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Abstract 

The management of urban runoff has evolved along with the advancement of understanding of runoff 

environmental impacts. Besides the impacts on water quality in the receiving waters, the effects on the urban 

hydrologic regime include reduced infiltration by the sealing of pervious land, reduced evapotranspiration by 

removal of vegetation, and the resulting increase of stormwater runoff peaks and volumes causing flooding, and 

ultimately degradation of receiving waters. In such considerations, urban stormwater management benefits from 

the implementation of Green Infrastructure which includes decentralized vegetative controls that capture and 

infiltrate rain where it falls and thus reduce and improve stormwater runoff. An example of small scale elements 

of Green Infrastructure are traditional grass swales. Through shallow depressions with mild side slopes grass 

swales collect and infiltrate stormwater from parking lots and roads, while runoff flows are attenuated and 

further conveyed depending on the hydraulic loading. Grass swales usually operate reliably and their 

maintenance needs are well understood. Their hydrological performance is, beside their dimensions and the 

contributing area, determined mainly by hydraulic and soil-related hydrological parameters that change with the 

intensity of the storm. Yet, because swales discharge to downstream drainage elements, either to the 

conventional sewer system or to other stormwater management facilities, knowledge of the underlying inter-

related processes and influential factors that govern the hydraulic and hydrological performance of grass swales 

is required. 

Against this background, this thesis is devoted to such questions as (i) what are the differences in the hydraulic 

and hydrological performance of the studied swales, (ii) how do soil characteristics, including the antecedent 

soil moisture, influence the swale water balance for various hydraulic loadings; and (iii) how can the related 

hydrological processes be simulated in high-resolution and reliably predicted using a grid-based, distributed 

model. For this purpose, full-scale studies were performed in three 30-m grass swale sections in Luleå, Northern 

Sweden, by collecting hydraulic and hydrological data based on routine storm events mimicking block-rainfall 

storm events of 2 months and 3 years recurrence. The resulting runoff and soil moisture data were used to 

calculate the swale water balance, to derive event hydrographs and to obtain calibration and validation data for 

model simulations. The experimental results showed that the relative swale flow volume reduction decreased 

with an increasing soil moisture and indicated the transition in dominating swale functions: at low initial SWC, 

runoff was highly attenuated (up to 74%), but for high SWC, the conveyance function dominated (with 

attenuation as low as 17%). Runoff flow peaks were reduced, proportionally to the volume reductions. Swale 

outflow hydrograph lag times varied between 5 to 15 minutes and decreased with increasing soil moisture. The 

swale wetness affected runoff formation, attenuation and subsequent outlet discharge and, for the short-duration 

events tested, only the top soil layer contributed to these findings. In the three swales tested, soils, initial soil 

water content, saturated hydraulic conductivity and topography varied spatially significantly. Double-ring 

infiltrometer measurements resulted in values of 1.78, 4.04 and 9.41 cm/hr (n=9) in the three swales tested and 

deviated from estimates from averages of spatially integrated infiltration rates. However, with regard to spatial 

variability, only the topography, described as irregularities in the swale bottom slopes affected the swale runoff 

dissipation and conveyance in the early phase of the events. Together with estimates of the water stored in the 

top soil layer, 4-32% of runoff volumes from the mimicked 2-month storm were temporarily stored. The 

distributed model Mike SHE was found capable of simulating swale drainage processes, when properly 

calibrated. Close agreement (NSE>0.8) was found not only for the measured and simulated swale outlet 

hydrographs, but also for the changes of the soil moisture in the top soil layer, which shows rapid increase up to 

the saturated soil water content, but minor or no progression in depths of 0.2 m. The model output was little 

sensitive to the initial soil water content, especially for low inflow which resulted in larger residuals in 

simulated runoff peak flows and volumes. As in field measurements, spatial variability of the initial soil water 

content had no effect on the swale outflow, but the accuracy of the topographical representation. The thesis 

findings include several implications regarding effects of the assessed parameters in the application of the 

model for swale flow simulation and eventually the design of grass swales. 
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Sammanfattning 

Urban dagvattenhantering har utvecklats parallellt med en ökad förståelse för dagvattnets allmänna miljöpåver-

kan. Utöver ytvattenkvalitén i recipientvatten påverkas även den hydrologiska regimen genom reducerad infilt-

rationsförmåga i mark orsakad av allt tätare ytskikt samt reducerad evapotranspiration orsakad av minskad 

vegetationsutbredning. Detta ger både förhöjda toppflöden och avrinningsvolymer, vilket kan resultera i över-

svämning och slutligen en försämrad ytvattenkvalité i recipienterna. Dagens urbana dagvattensystem förändras 

mot en högre grad av grön infrastruktur som en central systemkomponent. Decentraliserad omhändertagning av 

dagvatten såsom svackdiken utjämnar och för bort dagvattensflöden, samtidigt som de fungerar tillförlitligt och 

deras underhållsåtgärder är välkända. Uppbyggda med små svackor och låglutande slänter samlar svackdiken in 

och infiltrerar dagvatten från parkeringsytor och vägar. Dessa svackdikens hydrologiska funktion bestäms av en 

rad faktorer, utöver teknisk dimensionering och avrinningsområdets storlek och hydrologi, även av hydraulik 

och jordartsrelaterad hydrologi som förändras beroende på respektive nederbördstillfälles intensitet och varak-

tighet. Eftersom svackdikens utflöde passerar nedströms liggande dagvattentekniker/anordningar, antingen 

konventionella ledningssystem eller andra teknologier, krävs full förståelse och kunskap om de faktorer som 

styr svackdikens hydraulik och hydrologi.  

Mot denna bakgrund fokuserar avhandlingen på frågorna (i) vilka skillnader finns med avseende på hydraulisk 

och hydrologisk prestanda för de studerade svackdiken, (ii) i vilken mån påverkar markartsförhållanden, inklu-

sive ingående markfuktighet, svackdikens vattenbalans vid varierande hydraulisk belastning; samt (iii) hur och i 

vilken mån kan ovanstående simuleras högupplöst och förutsägbart, via den rutnätsbaserade distribuerade mo-

dellen Mike SHE. Därför har fullskaliga studier bedrivits i två 30 m långa svackdiken i Luleå kommuns södra 

stadsområde, där hydrauliska och hydrologiska data insamlats baserat på standardiserade nederbördsförlopp, 

återskapande blockregn med 2 månaders och 3 års återkomsttid. Data för avrinning och markfukthalter använ-

des för att beräkna svackdikenas vattenbalans, nederbördförloppens hydrografer samt erhålla kalibrering- och 

valideringsdata för modellsimuleringar. Resultaten från experimenten visade att den volymetriska flödesre-

duktionen minskade relativt sett med ökande markfukthalt, indikerande en övergång för svackdikets domine-

rande funktionalitet: vid låga initiala SWC var avrinningen tydligt dämpad (upp till 74%), medan för höga SWC 

innebar att transportfunktionen dominerade (med dämpningsgrad ner mot 17%). Avrinnande momentana topp-

flöden reducerades proportionellt mot volymreduktionen. Laggtiden för svackdikets utflödeshydrograf varierade 

mellan 5 och 15 minuter och reducerades med ökande markfukthalt. Fuktförhållandena i svackdiket påverkade 

avrinningsförloppet, flödesdämpning och efterföljande utsläpp, och enbart svackdikets översta markskikt berör-

des under de kortvariga bevattningscyklerna. I de tre testade svackdikena varierade jordart, initial markfukthalt, 

mättad hydraulisk konduktivitet och topografi signifikant. Mätningar med dubbelrings infiltrometrar gav föl-

jande resultat, 1.78, 4.04 samt 9.41 cm/h (n=9), vilket avvek från medelvärdesbaserat estimat från spatialt inte-

grerade infiltrationshastigheter. Med avseende på spatial variabilitet påverkade endast svackdikenas topografi, i 

form av ojämnheter i och nära dikesbotten, avrinningsförloppen och bortledning under den inledande fasen av 

regnhändelsen. Sammantaget med uppskattningar av den lagrat vatten i marklagrets toppskikt, bedöms 4-32% 

av svackdikets ytavrinning från ett simulerade nederbördtillfälle med 2 månaders återkomststid kunna lagras 

tillfälligt. Mike SHE befanns kapabel att med god noggrannhet kunna reproducera naturbundna dräneringsför-

lopp och flöden i svackdiken, förutsatt tillbörlig kalibrering. God överensstämmelse (NSE>0.8) framkom inte 

bara mellan uppmätta och simulerade utgående hydrografer, utan också beträffande ändring av markfukthalt i 

ytligt marklager med snabb höjning av fukthalt upp emot full vattenmättnad. Däremot framkom endast mindre 

(eller total frånvaro av) överensstämmelse vad gäller markdjup av 0.2 m. Modellens output uppvisade låg käns-

lighet för ursprunglig markfukthalt, speciellt gällande lågt flöde vilket resulterade i större residualer för simule-

rade toppflöden och avrinningsvolymer. För fältförsöken framkom att den initiala markfukthaltens spatiala 

variabilitet inte påverkade utflödet från svackdiket – i motsats till noggrannheten i dikets topografiska repre-

sentation. Denna uppsats belyser samband och följdverkningar beträffande påverkan från undersökta parametrar 

på en modell för flödes- och vattenföring i ett svackdike och framledes framtida design av svackdiken.  
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1. Introduction 

Stormwater management by effective transport of water from urban areas has been an essential part 

of urban drainage for centuries. Currently, progressing urbanisation and climate change induced 

alteration of precipitation patterns and associated urban flooding and pollution of downstream areas, 

call for adaptation measures serving to mitigate harmful consequences of flooding and degradation 

of the receiving waters and aquatic habitats, caused by the disconnection of stormwater from the 

natural hydrological cycle (Fletcher et al., 2013; Semadeni-Davies et al., 2008; Marsalek, 2006; 

Barrett et al., 1998; U.S. EPA, 1983). Typically, the urban hydrological regime is characterised by 

increased runoff rates compared to natural catchments, contributing to higher runoff peaks and 

volumes and, at the same time, a partial loss of infiltration and evapotranspiration abstractions 

(Fletcher et al., 2013). Whilst traditional design of stormwater management in urban areas uses curbs 

and gutters, and sewer networks, for efficient transport of surface runoff, currently, such designs are 

complemented by alternative practises of low impact developments (LIDs) which maintain post-

development hydrology of a site close to natural conditions (U.S. EPA, 2000; Coffman, 2002), and 

urban Green Infrastructure (GI) pronouncing vegetated systems to deliver ecosystem services and 

stormwater management (U.S. EPA, 2014; Fletcher et al., 2013). Such types of source control 

measures have in common the ability to reduce the adverse effects of imperviousness by facilitating 

the reduction of runoff peaks and volumes through retention storage, infiltration, and 

evapotranspiration, while incorporating aesthetically pleasing amenities into urban drainage. Despite 

of a growing implementation of such control practices, there are still uncertainties in both, the extent 

of their possible applications and their hydrological and hydraulic performance (Ackermann and 

Stein, 2008).  

As a more ‘traditional’ element of urban drainage, widely used grass swales are typically designed to 

convey, attenuate and treat stormwater runoff from paved areas, and thereby either replace, or 

supplement, the conventional curb and gutter drainage systems (see Picture 1). Grass swales are 

often designed with capacities sufficient for handling runoff from severe storms. In the context of 

integrated stormwater management systems, where grass swales would function as attenuating 

conveyance structures to other drainage elements, knowledge of the effects of swale design on the 

swale outflow is of interest. Differences in swale topographies, age, exposure to various hydraulic 

loads, soil-hydrological properties including the saturated hydraulic conductivity, the size of the 

connected impervious area, the magnitude of entering runoff loads and antecedent moisture 

conditions are affecting swale performance and design, and are subject to large uncertainties 

(Nishat et al., 2010; Dietz et al., 2006; Fletcher et al., 2013).  

