catch-393

ments using a hydrograph based approach.394
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5.1. Analysis of individual model performance and parameters395

Figure 5 shows a boxplot of the model performance (as measured by the396

NSE) results obtained for both M1 and M2 for each validation period, with397

three outliers removed (2 from M2 and 1 from M1).398

Figure 5: Boxplot of all averaged jackknife validation runs (Z̄) for both models (3 outliers
not plotted).

Figure 5 shows that the median performance of M1 is 0.58, whilst M2399

achieves a score of 0.65 which is an increase in performance by 12%. Whilst400

M2 has a larger median than M1 there are instances when it performs worse401

than M1. As shown in Figure 7 this occurs mainly on catchments charac-402

terised by high BFIHOST values (baseflow dominated).403

5.2. Comparing model performance M1 and M2404

Models M1 and M2 were calibrated and validated on each of the 28 catch-405

ments as described in Section 3. Based on the difference in average NSE406

values (Z̄d), model M2 outperformed M1 on 16 out of 28 catchments.407
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Figure 6: Difference in performance between M1 and M2 when the NSE are applied,
plotted against URBEXT2000. The circles indicate M2 outperforms M1, whereas the
triangles represent the reverse.

Figure 6 shows the difference in performance of models M1 and M2, with408

Z̄d = Z̄2 − Z̄1 plotted against degree of urbanisation. The figure shows that409

below a threshold of URBEXT=0.25, the performance of both models is var-410

ied with neither model performing consistently better than the other. How-411

ever, for catchments with a higher degree of urbanisation (URBEXT>0.25)412

M2 performs better than M1 in more cases. However percentage of urbani-413

sation is not the only catchment descriptor affecting performance. Figure 7414

shows the difference in performance betweenM2 andM1 when plotted against415

BFIHOST (left hand figure) and AREA (right hand figure with logged x416

axis).417

On four catchments characterised by high BFIHOST values (BFIHOST>418

0.65), model M1 appears to perform considerably better than M2 (Z̄d <419

−0.4). However, on these catchments the performance of M1 is also rela-420

tively poor, and thus the large differences are likely related to the general421

23



Figure 7: Difference in performance between M1 and M2 when the NSE are applied,
plotted against AREA (km2) and BFIHOST. The circles indicate M2 outperforms M1,
whereas the triangles represent the reverse.

poor performance of the base model structure on baseflow dominated catch-422

ment. Notably, the performance of both M1 and M2 is poor (Z̄¡0.45) on423

a additional high BFIHOST catchment, but the absolute difference (Zd) is424

small, so they don’t show-up as outliers in Figure 7. When comparing model425

performance against AREA, M1 performed better than M2 for the two very426

large catchments but only with a difference in NSE scores of 0.03 and 0.07.427

Both of the aforementioned catchments models M1 and M2 performed rea-428

sonably well, achieving NSE scores of 0.69 and 0.68 for M1 and 0.65 and 0.6429

for M2.430

5.3. Analysis of calibrated parameters ω and γ431

Figure 8 shows the calibrated parameters ω and γ against URBEXT432

value.433

Both ω and γ do not follow any trend depending on URBEXT value,434

however below URBEXT=0.25 values of both parameters are very varied435
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Figure 8: γ and ω plotted against URBEXT2000.

(between 0 and 0.8) whilst URBEXT values above 0.25 the values of both436

parameters are less varied (between 0 and 0.4). This indicates that for more437

urbanised catchments both models tend to generate less runoff and more438

infiltration. This may be due to green zones within catchments or the location439

of the urbanisation to the river.440

5.4. Analysis of individual model performance441

Figure 9 shows an example simulated hydrograph from a catchment (NRFA:442

39023) characterised by high BFIHOST value (0.8), and slightly urbanised443

(URBEXT=0.11) obtained from each model. Whilst M1 had an acceptable444

NSE value (0.5) the simulated flow does not match the observed flow, sug-445

gesting that the calibration of M1 prioritised a longer lag time at the expense446

of the peak flows. In contrast model M2 obtained a low NSE value (0.06),447

but the simulated flow prioritised generating peaks at the expense of very448

quick lag times. This effect is observed for multiple catchments with high449

BFIHOST.450

25



Figure 9: Flow hydrograph and daily rainfall totals of the year 2003, the top figure is
observed (grey line), M1 simulated flow (black line) and M2 simulated flow (black dashed
line) (metre cube per second m3/s). The bottom figure is observed daily rainfall (mm).