Consequently, even though a plethora of guidelines and standards for grass swale design exist in 

various countries and provide recommended values for minimum infiltration rates and prevention of 

erosion or overflows, they do not sufficiently inform about the boundaries of swale applicability, 

operation and design, with respect to antecedent soil moisture conditions and design storms, as 

required for swale planning and design (Nishat et al., 2010). 
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1.1 Study aim and motivation 

Grass swales represent a relatively simple and inexpensive, but effective stormwater control measure 

to reduce hydraulic and pollution load. Although being a traditional element of urban drainage 

systems, they earned recent interest in the emergence of urban Green Infrastructure approaches 

which aim to mitigate the hydrological impacts of urbanisation. Applications of grass swales are 

therefore likely to expand, yet common practice of swale design and construction results in 

uncertainties in the estimated drainage capacities, which is of significance where stormwater is 

conveyed to downstream drainage elements. Beside common parameters used for describing swale 

hydrological and hydraulic performance, such as the peak flow, volume attenuation and lag time, 

little has been published on the effects of variation of antecedent moisture conditions (AMC) on such 

parameters. The primary aim of this thesis is, therefore, to advance the knowledge and understanding 

of influential factors concerning the formation of swale channel hydrographs, and hydrological and 

hydraulic performance parameters, and to assess the feasibility of simulating swale flow processes 

using existing computer models. In particular, the studies described in this thesis address the 

physical simulation of two selected discrete storm rainfalls under different initial swale conditions, 

especially two main states of the initial soil water content and its impact on the swale water balance. 

Consideration is also given to the spatial variability of grass swale physical characteristics like the 

swale channel topography and the saturated hydraulic conductivity. For this purpose full scale field 

experiments were conducted focussing on the generation of inflow and outflows in three existing 

swales together with the measurement of the soil water content, and the analysis of water balance 

data for two swales. The availability of spatially and temporally detailed data furthermore allowed  

to investigate the potential of the distributed hydrological model Mike SHE to reproduce observed 

discharge hydrographs from one selected swale and to determine benefits of data resolution for the 

predictive model performance. 

1.2 Thesis structure 

This thesis synthesizes research results of three papers (one refereed conference paper – Paper I, and 

two submitted journal manuscripts – Papers II and III). The fields covered by the three papers and 

the relations of the papers among each other are illustrated in Fig.1. Paper I concerns the field 

procedure for mimicking stormwater runoff by controlled inflow into an urban grass swale and the 

measurement of soil parameters including the initial soil water content and saturated hydraulic 

conductivity. The described experiments were extended in Paper II to two more field sites with 

reliable inflow-outflow measurements allowing the evaluation of outflow hydrographs and the swale 

water balance. Paper III subsequently reports on the model setup for one selected swale and the 

event-based calibration against measured discharges. In overall, the thesis comprises six chapters; 

Chapters 1 and 2 present a brief introduction of the thesis topic describing the significance of the 

study subject and the study aim, followed by a brief overview of the grass swales as traditional 

drainage facilities, their design and integration into the current stormwater management planning. 

Chapter 3 features the descriptions of the experimental field sites and methodologies applied in 

collecting field data and applying an existing hydrological model to reproduce observed flows and 

soil water content. In Chapter 4, the main results of the thesis research project are presented, 
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followed by a discussion of results in Chapter 5. Chapter 6 presents study conclusions. Finally, a list 

of references cited and the thesis papers are appended. 

 

Figure 1: Relationship of the appended thesis papers to each other and to the topics presented in the 

thesis. 
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2. Background 

This section presents descriptions of the benefits of applications of grass swales in urban drainage 

and a brief literature review of the concepts, guidelines, and research studies addressing the planning 

and design of grass swales, including the modelling of swale flow hydrographs.  

2.1 Traditional grass swales in urban drainage 

Grass swales are shallow linear depressions alongside paved areas, like parking lots and roads. They 

are typically designed as triangular or trapezoidal channels, with gentle side slopes of different 

lengths merging with the road shoulder usually on one side and directing the incoming runoff into an 

inclined swale channel. Swale longitudinal slopes are typically designed in the range from 2 to 5% 

(UDFCD, 2010; Schueler, 1987); the minimum slopes facilitate positive drainage of swales, the 

maximum values should prevent soil erosion. In some jurisdictions, mildly sloping swales (< 2%) 

should include an underdrain to ensure positive drainage (UDFCD, 2010). Other design features 

improving swale performance in runoff attenuation are cross-check berms increasing infiltration into 

swale soils (Davis et al., 2012). Traditionally swales were built in places where land was available 

and the piped stormwater sewer system was not required, or would be rather costly. Currently, grass 

swales are implemented mostly in suburban industrial and commercial areas and perform such tasks 

as conveying runoff, reducing runoff peaks and volumes by infiltration, and enhancing the runoff 

quality by filtration and settling of particles (Caraco and Claytor, 1997; Barrett et al., 1998; Dietz, 

2007; Ahiablame et al., 2012). In cold climate grass swales fulfil another important task by 

providing space for snow storage (Pitt and McLean, 1986; Viklander et al., 2003). In general terms, 

grass swales are useful for restoring some natural catchment features, including green areas, 

increased surface roughness, flow detention, disconnection of impervious areas by diverting their 

runoff to pervious areas, increasing the flow path length and infiltration, and minimizing the amount 

of runoff flow in closed drainage channels (Prince George´s County, 2014). 

2.2 Concepts and guidelines for planning and design of grass swales 

Considering the high number of guidelines and standards for LID, and specifically for grass swales 

design and planning, only a small number of such documents can be discussed here, taking examples 

from three countries: United States (US), Australia and Sweden. Such a summary focuses on the 

hydrological and hydraulic aspects of swale design. 

In the US various guidelines for (dry) swales exist at different administrative levels: on the national 

level from the US Environmental Protection Agency, or on the county and city level. According to 

the 1999 Fact Sheet on Vegetated swales (U.S. EPA, 1999) grass swales should be sized for a six-

month- design storm of 24 hours duration and built in soils allowing for a dense vegetative layer and 

infiltration rates of at least 1.27 cm per hour (0.5 inch/hr). Side slopes are recommended with ratios 

of less than 1:3 and longitudinal slopes with 2-4%. For the calculation of the swale width the 

document suggests the usage of various forms of the Manning equation.  Prince George´s County 

(2014) guidelines recommend that grass swales shall be designed for a 1-year 24-hour design storm 

for stormwater treatment, and with a capacity to carry a 10-year storm with a safe overflow for a 
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100-year storm. The maximum channel slopes of 4-5%, and max Manning n of 0.15 s/m
1/3

, are 

recommended in design and analysis aimed at preventing erosion. Both surface storage and soil 

media storage are considered in the design. For 10-year events the freeboard is recommended with 

0.23 m as a maximum. A hydraulic conductivity of at least 1.32 cm/hr is recommended (Prince 

George´s County, 2014). 

For Australian communities, design recommendations for swales are available in documents 

addressing the Water Sensitive Urban Design (WSUD). For example, the Stormwater management 

Manual for Western Australia (2004) recommends to design grass swales for three types of storm 

events: i) frequent storm flows (with 6-month to 1-year average return periods, for water quality 

treatment; ii) minor storms (up to 5 years return period) for conveyance and prevention of nuisance 

flooding; and, iii) major flood flows (up to 100 years return period) to control flow velocities and 

velocity depth criteria during runoff conveyance within the road reserve and freeboard to the 

adjoining properties (Chalmers and Grey, 2004). Furthermore, swale flow velocities should not 

exceed 0.5 m/s in order to prevent erosion.  

In Sweden, the design guidelines for stormwater control measures are available from two sources: 

The Swedish Road Administration (Trafikverket) provides regulations for the construction of roads 

and road drainage, which inform about roadside swale dimensions that the municipalities can 

voluntarily comply with. The Swedish Water and Wastewater Association (Svensk Vatten) focuses 

on stormwater drainage controls for urban areas. Municipalities and technical consultants generally 

comply with both guidelines and adapt them to the local conditions and experience. According to the 

guideline P110 (Svensk Vatten, 2016) , the design of stormwater control facilities should be based 

on 10-year design storms for suburban areas, 20-year design storms for high density residential 

areas, and 30-year design storms for urban centres and commercial areas. For preventing erosion, a 

maximum flow velocity of 0.25-0.5 m/s is recommended. 

2.3 Assessment of swale performance by field experiments 

Studies addressing the flow capacity of various drainage elements can be divided into four types: (i) 

Field assessments for actual rain storms, (ii) field testing for simulated inflows (using irrigation), (iii) 

laboratory testing in a prototype scale, and (iv) computer modelling. Field measurements addressing 

grass swale hydrology are relatively uncommon, because of difficulties with controlling 

experimental conditions, and the fact that generally only larger storms generate measurable flows in 

swales. Changing weather conditions (wind, sun) in particular impact on the drying and wetting of 

the surface soils and in irrigation experiments, the rain storms may affect water balance 

considerations. Furthermore, higher uncertainties in field measurements (Bertrand-Krajewski et al., 

2000) and technical and logistical demands have to be taken into account. In Paper II some relevant 

field studies of grass swales are presented and complement those listed here. 

Wanielista et al. (1988) studied five swales in Florida, U.S. to determine their infiltration capacity 

and flow rates. The study findings with implications for swale design were that runoff increased with 

lower infiltration rates and higher discharge volumes, and that with increased swale lengths the 

discharged volume decreased. Bäckström (2002) performed studies on grass swales in Luleå, 
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Sweden using irrigation to simulate rain runoff. He found that 33% of the pumped inflow infiltrated 

during the event duration of 30 minutes, with the highest infiltration rates occurring at the beginning 

of the event. He furthermore observed that there was no runoff generated for minor rains up to 2 

mm, for initially dry swales, and concluded that the vegetation layer was a major factor for swale 

hydraulic retention. Abida and Sabourin (2006) studied the quantitative performance of a 338-m 

infiltration trench (with sand/silty till) in Canada, by applying a concentrated controlled inflow at the 

upstream end. The outflow rates and volumes were greatly reduced from 9.8 to 6.3 Ls
-1

 and 53 m
3
 to 

27 m
3
, respectively, during the 1.5 h flow event. The saturated infiltration rate was estimated as 

3.5 cm/h in this irrigation experiment. Deletic and Fletcher (2006) assessed a 6.5 m long grass filter 

strip in Aberdeen, Australia with respect to pollution control and flow characteristics for dry and wet 

initial soil conditions. They introduced flows of 0.33 to 1.00 Ls
-1

 for one and two hours and 

calculated flow volume reductions to be between 15-87% depending on the inflow rate and the 

antecedent soil wetness, which was measured in the range 0.23-0.43 m
3
m

-3
, with the high value 

assumed to be the saturated water content. They also measured infiltration rates with double-ring 

infiltrometers in that test site and noted spatially variable values ranging from 0.72 to 7.2 cm/hr. A 

local decrease of infiltration capacity was assumed to be caused by the clogging of fine soil pores 

leading to an increase of surface runoff. Davis et al. (2012) evaluated four different swale designs 

receiving lateral stormwater inflows; some were constructed with filter strips and some with check 

dams in Maryland, U.S. Based on 52 storm events and considering the initial soil moisture they 

found that minor storms between 0.3 to 1.5 cm per hour were captured without generating surface 

runoff. For storms larger than 3.3 cm/hr, the swale was conveying water without significant flow 

reduction. They concluded that the low storage capacity and the limited length (167-198 m) of the 

swales tested were responsible for an early excess flow production. They grouped the swale 

hydrological response into three regimes depending on the severity of the rain event, as minor (no 

runoff), intermediate (conveyance with substantial volume reductions) and severe (no significant 

peak flow or volume reductions). Based on their results Davis et al. (2012) proposed two criteria for 

swale hydrologic design: depths of water that can be infiltrated and depth of water in the swale 

without significant volume reductions. The former depth is lower and reflects the state when the 

swales infiltration capacity prevents any runoff; the latter depth corresponds to the state with 

significant swale discharges, depending on the duration of the storm event, when the swale simply 

acts as a conveyance channel. Lucke et al. (2014) assessed four swales in Sunshine Coast, Australia 

based on 24 standardised synthetic runoff simulations to evaluate swale pollutant removal and 

hydraulic performance. The simulated inflow rates corresponded to one-year storms of 21 and 30 

minutes (29.3 mm/h) and varied between 0.5 Ls
-1

 and 2.0 Ls
-1

, respectively. The initial soil moisture 

conditions were measured as well as the outlet flow rates using a V-notch weir. To evaluate the 

hydraulic performance they compared the inlet and outlet hydrographs. Total flow reduction of 52% 

and peak flow reduction of 61% was calculated as well as lag time of 13 min (measured to the 

beginning of outflow) and 20 min for peak flow delay. With lower initial soil moisture content, they 

also demonstrated that the flow reduction was greater. The hydraulic performance of 50 grass swales 

in Germany constructed 20 years ago were assessed by Kluge et al. (2016). They measured the 

hydraulic conductivity and compared the results with the German standards. The resulting values 

were within the recommended range with medians of 1.9 cm/hr for sandy soils and 0.4 cm/hr for 

silty soils. They also derived spatially averaged Ksat values for submerged swales and noted these 

medians to be higher than measured by double-ring infiltrometers which were as high as 14.3 cm/hr. 
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At four highways in Minnesota, U.S. García-Serrana et al. (2017a) performed 32 irrigation 

experiments on grass swale side slopes at four different swales with soil types ranging from sandy 

loamy sand to clay loam. They computed averaged hydraulic conductivities of 2.8 – 4.9 cm/hr based 

on 20 measurements, using Modified-Philip-Dunne Infiltrometers. For the three flow rates, 0.07, 

0.14 and 0.28 Ls
-1

 introduced at the top of the side slopes, for durations of 15 to 60 min, they found 

that the average infiltrated water volume was 85% for the low flow, 70% for the medium flow and 

47% for the highest inflow rate. They furthermore found that there was a rapid increase in infiltration 

rates for soil moisture deficits, when above 0.35 m
3
m

-3
. They concluded that beside saturated 

hydraulic conductivity and side slope length, soil type and vegetation cover would improve 

infiltration performance. Initial soil water content was found to impact infiltration volumes, which 

were 12% smaller for wet conditions. 

2.4 Assessment by hydrological models 

The ability of hydrological models applied in urban stormwater management to simulate LID 

facilities, including urban grass swales, is a key factor for their future integration into the analysis of 

urban drainage systems. Planning and design of grass swales require appropriate dimensioning of 

slopes and channel lengths, and prediction of expected discharges and source control capacities. In 

this regard several attempts have been undertaken to simulate hydraulic and pollution transport 

processes in grass swales and grass swale like structures, with conceptual models and more recently 

with comprehensive urban hydrological model packages. The majority of studies concerned the 

hydrological/hydraulic performance of LIDs on the urban catchment scale; only few studies address 

specifically grass swales, and some of those are relevant for describing typical hydrological and 

hydraulic processes relevant for swale design on a small scale. Some of these studies, summarized 

below, are complementary to those referred to in the appended Paper III. 

2.4.1 Swale and process specific models 

Graham (1990) developed a 2D-unsaturated-saturated finite element model coupled to a surface 

routing model to simulate multiple runoff events into an urban infiltration basin. Results indicated 

that the antecedent soil moisture condition determined the amount of storage volume available in the 

UZ (unsaturated zone). The physically-based VFSMOD model which includes an overland flow and 

infiltration module (the Green-Ampt’s equation) was tested by Abu-Zreig et al. (2001) for 20 

vegetated filter strips. They estimated the input data from field observations of the strips with 

varying slopes, length and vegetation cover. Saturated hydraulic conductivity and the initial soil 

water content were used as inputs. Main findings indicated that the flow width represented by the 

model was significant for the reproduction of the infiltration volume. Deletic (2001) used 

experimental data to develop a one-dimensional physically- based model for simulating sediment 

transport and runoff (TRAVA) if swales. Using the results from the above mentioned field study 

(section 2.3) of a filter strip and grass swale, Deletic and Fletcher (2006) verified the same model for 

runoff generation and sediment removal. Most relevant calibration parameter was the hydraulic 

conductivity. Agreements between the measured and modelled outflow rates were found to be within 

±5%. The predictions of flows smaller than 0.05 Ls
-1

 was mentioned to be difficult, assuming that 

low overland flows are not governed by conventional open channel flow equations, because of 
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influence of surface tension. Using a 1D-unsaturated zone model (MetaSwap) Geerling (2014) 

simulated the effects of initial soil water content of a previously investigated grass swale of 36 m 

length for of a 2-year design storm (60 min/20 mm). The results indicated no effects on the swale 

water depth, but major effects on the drainage volume and the hydrograph lag time of 10% for soil 

water contents between very low and very high. Farahi et al. (2017) developed a 1D finite-volume 

based model that can be used for infiltration trench design. Based on the Richards equation 

(Richards, 1931) and considering the soil moisture measured with the Time Domain Reflectometry 

(TDR) probes in a soil column, the water movement through the soil layers could be well simulated 

and matched with observations. Calculations for dry initial soil conditions showed to be less accurate 

but the model delivered good approximations under seepage conditions. Garcia-Serrana et al. 

(2017b) developed and validated a model based on Green-Ampt, Mein-Larson kinematic wave 

models to quantify the infiltration in roadside swales considering overland flow, infiltration on the 

side slope and in the channel, as well as the initial soil moisture as described above (Minnesota dry 

swale calculator). Their modelling results indicate that regardless of Ksat and side slope width, more 

stormwater infiltrated in the side slope (74-97%) than in the swale channel (max. 25%). Given only 

the lateral inflow from the road and the relatively short inflow events they state that the side slope is 

typically the primary contributor to runoff loss due to infiltration and that the channel acts as 

conveyance element for excess flow. The model presented was also sensitive to soil moisture 

changes (between dry and wet), which affected the early occurrence of excess flow.  

2.4.2 Comprehensive urban hydrological models 

Using SWMM, Qin et al. (2013) modelled the performance of different urban drainage systems, 

including grass swales, under various rainfall characteristics. Among others, they investigated the 

effects on flood volume and the flood reduction by simulating different rainfall return periods, 

rainfall durations and different time-to-peak-ratios of rainfall hyetographs. They found that the 

storage layer depth, determined by the soil thickness (here 350 mm) and hydraulic conductivity of 

the soil layer, are the most sensitive parameters for flood reduction. They also found that compared 

to the tested permeable pavement or green roof scenarios, the swale option was most effective in 

flood reduction for heavy and short rainfall events. A review of 150 studies that employed SWMM 

was performed by Niazi et al. (2017) focussing on water-quality, Green Infrastructure design, and 

model calibration and verification. They confirmed that SWMM was best suited for medium to large 

urban scales, but concluded that the model should be improved for incorporation of LID/GI 

alternatives, in terms of suitable algorithms for hydrological continuity and water quality 

management in urban areas. SWMM was also used by Flanagan et al. (2017) for multi-year 

simulations of the treatment performance of a road-side vegetative filter –swale arrangement, with 

the main soil types of sandy to silty loam. The most sensitive calibration parameter was the hydraulic 

conductivity, which was previously measured in the field as 0.1 – 3.6 cm/h. Other calibration 

parameters were depression storage, which changed the runoff volume by 15% of the total rainfall 

volume for all storms. Only little has been published about high resolution modelling to assess the 

effects of green infrastructure on small-scale urban hydrology. Helmers and Eisenhauer (2006) 

applied the distributed, physically-based model Mike SHE, without calibration, to a vegetative filter 

to analyse the effects of spatial variability in hydraulic properties on the outflow hydrographs, 

generated by irrigation experiments. They used 26 samples of saturated hydraulic conductivity 
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ranging from 0.36-13.30 cm/h over an area of 13x15 m and selected the model spatial resolution of 

0.76 m, but found no significant impact compared to the spatially uniform soil hydraulic properties. 

Simulations with higher inflow rates produced better agreements for overland flow (OL) times 

reaching the outlets. They further explained the representation of micro-topography in the model.  

The reviewed literature on experimental and modelling studies of swales in the context of urban 

stormwater management shows, that there is a continuous and increasing interest in the 

understanding of grass swale hydrology/hydraulics and performance as an urban stormwater 

drainage facility. These interests are given by the reconsideration of swales as effective low-cost 

source control measures, forming a part of the urban green infrastructure, and the need to minimize 

uncertainties concerning differences in design aspects. Generally, a trend towards modelling LIDs 

and grass swales for design and planning can be observed, even though there is a lack of detailed 

temporal and spatial data on operation of such facilities (lack of details on inflow areas, topography 

and thickness of soil layers). Such information would be required for reliable simulations of various 

hydrological processes in small-scale LIDs, like grass swales, in order to be able to well design 

swales for future implementation. So far facility-scale modelling is mainly done by conceptual 

models, as they are usually more practical for design and planning of stormwater control measures. 

Distributed hydrological models like Mike SHE, because of their physically-based numerical 

engines, can compensate for data scarcity, to some extent. However, the majority of their 

applications deal with water balance simulations of larger-scale catchments and, when used in the 

urban context, their traditional focus was not concerning small scale processes. To date, relatively 

little has been published (Helmers and Eisenhauer, 2006) on spatially high-resolution and process 

oriented modelling with Mike SHE.  
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3. Methods 

Two general research approaches were used to advance the understanding of the hydrology of grass 

swales: measurements of swale responses to inflows of irrigation water and modelling of such 

responses with an existing distributed hydrological model (Mike SHE). Field experiments were 

conducted at three locations in Luleå during the periods August-October 2015 (Swale 3) and August-

September 2016 (Swale 1 and Swale 2). Ancillary data collection included the measurement of 

physical parameters of the swale runoff contributing area, including an elevation survey, soil 

infiltration rates measured with a double-ring infiltrometer, and textural analysis of soil samples.  

Such measurements were supplemented by estimations of temporary water storage in surface 

depressions of the swale channel and the soil matrix of the top soil layer. The distributed physically-

based model Mike SHE was used to examine the feasibility of reproducing the relevant swale 

hydrological processes and identify those processes that are most relevant to swale planning and 

design. In the following the descriptions of field sites, field measurements and basic computational 

analyses are presented, and finally, the methodology for the calibration of Mike SHE is also 

described (for further details, see also Paper II). 

3.1 Experimental swale sites 

Multiple criteria were applied in the selection of suitable experimental sites, with emphasis on 

similar physical features of the swales with respect to the channel slope and well-developed and 

maintained grass cover, the availability of irrigation water, site access and safety of experimental 

operations. A brief description of the three sites chosen follows. 

3.1.1 Swale 1: Örnäset 

Swale 1 is located at Örnäset, Luleå and was built in 1956. It drains a two-lane road and has a pine 

stand on the opposite side. The test section of 30 m (see Fig. 2) was selected at the downstream end 

of the 200 m swale and drained directly into the storm sewer system. The swale bottom was of 0.2-

0.7-m width, the side slopes approximately 1.3-2.0 m wide and the average depths from the road 

shoulder of 0.6-0.8 m. The side slopes ratios are 1:2 to 1:2.5. The grass cover of Swale 1 was 

dominated by Deschampsia flexuosa (the common name crinkled hair grass) and Vaccinium vitis-

idaea (the common name lingonberry). Before the irrigation experiments started, the swale 

vegetation was mowed to an approximate height of 5 cm. Ten soil samples were extracted in Swale 1 

and analyzed for grain size distribution (GSD); the results of such analysis are shown in Fig.3. 

According to the FAO soil classification system (FAO, 2014), the corresponding soil type can be 

identified as ‘loamy fine sand’. As seen in Fig. 3, soil GSDs varied spatially within the test section. 

Furthermore, for five of the ten samples collected soil porosities 𝜙 were determined and are listed in 

Tab.1. 
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Table 1 Soil types and porosities for the three tested swales. No statistical significant difference was 

noted for the measured porosities in Swales 1 and 2. 

 Swale 1 Swale 2 Swale 3 

Distance to 

outlet (m) 
Soil texture Measured 𝜙 Soil texture  Measured 𝜙 Soil texture  Measured 𝜙 

1.5 loamy fine sand 0.56 silt loam 0.57  

Not 

measured 

4.5 
 

    

7.5 fine sand 0.57 fine sand 0.50 Fine sand 

10.8 
 

    

14.0 sandy loam 0.54 sandy loam 0.45  

17.5 
 

    

21.0 sandy loam 0.42 loamy fine sand 0.43  

24.5 
 

    

28.0 sandy loam 0.49 loamy fine sand 0.52  

Average 

value / 

category 

Loamy fine sand 0.52 ±0.06 Sandy loam 0.50 ±0.05 Fine sand 

 

3.1.2 Swale 2: Hertsön 

The test swale in Hertsön, Luleå, drains a bus lane and on its opposite (eastern) side it is connected 

to a meadow (Fig. 4). The total swale length is approximately 200 m and the test section of 30 m was 

just 20 m upstream of the culvert draining to another swale section. The swale bottom was 0.1-0.5 m 

wide, the side slopes 2.7-3.0 m and the swale depth between 0.8-1.0 m. Side slopes were measured 

as1:3-1:3.4. Dense grass, which was dominated by Deschampsia flexuosa (crinkled hair grass), 

Elytrigia repens (couch grass) and Phleum pratense (timothy grass), had to be mowed prior to 

irrigation experiments. Eleven soil samples were extracted in Swale 2 and analyzed for grain size 

distribution (GSD); the results of such analysis are shown in Fig. 5. According to the FAO soil 

classification system (FAO, 2014), the corresponding soil type can be identified as ‘sandy loam’. 