Figure 10 shows an example simulated hydrograph from a catchment451

characterised by a large URBEXT value (0.5), low BFIHOST (0.423) ob-452

tained from each model. Relatively high NSE values were obtained with453

both models, with M1 achieving 0.56 and M2 achieving 0.68 respectively.454

However, Figure 10 highlights a problem with M1 calibration such that the455

model attempts to match the low flows instead of the peak high flows. This456

is a consequence of implementing a fixed percentage runoff mechanism, on457

runoff rates from the urban areas will remain constant until the threshold458

(outlined in Section 2.2) is reached and then the runoff will match the rural459

model. Or a large value of ω is selected and then too much runoff is gener-460

ated. In contrast, the flexibility of M2 enables the model to achieve larger461

runoff values when soil moisture is saturated alongside smaller runoff values462

during dryer periods.463

Figure 11 shows a performance criteria for each model for the most ur-464
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Figure 10: Flow hydrograph and daily rainfall totals of the year 1999 for catchment NRFA:
39094, the top figure is observed river flow (grey line), M1 simulated flow (black line) and
M2 simulated flow (black dashed line). The bottom figure is observed daily rainfall.

banised catchments (URBEXT values ranging from 0.4 to 0.55). The perfor-465

mance criteria is calculated by extracting the top 33% of both the simulated466

and modelled flow (high flows) for each period for a catchment, and a perfor-467

mance criteria is then calculated for each period by comparing the observed468

and modelled flow with an average of these values for each catchment. In469

Figure 11 the circles represent the performance criteria for model M2 and the470

triangles are for model M1. The figure shows that for every highly urbanised471

catchment model M1 undersimulates peak flows, with a average performance472

of the eight catchments being 0.69. In contrast model M2 is able to better473

capture the peak flows resulting in an average performance criteria of 0.82,474

which is an increase in the NSE performance of 0.17.475
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Figure 11: Performance criteria for top 33% of observed and simulated flow for 8 urbanised
catchments (URBEXT>0.4). Circles are for model M2, whilst triangles are for M1.

6. Discussion476

Model extension 1 used a modified fixed percentage approach by intro-477

ducing a calibrated parameter to represent the fixed percentage. Whilst478

traditional methods have a fixed percentage of 70% or 100% runoff (Pack-479

man, 1980; Kjeldsen et al., 2013; Wiles and Sharp, 2008) the results in Figure480

8 have shown that these values are too large with only four catchments hav-481

ing a ω of over 0.7 (70%). This means that simply having a singular value482

for runoff percentages is too simple, whilst the SCS curve numbers do have483

different values for different types of urban area. It is shown in this study484

that simply applying a calibrated fixed value term can improve the model485

simulations.486

The fixed percentage approach was in line with traditional methods, but487

conflicts with hydrological studies such that infiltration and runoff rates in488

urban areas can change depending on season (Ragab et al., 2003) or soil mois-489

ture levels of green zones (Redfern et al., 2016). In contrast, model extension490
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2 has a explicit link between soil moisture and urban runoff. Redfern et al.491

(2016) described the challenge for hydrological modelling as a greater un-492

derstanding between urban surfaces and hydrological behaviour and not just493

using static values describing runoff and assumptions of imperiousness. This494

paper addresses this very challenge by showing that linking urban runoff and495

soil moisture can improve hydrological simulations, as shown in Section 5 M2496

outperforming M1 in nearly all catchments where URBEXT values exceed 0.2497

(for low BFIHOST catchments). Moving forward hydrological models should498

abandon the use of fixed percentages within models to focus on linking soil499

moisture into modelling.500

Two important points raised in the introduction need to be discussed,501

measures of classification of urban areas and the role urban soils when used502

for lumped models. Many different TIA and DCIA methods for representing503

urban extent exist, the criteria selected within this study was URBEXT2000504

which is a relatively simple measure to quantify the impervious cover within505

UK catchments and has been used within the Flood Estimation Handbook506

Bayliss (1999); Bayliss et al. (2006). A more complex criteria was not se-507

lected as this study aimed to show the out of the box readiness of URMOD508

and the fact that it can still create good performance with a simple criteria.509