Soil GSDs varied spatially within the test section. Furthermore, for five of the 11 samples collected, 

soil porosities 𝜙 were determined and are listed in Tab.1. 
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Figure 2 Swale 1 in Östermalm, Luleå. 

 
Figure 3 Variance of grain size distributions in 

ten soil samples from Swale 1 (n=10)  

  

Figure 4 Swale 2 in Hertsön, Luleå. 

  

 Figure 5 Variance of grain size distributions in 11 

soil samples from Swale 2 (n=11) 
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3.1.3 Swale 3: Östermalm 

Swale 3 is located in Östermalm, Luleå, close to Dalagatan street, and drains a bicycle path (Fig. 6). 

It is shallower than Swale 1 and Swale 2 with depths of 0.3-0.4 m and side slopes of 1:4.5 – 1:5, and 

shorter with the total length of 55 m. The investigated section had a bottom width of 0.5-0.8 m and 

side slopes of 1.1-1.6 m. At the downstream end, it drains into a drop structure connected to the 

storm sewer system. The most abundant grass species in the swale was Elytrigia repens (couch 

grass). The grass height was 5 to 10 cm and did not require cutting. The swale soils are 

predominantly fine sands (see Fig. 7). Grain sizes of the full spectrum (including clay and smaller 

silt fractions) were determined for two samples only. Because Swale 3 was accessible from both 

sides and therefore exposed to pedestrian traffic, its soils showed signs of compaction. 

 

Figure 6 Swale 1 in Östermalm, Luleå. 

 

 Figure 7 Variance of grain size distribution for soil 

samples at Swale 1 (n=11) 

3.2 Field irrigation experiments 

Runoff entry into the swales was simulated by field irrigation with a mobile irrigation system, 

allowing experimental runs with two equal irrigation inflows: a concentrated longitudinal inflow and 

a distributed lateral inflow. The water supply system was improved in 2016 for Swale 1 and 2 

allowing a better control of the inflow. This included a constant water flow, supplied from municipal 

drinking water pumping stations, into the water containers, a larger overflow pipe and two instead of 

three valves at the containers to initiate flow simultaneously (two discharging containers were 

required for the larger inflow rate). A picture of the main irrigation system elements is displayed in 

Fig. 8. 
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3.2.1 Irrigation inflows mimicking selected design storms 

Simulated constant inflows of 30 minute durations mimicked runoff from design block rainfalls. 

Approximate estimations of the recurrence intervals of the applied irrigation flow rates were 

obtained from the rational method by calculating the rain intensity required to produce runoff flow 

rates equal to the irrigation flow rates. In such calculations, the runoff contributing swale catchment 

area was estimated as 450 m
2
 for Swales 1 and 2 (with a volumetric runoff coefficient of C=0.75) 

and 560 m
2
 (with C=0.8) for Swale 3. The calculated intensities were then substituted into the 

intensity-duration-frequency equation for Sweden (Dahlström, 2010) and for the given duration of 

30 minutes it was possible to calculate the corresponding frequencies (return periods). In this way, 

the following return periods were determined for various irrigation flow rates: Swales 1 and 2, 2-

months and 3-years, and Swale 3, 0.5, 1, and 2 years. 

3.2.2 Selection of antecedent soil moisture conditions for irrigation experiments 

Evaluation of the effects of initial soil moisture conditions on swale flow hydrographs was examined 

for two moisture states, referred to as ´dry´ and ´wet´, respectively. In similar runs, efforts were 

made to achieve the initial conditions as similar as practically possible, however, this was not always 

feasible because of changing weather conditions significantly affecting the antecedent ‘dry’ 

conditions. Considering the fast drainage of the swale soils tested, for dry condition tests, at least 24 

hours with no rain were required. Wet runs were easy to plan – they started within 0-3 hours of 

completion of the preceding irrigation run. Only in Swale 2 the thresholds for average soil water 

content from the swale channel (N=5) were used to define subsequent runs start. For Swale 1 and 

Swale 3 at least one dry day and the ‘feel and appearance’ method of soil moisture assessment was 

used to determine the initiation of a dry run. 

3.2.3 Flow measurements 

For measurements of the swale inflows and outflows, a head-discharge method was selected, using 

sharp-crested weirs as primary flow measurement elements. For Swales 1 and 2, improved 

measurement devices were used and consisted of weir boxes with V-notch weirs (45° and 90°) and 

pressure transducers from the ISCO Area-velocity flow meters for measuring heads in stilling wells 

attached to the weir boxes (Fig. 9). The arrangement of the irrigation system and measurements used 

in 2016 differed from those used earlier in 2015. For Swale 3, V-notch weirs inserted into the water 

supply pipes were used for inflow measurements and the head was measured using the same type of 

pressure transducer (i.e., as in Swales 1 and 2), located in the pipe 0.8 m upstream of the weir (Fig. 

10). The outflow was measured by a compound constriction flow meter consisting of a rectangular 

weir and an orifice located below the weir crest (Fig. 11). Standard weir equations for the three 

inflow flume V-notch weirs and the combined rectangular weir-orifice outflow device were used to 

calculate the flow rates from the measured heads using Matlab. Measurement uncertainties were not 

determined.  

After the 2015 swale water balance calculations revealed serious measurement errors, the flow 

measurement equipment was improved in time for the 2016 field season by using weir boxes with 

two standard weirs as can be seen in Fig. 9 for the 90-degree V-Notch weir box combination. 
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Figure 8 Picture of the water distribution system for near surface irrigation and various measurements. 

 
Figure 9 Stainless steel weir box 

with 90 -degree V-notch weir 

attached. 

 
Figure 10 90-degree V-notch 

weir attached to a pipe channel 

from experiments in 2015 for 

inflow measurements. 

 
Figure 13 Double-ring 

infiltrometer tests conducted 

every 3 m in the swale channel 

(n=9). 

 
Figure 11 Compound rectangular-

weir-orifice constriction for swale 

outlet discharge measurements 

 

.  
Figure 12 Near-surface irrigation 

with a labyrinth weir, producing 

a lateral inflow to the swale. 
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The flow rate was calculated from the Kindsvater-Shen equation (Shen, 1981) and compared with 

volumetric measurements. The Kindsvater-Shen equation allows calculating the weir discharge from 

the measured hydraulic head: 

    
 

  
√     

 

 
  
   

 

Where he, the effective head, equals (h + kh),  h is the measured head over the weir notch and kh is an 

experimentally determined correction for viscosity and surface tension, Ce = discharge coefficient, 

θ = notch angle, and g = gravitational acceleration.  

The flow rates calculated from the readings of four identical make level sensors (to assess the inter-

sensor variability), together with the volumetrically measured flow rates, are plotted in Fig.14 for the 

45° V-notch weir. Because of good agreement between the weir and volumetric measurements, there 

was no need for weir calibration. For the representative ranges of the measured weir heads in the 

field corresponding to flow rates of 1.06 and 2.65 L/s and the accuracy of the head sensor, which is 

specified by the manufacturer as ±3 mm, the accuracies of such measurements were estimated as 6-

10% for the 45° V-notch and 9-14% for the 90° V-notch weir. 

3.2.1 Measurement of the infiltration capacity of swale soils 

The saturated hydraulic conductivity was measures with a double-ring infiltrometer at nine points 

located, every 3 m along the swale bottom, in each of the three tested swales (see Fig. 13). The 

measurements were performed after the irrigation experiments were completed, in order to prevent 

flow disturbances which could be caused by ground disruptions resulting from driving infiltrometer 

rings into the ground. 

3.2.2 Soil water content measurements with Water Content Reflectometry 

Volumetric soil water content reflectometers (WCR, model CS616 of Campbell Scientific, Inc.) 

were used to measure soil water content (Fig. 15a). These instruments measure the water content 

indirectly by sensing the signal propagation velocity of an electronic pulse between two metal rods 

that changes with the water content (Ruelle and Laurent, 2008). An overview of the locations of the 

15 probes in the swale can be seen in Fig. 15b. Five WCR-probes were inserted at an 45° angle into 

the swale channel at distance of 5 m, four probes (each) were inserted vertically into the irrigated and 

non-irrigated side slopes at distances of 0.4 m and 0.7 m from the centre of the swale channel and 

two probes were buried horizontally at 0.3 and 0.6 m below the swale channel bottom, at 1.5 m 

upstream of the outflow measuring weir box (Fig. 16). Measurements were logged during 

experimental runs every 30 seconds and such logging lasted anywhere between one hour and several 

days. 
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Figure 14 Validation of the Kindsvater-Shen equation for 

head-discharge measurements by sharp-crested V-notch 

weirs against the volumetric measurements, and inter-

sensor variability of ISCO pressure transducers. 

 

Figure 16 Installation of two WCR-

probes for soil water content 

measurements at 0.3 and 0.6 m depth 

below the swale channel bottom. 

 

Figure 15 (a) Location and distances of WCR-probes for measurement of the soil water content (red) 

in the 30-m swale test section. (b) WCR-probe consisting of two metal rods that are inserted into soil 

and over whose length the soil water content is averaged. 
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3.2.3 Analysis of experimental data 

For the 38 experimental runs meeting the quality control criteria, swale flow hydrographs were 

produced and the swale water balance calculated. Because of limited durations of experimental runs 

and major flow conveyance taking place in the channel part of the swale, water balance calculations 

apply to the swale channel only and evapotranspiration was neglected. Water balance data from the 

2015 swale studies were not published, because of measurement errors, and are therefore not 

included in this thesis. For Swale 1 and Swale 2, 24 runs in total were performed and water balance 

data (including inflow, infiltrated and outflow volumes) and other calculated parameters (flow 

volume reduction, peak flow reduction and hydrograph centroid lag time) were presented in Paper II. 

Inflow and outflow hydrographs were plotted for all the events. 

For experimental runs with initial wet conditions, the peak flow reduction, defined as the difference 

between the inflow and outflow hydrograph peaks, reached quickly quasi-equilibrium and served as 

a basis for calculating spatially averaged values of Ksat denoted with a subscript hyPF. This could be 

done by using the flow width data, which were collected during the experimental runs, and the 

subsequent estimation of the spatially averaged infiltration area (Ainf) over the test section length of 

30 m. 

3.3 Modeling of grass swale flow with Mike SHE 

The purpose of modelling grass swale flow was to reproduce the hydrological response of the swale 

to two irrigation inflow rates and for the various initial soil water contents tested in the field. For this 

task, the distributed, physically-based model Mike SHE was selected, because it can use detailed 

input topographical data, soil characteristics, and short time steps to simulate continuous time series 

of water movement and soil water content. For this purpose, the data collected in the Swale 1 study 

(Paper II) were further processed and applied for model set up, calibration and evaluation. Data 

processing was accomplished using common software, including MS Excel and ESRI ArcGIS. 

3.3.1 Mike SHE configuration 

Runoff flow conveyance by, and infiltration in, the swale were considered as the two predominant 

hydrological processes, which had to be represented well in the model setup. Mike SHE offers 

several different computational engines for flow simulations, ranging from simple to the distributed 

physically-based ones. This study focused on both the overland flow (OL) and the unsaturated zone 

(UZ) modules. For overland flow, the 2D finite difference diffusion wave method was selected, as 

recommended when dealing with local overland flow and runoff (DHI, 2017). In this method, at 

each grid point, partial differential equations are discretized and solved by dynamic iteration over 

time, while the diffusion wave equation describes the depths of flow at each time step. 

The unsaturated zone represents a vertical soil profile that interacts with the overland flow, the 

evapotranspiration model and any saturated zone (Fig. 17). For the vertical movement of water 

through that profile, the full Richards approach was selected to include soil moisture retention and 

accurate computation of soil water dynamics.  
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Figure 17 One-dimensional vertical finite difference discretisation for the unsaturated zone in Mike 

SHE. Vertical dots represent the sample distances of the computational layer increasing with depth. 

(Source: Beven, 2012) 

The soil data are arranged in three soil type layers and within each layer the hydraulic conductivity is 

calculated using the Van-Genuchten/Mualem function (Van Genuchten, 1980; Mualem, 1976). 

Accordingly soil data have to be defined for each layer. Considering the two predominant swale flow 

processes as well as the objective of reproducing field experimental conditions in a 30-m swale 

section with two main inflow directions, such a set up was represented by a small plot (catchment 

area) of 307 m
2
. The computational grid cell size was 0.2x0.2 m (the total cell number = 40 x 192) 

and the time intervals in all calculations were set equal to the time interval of logging field 

measurements, 15 seconds.  
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3.3.2 Hydrological parameters and input data 

Detailed spatial and temporal inputs were required prior to simulation runs. A summary of these 

inputs is listed in the following table (Tab. 2).  

Table 2 Input data for swale flow modelling with Mike SHE 

Parameter value Selected input Explanation Units Mike SHE module 

Topography DEM 
based on GPS-measured 

elevation points 
 OL 

Manning n  Constant throughout the  swale s/m1/3 OL 

Depression 

storage 
 Constant throughout the  swale Mm OL 

Soil 

characteristics 

Saturated soil water 

content 

The maximum SWC value 

measured in field experiments 
m3m-3 UZ 

 Residual water content  m3m-3  

 
Saturated hydraulic 

conductivity 

Measured by the Double-ring 

Infiltrometer 
ms-1  

 Van Genuchten αc, αr Adopted from the literature 1/cm 
UZ (relative hydraulic 

conductivity) 

 Van Genuchten nc, nr Adopted from the literature - UZ (retention curve) 

 
Van Genuchten shape 

factor 
Default value - 

UZ (relative hydraulic 

conductivity and 

retention curve) 

Initial soil 

water content 
Layer file 

including spatially averaged 

initial SWCs for seven swale 

sections 

m3m-3 UZ 

Precipitation 
Time-varying spatial 

layer file 

Mimicked by near-surface 

irrigation 

Liters 

per sec 
OL/UZ 

Root depth 
Spatial layer with three 

sub-sections 
Constant throughout the swale 

sections 
mm UZ 

Leaf area 

index 

Spatial layer with three 

sub-sections 

Constant throughout the swale 

sections 
- UZ 

Reference 

evaporation 
 Constant throughout the swale mm/day UZ 

3.3.3 Model calibration  

In total 12 irrigation-discharge events were recorded in Swale 1 (Paper II). Four events with 

characteristically different initial conditions, described by combinations of low and high inflows, and 

dry and wet initial soil moisture conditions, were selected for model calibration. Here a systematic 

manual calibration was applied instead of an automatic calibration because of the interest in effects 

of soil-water calibration parameters needed to understand the simulation outcome and due to the 

limited number of calibration parameters and the relatively simple swale structure. Furthermore it 

was attempted to mitigate the uncertainties associated with modeller´s subjectivity (resulting from 

the modeller´s selection of parameters, numerical engines and swale representation) by a calibration 

procedure that uses four representative events to perform event-based calibration.  

After the individual inflow and initial SWC parameters were adjusted, the attention switched to 

adjusting the values of αr and nr influencing the soil water retention curve. The values of αr and nr 

were adjusted to obtain an acceptable initial field capacity of the soils, which was not the case when 

starting this process with the initially chosen values from the literature. The model was then run to 
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evaluate whether overland flow is generated. Subsequently, the Van Genuchten parameters were 

changed one-by-one and for each soil layer and the discharge hydrograph, represented by 

concentrated overland flow at the outlet cell, was evaluated at each time. Finally the Manning n and 

detention storage were adjusted to achieve an acceptable goodness of fit between the simulated and 

observed hydrographs. The goodness of fit was evaluated by the Nash-Sutcliffe model efficiency 

coefficient; the calibration procedure was repeated until the coefficient reached or exceeded the 

value of 0.95.   

3.3.4 Assessment of model performance 

The model calibrated for each of the four parameter sets was used to simulate overland flow and 

infiltration into the unsaturated zone for the eleven remaining events. All resulting discharge 

hydrographs (4 calibration runs + 4x11 evaluation runs = 48) were plotted together with the observed 

hydrographs and subject to statistical evaluation. Agreement between the event hydrographs was 

assessed by statistical analysis of volumetric residuals (i.e., differences between observed and 

modelled volumes), normalized volumetric residuals, peak flow residuals, normalized peak flow 

residuals, root mean squared errors and the Nash-Sutcliffe model efficiency coefficient (Nash-

Sutcliffe, 1970). As flow reduction by infiltration occurred during the field experiments and in 

model simulations, the simulated development of the SWC in the top soil layer (0.21 m) was 

extracted at five measurement points and statistically compared to the measured SWC by means of 

the RMSE. Further details of these procedures can be found in Paper III. 
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4. Results 

The results section includes the presentation of swale physical characteristics impacting the 

hydrology, including discharge hydrographs of experimental runs performed at the three test swales, 

and a comparison to hydrographs simulated with Mike SHE. The water balance analysis is 

summarized for hydrological/hydraulic performance values (hydraulic conductivity Ksat, relative 

volume reduction (Vpeak rel), relative peak flow reduction (ΔQpk rel), centroid lag time (Tlag) as well 

as the evaluation of measurements of the soil water content in the studied swales). 

4.1 Hydrology of grass swales  

On the event basis, the hydrology of assessed swales can be described by processes including inflow, 

infiltration over the side slopes (not measured) and swale channel bottom, storage of water in surface 

depressions and soil matrix and subsequent conveyance to a discharge point.  

4.1.1 Saturated hydraulic conductivity of grass swales measured by DRI 

In the three tested swales the DRI tests resulted in Ksat-values with significant spatial variability. 

Swale 1 has the highest infiltration capacities but also the highest spatial variability. Swale 3 soils 

were more compacted than those of Swales 1 and 2; however its saturated infiltration capacities were 

higher than those of Swale 2 which was built more recently. Tab. 3 /Fig.18 provides measured Ksat 

values and their standard deviations. For Swale 1 it can be noted that the hydraulic conductivity is 

lower towards the outlet compared to the rest of the swale bottom. 

Table 3 Saturated hydraulic conductivity of three tested grass swales by DRI measurements on the 

swale bottom and estimated by spatially averaged values during steady peak flow reduction (hyPF). 

 
Saturated hydraulic conductivity Ksat (cm/hr) 

 
Swale 1 Örnäset Swale 2 Hertsön 

Swale 3 

Östermalm 

Distance to 

outlet (m) 
DRI hyPF DRI hyPF DRI 

1.5 7.4 
 

2.78, 

3.59, 
2.38, 

3.38, 

3.96, 
3.52 

 

2.2 
 

4.60, 

4.84, 
6.63, 

4.63, 

3.93, 
4.40 

 

2.2 

4.5 4.8 4 4.5 

7.5 5.6 1.9 1.8 

10.8 14.4 1.1 4.8 

14 4.4 2.1 3.0 

17.5 10.3 0.5 2.9 

21 15.4 1.6 6.8 

24.5 7.5 2 4.5 

28 14.9 0.7 5.9 

Average 

value 

(St.dev.) 

9.41 ± 4.21 3.27 ± 0.58 1.78 ± 0.98 4.84 ± 0.93 4.04 ± 1.69 

 

The saturated hydraulic conductivities calculated from quasi-constant differences in peak flow 

reductions (due to infiltration) are compared to the DRI measurements in Fig. 18.  Except for the 

Östermalm swale Ksat derived by the two methods deviate significantly for Swale 1 and slightly for 
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Swale 2 while the Ksat derived by peak flow differences generate smaller scatter due to spatially 

averaging. Hydraulic conductivities in the three swales compared show higher variabilities for the 

DRI method compared to hydrograph-peak flow method. 

 

 

Figure 18 Saturated hydraulic conductivities for swales S1, S2 and S3, represented by DRI 

measured value plots and by those calculated from swale hydrograph analysis (hyPF). 

4.1.2 Swale water storage capacity 

Measurement of elevation points were used to illustrate the swales´ topography as digital elevation 

models, shown in Fig. 19 a-c, and further used to determine the volume of the swale bottom 

depressions where water ponds. 

The differences of the minimum and maximum SWC values measured for the 0.21 m soil layer 

during the irrigation experiments were used to estimate the water retained in the soil matrix of that 

layer. Such values are presented together with the volumes of surface depressions in Tab. 4. The 

estimated values show that Swale 1 and Swale 2 would be able to temporarily retain 1.2 and 1.1 m
3
, 

respectively, which would be 56-61% and 23-25% of the two total irrigation volumes applied, 

respectively. Swale 3 has the lowest overall storage capacity (in surface depressions and in the soil).  

Table 4 Temporary water storage volume of the three swales studied. 

 Temporary storage volume (m3) 

 Swale 1 Swale 2 Swale 3 

Surface depressions 0.35 0.61 0.09 

Upper soil matrix 0.04-0.85 0.17-0.46 0.03-0.19 

Sum of maxima 1.20 1.07 0.28 

 

DRIhyPFDRIhyPFDRI

16

14

12

10

8

6

4

2

0

S
a
tu

ra
te

d
 h

y
d
ra

u
lic

 c
o
n
d
u
c
ti
v
it
y
 (

c
m

/h
r)

9.41

3.27

1.79

4.84
4.04

Swale 1 Swale 2 Swale 3



Green Urban Drainage Infrastructure: Hydrology and Modelling of Grass Swales 

  

25 

 

  

 

(a) Swale 1 Örnäset (b) Swale 2 Hertsön (c) Swale 3 Östermalm  

Figure 19 a-c Illustration of different characteristics of swale topographies based on GPS-measured 

elevation points. The digital elevation models show the three test swale 30 m section, with upstream 

end starting at the top. 

4.1.3 Discharge hydrographs and water balances 

For the irrigation runs in the tested swales it was intended to control inflow rate and the time of 

inflow aiming for similar mean initial soil water contents, in order to produce three replicas for each 

of the four different inflow conditions. However, due to the variability of soil and soil water 

properties and weather conditions this was not achieved, mainly in the case of low initial SWC. The 

measured inflow-outflow events, therefore, have to be treated as independent experimental runs. 

Flow measurements for Swale 3 are excluded from further analysis due to measurement errors. Some 

typical inflow and outflow hydrographs for Swale 1 and Swale 2 are presented in Fig. 20 a-h. Inflow 

rates could be kept fairly constant allowing for the generation of block-rain driven truncated 

hydrographs for the two inflow rates, which were fairly well controlled with Qin1 = 1.06 Ls
-1

 ±0.03 

and Qin2 = 2.65 Ls
-1

 ±0.07. Outflow rates, and the measured inflow and outflow hydrographs have 

different centroid lag times and peak flow reductions depending on the initial SWC, inflow rate and 

swale topography. 
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Swale 1 

a) S1a b) S1b c) S1c d) S1d 

    
Swale 2 

e) S2a f) S2b g) S2c h) S2d 

    

Figure 20 a-h. Example hydrographs derived from swale irrigation experiments in Luleå Örnäset, 

Hertsön (full line= block-rain mimicking inflow, dashed line =swale outlet discharge) 

The water balances for Swales 1 and 2, are listed in Tab. 5, respectively (a detailed overview of the 

water balance data for Swale 1 and 2 are presented in Paper I). They are grouped according to the 

combinations of inflow rate and initial soil water content. It can be summarized that in the two 

Swales 1 and 2, 6-85% of the inflow infiltrated, and that the effect of the initial soil water content is 

significant regarding the volume and peak flow reductions. Detailed data are presented in Paper II. 

Table 5 Initial swale channel SWC, average  inflow rate Qin; average flow volumes entering and 

leaving the swale, Vin and Vout, respectively; average infiltrated volume Vinf; and averages of the 

resulting relative swale flow volume reduction Vrel of Swale 1- 2 (n= 3 for each averaged water 

balance parameter). 