However, much work is being put into creating viable DCIA methods such as510

Hwang et al. (2017) and Miller and Brewer (2018) with a view to improve hy-511

drological modelling of urban areas. Secondly, whilst this study did consider512

soil moisture of the catchment a number of properties of urban soils were513

not included. Firstly is that the properties of urban soils are different than514

rural soils, due to compaction which leads to more runoff generated from515
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urban areas. As shown by Richard et al. (2001) and Nielsen et al. (2019) soil516

compaction can have a considerable impact on infiltration rates. Whilst this517

is not inherently built into URMOD the method presented does link change518

infiltration rates of soils in urban areas reducing them when calibrated with519

γ. Future research within urban soils linked to models should build upon520

this link created in this paper.521

As this study has shown using a fixed percentage is not suitable urban522

lumped hydrological modelling moving forward should consider the aspects523

discussed above, and should start developing methods to account for soil524

moisture whilst considering DCIA criteria. However, the new method pre-525

sented in this paper did not outperform the fixed method in every case, which526

means more research is needed to link results from experimental studies of527

urban hydrology to model development.528

7. Conclusion529

The aim of this study was to explore if linking soil moisture and urban530

runoff generation can improve rainfall-runoff simulations. Presented two new531

and generic urban extensions that can be applied to a conceptual rainfall-532

runoff model in order to account for urbanisation. In order to do this a533

conceptual modelling approach was taken, and two new and generic urban534

extensions were developed applicable with a conceptual rainfall-runoff model535

in order to better account for urbanisation. Results showed that the extension536

that explicitly linked soil moisture to infiltrate in urban areas outperformed537

the traditional fixed percentage runoff model. Whilst the new models pre-538

sented here were developed specifically for use with a lumped model, the539
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implications of this research is that the same underlying principles can be540

applied to any model that currently attempts to model runoff and infiltration541

in urban areas. The developments and results presented in this paper have542

shown results and model behaviour more in line with findings from detailed543

experimental studies and therefore provides a better classification of runoff544

generation in urban areas than is currently available.545
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Appendix A. Derivation of infiltration equation708

The infiltration and runoff generation on the rural part in URMOD is709

based on a Probability Distributed Model (PDM) developed by Moore (1985),710

adopting a uniformly distributed soil moisture capacity. The PDM assumes711

that the soil moisture capacity (C) varies randomly over the entire catchment712

between a value of zero and Cmax, but is assumed to be statistically uniform,713

such that capacities occur with equal frequency. Before a rainfall event of714

depth ψ, an initial moisture content c0 will be assumed. Runoff is generated715

from areas with a spare capacity less than m, whereas the other areas are716

unsaturated (C − ci) > 0 and no runoff is generated.717
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Since soil moisture is uniformly distributed and the maximum of the718

soil moisture capacity is denoted Cmax, the mean of C equals the mean soil719

moisture capacity (S) in the catchment and is defined as,720

S = 0.5Cmax. (A.1)

Initially, the proportion of the catchment that is unsaturated is a ratio721

of the deficit of saturation in areas and the maximum soil moisture capacity722

(Cmax−mi)
Cmax

. The mean moisture content m0 which is defined as the mean723

capacity less the mean unsaturated volume:724

m0 = 0.5Cmax −
(Cmax −mi)

2

Cmax

(A.2)

hence725

m0

S
= 1−

(
1− mi

Cmax

)2

. (A.3)

The role of mi

Cmax
is the catchment average percentage runoff, hence

(
1− C0

Cmax

)
726

is the fraction of rainfall that infiltrates into the soil. So Equation 10 can be727

written as728 (
1− C0

Cmax

)
=
(

1− m0

S

) 1
2
. (A.4)

Dropping the suffix 0, gives the infiltration Equation 2729

f =
(

1− m

S

) 1
2
. (A.5)

Appendix B. Table NRFA stations730
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NRFA station AREA (km2) 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

Table B.2: Table of 28 catchments used, with respective AREA, URBEXT2000 and BFI-
HOST values.
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