Swale SWC SWCini (m
3m-3) 

Qin  

(Ls-1) 

Vin 

(m3) 

Vout 

(m3) 

Vinf 

(m3) 
V rel 

(%) 

ΔQpk rel 

(%) 

Tlag 

(min) 

S1 

SWClow 0.24±0.03 1.07 1.99 0.52 1.47 0.74 0.40 15.10 

SWChigh 0.39±0.03 1.05 1.91 1.39 0.52 0.27 0.15 9.25 

SWClow 0.28±0.03 2.64 4.96 2.85 2.11 0.42 0.12 9.40 

SWChigh 0.39±0.02 2.68 4.91 4.10 0.81 0.17 0.18 8.20 

S2 

SWClow 0.26±0.05 1.04 1.95 0.84 1.12 0.57 0.32 10.85 

SWChigh 0.30±0.04 1.06 1.96 1.25 0.70 0.36 0.18 8.40 

SWClow 0.27±0.05 2.62 4.84 3.10 1.74 0.36 0.12 6.48 

SWChigh 0.31±0.04 2.65 4.85 3.71 1.14 0.24 0.09 5.37 

S3 
SWClow 

0.19±0.05 

Not calculated 
0.18±0.06 

0.21±0.04 

SWChigh 0.32±0.04 
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When plotting the relative volume reduction (see Fig. 21, panel (a)), the peak flow reduction (panel 

(b)), and the lag times (panel (c)) of each of the 24 events from Swales 1 and 2, decrease can be 

noted towards higher initial SWC. Especially for runoff volumes, the initial SWC is significant; as it 

can be observed for Swale 2 where even small differences between initial soil water content 

categories “low” and “high” (volumetric soil water content difference = 0.04 m
3
m

-3
) lead to a 

relative decrease by 44% for low inflow rates and 25% for high inflow rates.   

 

Figur 21 (a) Relative volume reductions, (b) relative peak flow reductions, and (c) hydrograph lag 

time (minutes) and the corresponding trend lines (power functions). 

4.1.1 Soil water content (SWC) of grass swales  

Soil water content is a function of the soil physical properties like porosity, compaction, water 

supply and the water already stored. SWC was measured with 15 Water Content Reflectometry 

probes (WCR-probes) as described in the methods section and in Paper II.  

For each swale, one event with 1.06 or 2.65 L/s inflow rate, its duration and approximately identical 

initial SWC, has been selected to visualise the SWC progression over the course of four hours 

starting with the 30-min inflow event. The SWC readings are furthermore plotted separately for four 

sections of the swale, namely the swale channel (measured with five probes, denoted VWC1-

VWC5), the irrigated side slope (four probes, denoted with VWCi 1 1-VWCi 4), the non-irrigated 

side slope (four probes, denoted with VWCni 1-VWCni 4) and at two depths below the swale 

channel bottom (at -0.3 m, VWC-0.3 and -0.6 m, VWC-0.6).  

Based on the same inflow setting (inflow rate and inflow directions), the wetting of the swale 

channel represented by an immediate increase of the SWC in Fig. 22 a-c is proceeding until a 

maximum (the saturated state) SWC is reached, depending on the probe location. Note that VWC1, 

located close to the upstream inflow point, was the first to show elevated SWCs. The time lags 

between individual SWC readings in the three swales studied varied, because of the differences in 

swale topography, described by the longitudinal channel slope and channel depressions, which 

detain flow. The plots of the SWC of the swale channel also show the attainment of different SWC 

maxima, indicating variations in soil properties. The variations in soil properties, hydraulic 

conductivity and soil water retention, also impact the drying process at each location in the swale 

after the 30-min inflow stopped. While in Swale 1 the soil wetting and drying are more 

homogeneous, as confirmed by lower standard deviations (illustrated as a grey envelope of 
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plus/minus St.Dev. of the mean SWC), SWC progression in Swales 2 and 3 channels shows a larger 

spread. 

 

Figure 22 a-c Progression of 

the volumetric SWC of the five 

probes on the swale channel 

bottom of the three studied 

swales. 

 

Figure 23 a-c: Progression of 

the soil water content 

measured by four WCR-probes 

on the irrigated side slopes in 

the three swales showing lower 

SWC variability than on the 

swale channel bottom. 
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The SWC progression at the four non-irrigated side slopes probes depends also on the side slope 

inclination and potential lateral infiltration of ponded water in the swale channel (Fig. 24 a-c). While 

Swale 1 (a) shows high SWC increases here (similar to the irrigated side slope), there is only a minor 

increase of SWC in Swale 2  (b) and almost no increase in Swale 3 (c), reflecting a delay of lateral 

infiltration over the measurement period. 

 

Figure 24 a-c: Progression of 

soil water content of 4 WCR-

probes located at the non-

irrigated side slope showing 

minor or no SWC progression. 

 

Figure 25a-c: Progression of 

soil water content of two WCR-

probes below the swale channel 

bottom. 
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SWC readings displayed in Fig. 25 a-c, in the two measured depths (VWC-0.3 and VWC-0.6) make 

it evident that there was no significant percolation occurring in all the three swales for the various 

inflows and measurement periods. Just a minor increase in Swale 2 can be noted after the end of the 

inflow. In all swales assessed, SWC readings on the irrigated side slope did not reach values as high 

as on the swale bottom, which indicates, that due to the inclination, water is partly directly routed 

along the surface and partly drains through the upper soil layer of the side slopes towards the swale 

channel bottom. WCR-readings from non-submerged probes on the non-irrigated side slopes indicate 

that lateral infiltration occurred. With some delay the water content was raising, for example, by a 

maximum of 0.13 m
3
m

-3
 (13 Vol.-%) in the Swale 1. 

4.2 Comparison of observed and simulated hydrograph data 

Results presented in this section are based on Paper III. The physically-based, distributed 

hydrological model Mike SHE was calibrated against the outflow hydrographs from irrigation 

experiments in Swale 1 and evaluated with respect to its capability of reproducing the observed 

hydrographs, for high spatial and temporal resolutions. After four parameter sets were found to 

represent well the four different inflow conditions in the field tests, eleven events were simulated 

with the calibrated model to assess the model performance. Examples of the simulated outflow 

hydrographs produced for the four parameter sets are displayed in Fig. 26 a-h and show a good fit 

between the observed calibration event and its simulation with the calibrated model, and samples of 

the best and worst fit hydrograph agreements between the measured hydrographs and simulations 

with the calibrated model, for the four parameter sets. 
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Figure 26 a-h: Measured and simulated hydrographs and hydrographs for irrigation experiments. 

Plots (a) - (d) show the observed hydrographs and those produced with the model calibrated for that 

event; Plots (e) - (h) show the worst agreements between the hydrographs produced with the 

calibrate model applied to other (verification ) events. 

The quantitative analysis of the performance criteria can be done with support of a plot of the 

normalized volumetric residual (NVr) and the normalized peak flow residual (NPFr) displayed in 

Fig. 27. Peak flow residuals between the observed and simulated hydrographs are generally small 

and insignificant. The volumetric residuals occur for all the derived parameter sets due to differences 

in the hydrograph shapes and the models insensitivity to the soil water content. Highest volumetric 
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residuals (>50%) can be found for calibration against high inflow and low initial SWC irrigation 

runs. 

 

Figure 27: Dot plots of individual values of normalized peak flow residuals and normalized 

volumetric residuals for each parameter set (separated by boxes) and arranged according to the 

inflow rates and initial SWC (in subs-divisions). Sample size N=5-6 (results from calibration runs 

are excluded). Full red dots represent the medians. 
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5. Discussion 

The results presented in the preceding chapter are discussed herein with respect to the effects of 

hydraulic/hydrological parameters on the grass swale hydrology and the significance of those 

parameters in swale design. More specifically, the discussion focuses on inflow rates/hydraulic 

loadings, the inflow direction, swale slope, antecedent soil moisture and the spatial variability of the 

swale channel characteristics. Furthermore, the use of field parameters determined in the conducted 

studies for distributed modelling of swale hydrology will be also discussed, and a summary of 

implications for swale planning and design will be given. 

5.1 Effect of the inflow rate on swale hydrological performance 

For the two inflows tested in the field, it was noted that less water infiltrated, relative to the applied 

volumes, for the increased inflow rate. This can be explained by the extended time of concentration 

and the corresponding increased time of hydraulic residence of water along the swale channel. 

Generally, higher inflows will cause an infiltration excess flow more rapidly, while smaller inflows 

are more likely to generate surface runoff only when the soil saturation capacity is exceeded. The 

final state swale flow reached after 5-15 minutes, during which the 30-m grass swale section was 

supplied with a steady inflow, can be described as mainly the flow conveyance, with only minor 

flow attenuation. Davis et al. (2012) defined three “treatment zones” for the various flow conditions 

during a range of actual storm event depths. The smallest storms were completely infiltrated; 

volumes and peak flows were attenuated for moderate storms, and the swale operated as a flow 

conveyance structure with, some flow smoothening, for the largest events. In this regard, our 

irrigation experiments mimicked moderate and severe storms. An increased inflow rate over the side 

slope would increase the surface area covered with runoff as shown by Garcia-Serrana et al. (2017a). 

Mike SHE model simulations of the two mentioned flow regimes tested in Swale 1 suffered from the 

discovered lack of sensitivity of soil infiltration capacity in the model. The parameter sets studied 

resulted from calibrations, in which the parameters controlling the channel hydraulics (i.e., by 

increasing the hydraulic conductivity, depression storage and Manning n) were adjusted 

independently of soil parameters. This confirms that swales exposed to high inflows function as 

conveyance channels, with only minimal peak flow and volume reductions. 

5.2 Effect of inflow direction and slopes on swale outflows 

Inflow into swales can occur, at some points, in three directions: longitudinal inflow from upstream, 

longitudinal and lateral flows over the side slopes, or just the lateral flow over the side slopes. For all 

three cases the wetted areas, and the corresponding infiltration areas, with potentially different soil 

properties, would be of different sizes. In the tested swales, the channel bottom and one side slope 

contributed to flow reductions (by infiltration), but it can be speculated that the irrigation 

arrangement caused reduced hydrograph lag times, because of the pre-wetting of the channel by the  

concentrated longitudinal inflow. The swale side slope section received lateral inflows from the 

water supply system over 24 of the 30 m section length, and produced finger-flows of an increasing 

coverage, depending on the inflow rate. The instrumentation for the irrigation experiments did not 
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allow differentiating between the discharge from the swale channels and the side slopes. García-

Serrana et al. (2017a) investigated the infiltration on side slopes and its control mechanisms, and 

found that runoff infiltration was larger than anticipated with increased infiltration on the longer side 

slope and higher saturated hydraulic conductivity. The side slopes of the swales tested in this thesis 

ranged from 1:2-2.5 (Swale 1) to 1:3-3.5 (Swale 2) and to 1:4.5-5 (Swale 3). Lateral flow over these 

side slopes was not measured but observed to partly infiltrate before it reached the swale bottom, 

especially at the beginning of each inflow event. Concerning the longitudinal slopes of the tested 

swales, effects on the hydraulic performance could not be detected as initial infiltration, swale 

channel irregularities and the mild slopes distort clear estimations. But it can be assumed that for 

lower slopes infiltration would be increased by decreased channel flow velocities. For Swale 2 with 

a longitudinal channel slope of 0.7% slope, it can be furthermore assumed that slower drainage 

involves also a prolonged periods of soil wetness, which would explain slow recovery of dry 

conditions and water ponded in swale depressions even after 3 hours. In a laboratory study of 

infiltration on grass slopes conducted by Morbidelli et al. (2016) they could show that grass reduces 

the effect of declining steady infiltration rates with an increasing slope gradient. They estimated that 

the Ksat was reduced by the factor of cos(θ) (slope angle) and strictly depended on roughness of the 

sloped surface. 

5.3 Effect of antecedent soil moisture on grass swale performance 

The antecedent soil moisture in a grass swale depends on the antecedent rainfall and on swale soils. 

For the three studied swales, different final soil water contents were recorded after each irrigation 

event and after similar durations of dry periods, because of different soil characteristics. The initial 

soil water content had a significant effect on the swale hydrological/hydraulic response. The two 

groups of initial soil water content, defined as low SWC for dry conditions and high SWC for wet 

conditions, did not differ greatly in their magnitude. However, runoff retention by infiltration, flow 

attenuation and the outlet hydrograph was affected even by minor differences in soil moisture, 

especially for low initial soil water contents. In other studies the relevance of the soil water content 

was also reported. Garcia-Serrana et al. (2017a) quantified the impact of SWC on the infiltration 

capacity and volumes, and noted a sudden, linear increase in infiltration at low soil water contents. 

In studies of runoff in swales by modelling soil with spatially heterogeneous SWC, Morbidelli et al. 

(2012) concluded that a spatially averaged SWC would be sufficient for the reproduction of 

hydrographs. In the presented study, using Mike SHE for simulating swale flows, the role of the 

magnitude of the initial SWC and spatial variability in the unsaturated zone, which were distributed 

in seven sections of the swale model, was found of minor importance. For all model settings tested in 

Paper III, the unsaturated zone reached the infiltration rates equal to the saturated hydraulic 

conductivity and saturated soil conditions almost equally rapidly for the two inflow rates tested, 

which agreed with the measured increases in the field. Uniform characteristics of the hydraulic 

conductivity, the saturated soil water content and soil parameters throughout the grass swale section 

simulated, overruled the initially inputted SWC variability, which confirms the findings of 

Morbidelli  et al. (2012). 
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5.4 Effects of spatial variability of physical properties of grass swales  

Elevation surveys of the three swales studied revealed swale bottom irregularities forming 

depressions 0.05-0.10 m deep. Like check dams, bottom depressions contribute to higher infiltration 

and retention of runoff and consequently greater lag times of the outflow hydrographs, as also 

reported by Davis et al. (2012) for check dams. Their observations showed significant volume 

attenuations and reductions for minor and intermediate storms in a swale with check dams. With a 

lower hydraulic loading to the swale, infiltration rates would increase because of extended detention 

of water in the depressions. Together with runoff storage in the upper layers of the soil matrix, it can 

be expected that they are beneficial for dissipating runoff small rainstorms and the early storm peaks. 

The effects of the topographical representation accuracy were addressed also by Helmers and 

Eisenhauer (2006) in simulations of flow over vegetative filters. Noting significant effects on the 

discharge hydrograph, their recommendation for considering high topographical detail in flow 

simulations can be confirmed by the results of the Mike SHE simulations for Swale 1. In fact, 

accurate, cell assigned elevation data contributed to a good reproduction of ponding areas in the 

swale channel and eventually to a better agreement between observed and simulated hydrographs. 

When pollutant removal efficiencies in grass swales are addressed in model simulations, such 

outcomes are highly useful. 

5.5 Practical implication for swales in urban stormwater management 

The test grass swales, located in Luleå, northern Sweden, were studied below their actual capacity 

limits, but nevertheless for fairly large flows, for which a steady discharge would be developed early 

and flow attenuation and hydrograph lag times would soon reach their minima. However, for low 

intensity storms, grass swales flow attenuation is increasingly sensitive to soil moisture and the soils 

used for the construction of swales can influence the soil water retention to allow for good drainage 

of the soil layer after rain events. The faster the soil infiltration capacity is re-established after the 

rainfall, the more robust the swale will be in attenuating the first runoff peaks. Where the native soils 

do not have a sufficient infiltration capacity and cannot be replaced, the swale channel dimensions 

have to compensate for reduced storage volume in the top soil and a low percolation rate into 

subsoils. An easy measure for enhancing flow attenuation in grass swales by creating depressions in 

the bottom or by properly designed check dams. Note however that such measures reduce the swale 

channel flow capacity. In spite of local restrictions on swale construction, swale features should be 

designed on the basis of design storm calculations for specific geographical regions, and on 

determined storm depths, soil texture and swale dimensions, including the swale lengths, depths, and 

side slopes, and further adjusted as needed. For detailed swale design considering the swale and its 

contributing area, the analysis of local rainfall records would be furthermore useful to analyse the 

antecedent moisture conditions (antecedent dry days). Such data could also serve for the calibration 

of continuous rainfall-runoff models considering the antecedent moisture conditions of the urban 

catchment. In swale design and planning a distributed model Mike SHE would have a limited 

practical use, because of the lack of detailed input data, including the initial soil moisture. However, 

often in design of such drainage facilities like grass swales, operational requirements limit the use of 

optimal longitudinal and side slopes. However, as numerous sources recommend, some of which are 
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listed in Chapter 2.2, longitudinal slopes should be in the range of 1- 5%, in order to provide positive 

drainage and prevent erosion (Schueler, 1987). 
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6. Conclusions 

Based on the study findings included in this thesis the following conclusions can be drawn: 

The transition between two main swale functions of runoff conveyance and control was reproduced 

in field irrigation experiments; starting with runoff dissipation under low initial soil water contents 

and changing to full runoff conveyance with high hydraulic loads, but with minor peak flow and 

runoff volume reductions. Hydraulic loading, initial soil water content and the saturated hydraulic 

conductivities were identified as influential factors determining the speed of the transition between 

the swale functions. The distributed model Mike SHE was found to have a good potential for process 

oriented simulations of small scale green infrastructure like grass swales. 

Swale volume reductions for two of the swales tested were 36%-73% for dry antecedent conditions 

and 17-36% for initially saturated conditions, and hydrograph lag times for the 30-m sections varied 

between 5-15 minutes depending on the hydraulic loading and the initial soil water content. Highest 

flow attenuations were noted for the driest conditions, illustrating the significance of initial soil 

water content for the formation of swale hydrograph. Volume reductions, peak flow reductions and 

hydrograph lag times indicate a trend towards an asymptotic minimum under increasingly wet 

conditions.  

Soil water content measurements at multiple points, starting at low SWC and up to saturated 

conditions and, indicate the range of runoff volumes abstracted in the swale top soil and together 

with temporary water storage in the swale channel depressions, small rains and storm peaks are 

retained without generating swale discharge prior any percolation of runoff into deeper zones. 

The soil water content showed significant spatial variability with regard to the initial conditions and 

saturated conditions for all locations in the top soil layer, illustrating the spatial variability of soil 

properties within each swale. The increase of soil water content in the non-submerged side slope 

indicated lateral infiltration and the contribution of the side slope to flow attenuation. However, an 

effect of spatial variability on swale outflow was not observed. 

The saturated hydraulic conductivity measured with double-ring infiltrometers (N=9/swale) varied 

among all tested swales and also varied spatially within each swale significantly (the coefficient of 

variation: 0.39-0.55, St.Dev. 1.0-4-2 cm/hr). However, the effect of spatial variability of infiltration 

on the discharge hydrograph could not be shown. Quasi-steady infiltration rates calculated from 

inflow and outflow hydrographs for Swales 1 and 2 provide hydraulic conductivities differing from 

DRI measurements, indicating both, the uncertainty associated with point measurements and 

probable contributions of other swale sections, besides the bottom, to the overall swale infiltration 

(including lateral infiltration through side slopes). 

The swale channel bottom topography, containing numerous depressions and creating bottom 

surface storage, increased flow attenuation for runoff from storms with small to intermediate 

intensities (0.09-0.61m
3
 = 5-32% of the 2-month storm inflow volume). 
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In distributed modelling with Mike SHE, the effect of spatial variation of swale characteristics could 

only be confirmed for swale topography, which impacted the initial retention of irrigation runoff. 

When dealing with the modelling of sedimentation and pollutant removal performance (outside of 

the thesis topic), such a feature is presumably relevant.  

In simulations with the grass swale model, calibrated for each of the two selected discrete inflow 

events, the swale functioned mainly as a conveyance channel. Simulation results showed a good 

agreement with the observed outflow hydrographs. However, the unsaturated zone was of secondary 

importance in model calibration and adjustments of the soil parameters influencing the relative 

hydraulic conductivity and thus the soil water content, were dominating. 

The calibrated Mike SHE model was furthermore hardly sensitive to the initial soil water content, 

which resulted in larger residuals (i.e. differences between the measured and simulated values) for 

runoff volumes and peak flows especially for low initial soil water contents. The best predictive 

accuracy, indicated by the Nash-Sutcliffe model efficiency was achieved with a calibration 

parameter set reflecting high inflow and high initial soil water content values. 
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ABSTRACT
Grassed drainage swales, which represent common elements of urban green infrastructures, are 
designed for different soils, flow capacities, dimensions, slopes and vegetation. Their design is often 
based on local experience rather than technical guidelines, and consequently, the design and 
performance of grassed swales, with respect to flow capacity and stormwater management objectives
may significantly vary from one jurisdiction to another. To improve this situation and reduce design 
uncertainties, a field study of grassed swales was conducted by assessing their hydrologic 
performance. A 30-m section of an urban grassed swale in sandy soils, located in the City of Luleå 
(Northern Sweden), was equipped with a mobile water supply system and instrumented for measuring 
swale flow characteristics. The water supply system comprised five containers (~ 1 m3 each) providing 
controlled longitudinal and lateral inflows into the tested swale section. These inflows were selected to 
mimic stormwater runoff from a typical drainage area. At the first test site, 14 rainfall events of 30-
minute duration were simulated and the resulting swale flows and soil moisture conditions were 
measured. The experimental variables addressed included wet and dry antecedent conditions, and 
three inflow rates. The preliminary results indicate that the degree of swale inflow attenuation
depended on the magnitude of runoff inflow, on the initial soil moisture conditions and that significant 
volumes of water can be stored and transmitted during the stormwater drainage process.

KEYWORDS
Vegetated swale, hydrologic performance, soil moisture, urban green infrastructure design
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1 INTRODUCTION
Grassed drainage swales generally perform three tasks in stormwater management: convey urban 
runoff, reduce runoff volumes and discharges by infiltration, and enhance runoff quality by filtration 
and settling (US EPA 1997, Barrett et al. 1998, Dietz 2007, Ahiablame et al. 2012). In regions with 
seasonal snow covers, they also provide space for snow storage and melting (Pitt et al. 1986). The 
design of such common elements of green infrastructure varies among jurisdictions and more or less 
follows local experience reflecting physical conditions. As a consequence, the environmental 
performance of swales varies from case to case, and is subject to significant uncertainty.

To date, a number of different hydraulic/hydrological parameters were used to assess the performance 
of swales, primarily with respect to runoff delay and volume reduction. Factors influencing these 
performance criteria were investigated by a number of researchers and found to vary in the context of 
different geographic and climatic conditions and local swale designs. Yousef et al. (1987) found that 
the swale flow reduction depended on the inflow rate and flow velocity; inflows of less than 0.1 L/s
were fully dissipated in the swale, but an inflow of 1.3 L/s was reduced only by about 10%. Using 
simulated inflows, Bäckström (2002) demonstrated for 30-minute runoff events, with flow rates from 
0.32 to 0.77 L/s, that one to two thirds of the runoff volume infiltrated into the surrounding soils. With 
respect to antecedent soil conditions, Barrett (2008) reported that in 14 swales 30-147 m long, 50% of 
the runoff volumes were dissipated in the case of low initial soil moisture. Deletic and Fletcher (2006)
developed a swale infiltration model and verified it on grassed filter strips 65 m long, for steady inflows. 
The measured runoff volume reductions ranged from 33 to 87% for inflow rates of 2-15 L/s.
Furthermore, they observed an increase in the overland flow during the experiment, because of the
clogging of soil pores by sediment, and concluded that the hydraulic conductivity was the most 
important model calibration parameter. Davis et al. (2012) analysed responses of highway swales of 
various designs to dynamic inflows during 52 storm events. Due to estimated low storage capacity, a
direct transition from attenuation to conveyance was documented, but a continuing reduction of flow 
rates was independent of the swale design.

In spite of the fact that the swale hydrology is mainly controlled by the soil conditions, only a few 
studies addressed soil moisture processes and the spatial variability of the factors determining runoff 
and flow characteristics. The non-uniform nature of runoff infiltration was demonstrated by Jensen 
(2004), who used a dye to track the subsurface flow pattern at a highway swale in Denmark. After a
uniform flow abstraction in the first few centimetres of the turf, preferential flow occurred due to 
inhomogeneity of the subsoil, thus emphasizing the role of spatial and temporal dynamics of rainfall 
excess. Lucke et al. (2014) used field simulations of runoff from a one-year storm in 30-35 m long 
swales, and also demonstrated that with lower initial soil moisture content, the flow reduction 
increased greatly. Detailed infiltration measurements designed to quantify the spatial variability of the 
saturated hydraulic conductivity by Ahmed et al. (2015) showed that the hydraulic conductivity varied 
by up to two orders of magnitude, within the same test section, and highlighted the need of further 
research at these small scales.

The literature survey summarized above concluded that field experiments with simulated runoff 
represent a preferred approach to investigating swale flow processes and the overall hydrological 
performance of vegetated swales. To advance the understanding of such processes, a field study of 
swales was initiated with the overall objective of determining swale water balance for various events 
and different soil moisture conditions, and the impact of antecedent soil moisture on the test section 
outflows. Recognizing that actual storm events would introduce another variable into the experiments, 
in the form of varying hydraulic loads, and also slow study progress because of waiting for rainfall 
events, it was decided to supply the swales with sub-potable water mimicking runoff from selected 
block rainfalls. To elucidate the evolution of flow in the swale, the inflow was controlled at a constant 
flow rate. This experimental arrangement was independent of the weather and the catchment size, 
and allowed simulation of runoff from different hydraulic loads to various swales. As street and road 
drainage swales typically develop longitudinal flow with lateral runoff inflows, the same inflow
arrangement was created in the field experimental set up. The study was conducted in the City of 
Luleå, Sweden, where swales are used for conveyance and pre-treatment of runoff, before it enters 
storm sewers, and also for snow storage in winter. The paper that follows presents descriptions of the 
experimental setup and methods, and the results obtained for the swale tested in the first experimental 
series completed in 2015; extension of field monitoring to other sites is planned in 2016. 
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2 MATERIAL AND METHODS
2.1 Study site
A 30-metre section of a grassed swale, 3.1 m wide, was selected for study as a representative type of 
urban swales that can be found close to the centre of the city of Luleå. The swale is located between a
gravel surface parking area on one side and a well-frequented bicycle path on the other side; these 
two adjacent areas drain into the swale. At the upstream end, the swale starts at a small asphalt road 
and at the downstream end it drains into a drop shaft connected to the storm sewer system. The swale 
channel appears to be compacted, likely due to maintenance practices over the years, and minor 
sediment deposits suggest ongoing sedimentation in the swale. Both these features would then 
contribute to reduced infiltration rates in the swale. The vegetation cover is provided by a dense grass 
turf with grass blade lengths of 5-10 cm. The infiltration capacity of the swale bottom section was 
investigated using the double-ring infiltrometer measurements, which were conducted along the swale 
longitudinal axis at every 4 m (see Table 1). The side slopes were accurately determined with a RTK-
GPS survey (real time kinematic–GPS) and the subsequent GIS processing of the data. For 
determination of the soil texture, soil samples were collected along the swale bottom at points 7.5 m 
apart, after flooding experiments. The grain size distributions were analysed in the laboratory by wet 
sieving and indicated a gradual change in the texture from slightly-silty sand, in the upstream swale 
section, to intermediate-silty sand in the downstream sections.

Table 1: Swale characteristics.

Swale section
[m]

Mean width
[m]

Mean slope
[%]

Infiltration capacity 
[mm/h]

0-3 3.8 1.33 220
3-6 3.4 2.0 220
6-9 3.3 1.0 450

9-12 3.0 2.67 180
12-15 2.8 -0.67

480
15-18 2.9 -0.67
18-21 2.9 4.33 300
21-24 2.9 0.67 288
24-27 3.1 0.33 678
27-30 3.2 1.33 450
Mean 3.1 ±0.3 1.24 ±1.52 393 ±154

2.2 Simulation of runoff events by swale irrigation
For simulating runoff flows in the swale, a mobile water supply system consisting of five IBC water 
containers (1 m3 each) was used and the swale inflow was distributed in such a way that one part 
entered as a longitudinal flow at the upstream end and the rest entered on one side only as a lateral 
inflow, which was quasi-uniformly distributed over the length of 24 m (see Figs. 1 and 2). The lateral 
flow distribution was achieved by laying two sections of a 160 mm PVC half-pipe, with closely spaced 
small V-notch overflow weirs (a labyrinth weir), along the swale and feeding the flow through this 
structure, whose slope could be manually adjusted to achieve a relatively uniform flow distribution. A 
nearby canal served as a source of water, which was pumped into the IBC containers. The container 
discharge was controlled using tap valves and control marks at the measuring weirs.

As shown in Fig. 1, four stainless steel flow measuring weirs were used to measure swale inflow at the 
upstream end, two sections of the lateral inflow, and the swale outflow. By maintaining constant heads 
in all the IBC-containers during their discharge, it was possible to simulate preselected and repeatable 
block-rainfall events of preselected rainfall intensities. Another critical requirement was maintaining 
fairly well synchronized inflows, especially from the lateral inflow distributors, to allow for uniform 
wetting of the swale sloping side. 

The magnitudes of the simulated inflow volumes and design flow rates were derived from the rational 
method, by considering a contributing drainage area of 560 m2 and a runoff coefficient of 0.8 for the 
combined impervious and unpaved subareas. The design storm intensity for different return periods 
was calculated from an IDF (intensity-duration-frequency) equation recommended for drainage design 
in Sweden (Dahlström 2010):
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Where i = rain intensity [litres/s/ha], D = duration [minutes], and T= return period [months]. The flow 
rates and volumes selected for swale experiments are listed in Table 2 for the duration of 30 minutes.
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Figure 1: Schematic overview of the swale, the water supply system, and measuring weirs. Numbered circles (1-
4) indicate locations of the soil moisture probes.

Table 2: Simulated rainfall intensities and drainage flows for the swale tested.

Design storm 
return period

Rain intensity 
[mm/h]

Calculated inflow 
rates for A = 0.056 ha

Calculated inflow 
volumes (m3)

0.5-year storm 13.5 2.1 3.8
1-year storm 17.6 2.7 4.9
2-year storm 30.3 4.7 8.5

A further requirement of the swale assessment was consideration of design flows on dry or wet soils. 
In view of high infiltration rates measured in the swale, the antecedent conditions were considered as 
dry, when there was no rainfall or swale irrigation for an antecedent period of at least 16 hours,
otherwise the conditions were assumed to be wet.

2.2.1 Flow measurements

Flow measurements were performed in constructed channels equipped with outflow weirs and ISCO 
2150 flow meters (using their depth measurement feature only). Since the inflow was divided into three 
components, individual measurements required good precision, which was achievable by measuring 
heads over the custom made measuring weirs. Heads were measured with pressure transducers
characterized by an accuracy of ±0.003 m. The longitudinal inflow (Fig.1) entered the swale via a
250 mm pipe with a downstream 90° V-notch weir. The two lateral inflow distributors were fed with 
water (Fig. 1) via 160 mm pipes with 45° V-notch outflow weirs. The swale outflow was measured in a
2.5 m long rectangular channel fitted with a compound constriction flow meter combining an orifice and 
a rectangular weir with the crest above the orifice opening (Fig. 3). All measuring devices were sharp-
crested and made of 1 mm stainless steel. The slope of the measurement channels was adjusted to 
0.01 to minimize the occurrence of supercritical flows. To minimise losses of swale water by seepage 
around the flow measurement structure, a 2.5 m long plastic sheet was placed in the swale just 
upstream of the measurement channel, and the upstream end of the sheet was inserted 15 cm below 
the turf ground. Flow measurements were initiated when water started to flow into the swale section 
tested, and in data analysis, the three inflow components were integrated to produce the total inflow, 
which was then compared to the swale outflow. In the initial analysis of data, the end of runoff events 
was set equal to the time when the flow rate at the outlet fell below 0.05 L/s; such trickle flows were 
observed even 45 min after the simulated inflow stopped.
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2.2.2 Soil moisture measurements

Soil moisture measurements were collected by the water content reflectometer probes (CS 616 WTR-
probes, by Campbell Scientific) at four points distributed along the 30 m grassed swale at 7.5 m apart 
(Fig. 1, Points 1-4). These sensors measure the relative average soil volumetric water content (VWC)
in m3 of water per m3 of soil (hence dimensionless), over the entire length of the sensor rod. VWC in 
the soil volume of about 0.56 L is measured with an accuracy of ±0.025. The measurements were 
made using the factory calibration; soil specific calibrations are recommended for clayey soils, or soils 
with high organic content or large porosity (Jones et al. 2002, Chow et al. 2009), which were not 
encountered in this study. The 30 cm probe rods were inserted into the undisturbed top soil layer at a
45° angle close to the swale bottom centreline, to minimise flow obstructions by the probe head 
especially during small flows. The soil water content was logged at 30 s intervals, and the logging 
started just before the runoff event. 

Figure 2. Swale water supply system comprising IBC 
tanks, longitudinal inflow pipe, and two lateral inflow 

distributors.

Figure 3: Outlet measurement channel with a 
compound constriction flow meter (an orifice and a

rectangular weir).

3 RESULTS
The presentation of results focuses on two aspects of swale flow: (a) Runoff response described by 
the time lag of runoff with respect to rainfall, and (b) water infiltration into, and storage in, underlying 
soils.

3.1 Swale runoff response
Parameters describing the hydrological performance of the tested swale were monitored during 14
runoff simulations mimicking longitudinal, concentrated inflow into the swale and lateral inflow in the 
form of side slope sheet flow. As soon as the inflow started, surface runoff developed in the upstream 
swale section, where concentrated flow was released. The irrigated swale side initially abstracted the 
water trickling in from the flow distributors, but contributed to the swale flow in the form of Hortonian 
runoff, when rain excess exceeded infiltration rates. Because of breaks in the swale longitudinal slope 
(see Table 1), water started to pond in small depressions, especially near the half-point of the swale
section, but this state was quickly overcome and water started to flow downstream. When the surface 
runoff reached the outlet weir, some ponding developed and backwater extended upstream to the 
plastic sheet laid on the swale bottom.

The intended design storm inflow rates and volumes could not be achieved because of difficulties in 
operating flow controls; namely, the pumped feed serving to compensate outflow from the water 
containers and the container discharge controlled by four valves required simultaneous adjustments.
In spite of these challenges, three sets of design flow rate replicas of 0.9, 2.0 and 3.1 L/s were 
achieved, with some uncertainties (see Table 3). The flow rates set in the experiments corresponded
to rainfall depths of approximately 2.9 mm, 6.7 mm ( 0.5-year storm) and 10.0 mm (1.5-year storm),
over the duration of 30 minutes.
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Table 3: Inflow rates, the corresponding rainfall intensities and water content of the control soil volume serving to 
measure soil moisture below the swale bottom (V = wetted perimeter x probe depth x length of swale section) for 

wet and dry antecedent conditions.

Run No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Inflow rate (L/s) 0.9 2.5 1.8 3.4 3.1 3.0 3.0 2.0 2.1 2.1 3.2 3.2 3.1 1.2

Inflow volume (m3) 1.6 4.49 3.17 6.08 5.54 5.45 5.41 3.63 3.78 3.86 5.71 5.76 5.62 2.19

Corresponding rainfall
intensity (mm/ 30 min) 2.9 8.0 5.7 10.9 9.9 9.7 9.7 6.5 6.8 6.9 10.2 10.3 10.0 3.9

20.5 6.7 22.6 8.7 8.4 2.5 4.1 16.5 12.1 3.3 14.2 9.7 3.3 17.5

Control soil volume (m3) 3.35 3.75 3.35 4.19 4.00 4.00 3.87 4.32 4.26 4.06 4.45 4.32 4.26 3.03

Total stored water (m3) 0.69 0.25 0.76 0.36 0.33 0.10 0.16 0.71 0.52 0.13 0.63 0.42 0.14 0.53

Two out of the 14 runs did not fit into groups of replicas, but nevertheless could be included in the 
analysis. Swale hydrographs of two simulation runs are displayed in Figs. 4 and 5, for dry and wet 
antecedent conditions, respectively. The hydrographs show that using the study setup, well-defined 
events could be established in the swale tested. Elevated inflows in the beginning of the event were 
mainly caused by storage tank valve adjustments, but a quasi-uniform feed flow was quickly achieved 
and sustained for the rest of the run. Comparison of the inflow and outflow hydrographs shows the
delay of outflow in relation to the inflow, and this delay is referred to as lag time, which can be 
determined as the time difference between the centroids of both hydrographs (Viessman et al. 1989).
It was further observed in the field that the swale discharge durations were similar for all the runs, 
regardless of the inflow volumes applied. The shapes of outflow hydrographs in Figs. 4 and 5 differed; 
the relatively small rate of 1.2 L/s (Run #14) produced a slow build-up of flow in the swale and an 
immediate flow recession after the inflow ended. For this rate, the run duration of 30 min was not 
sufficient to generate a constant swale discharge. Furthermore, the outflow hydrograph suggests that 
flow was attenuated by continuing constant infiltration over the 30 m swale section. The resulting 
inflow rate reduction was 40% (12%-62%) and the volumetric reduction was 55% (27-73%). For a
large event on an initially wet soil (not shown here), the increase of the outflow rate was strong and 
resulted in flow rates larger than the inflow of 3.1 L/s. After 9-10 minutes of flow build-up, a relatively 
constant swale discharge was established and lasted over the rest of the inflow duration, until a rapid 
recession after the inflow ceased. There was no observable attenuation of the swale flow rate or event 
volume for such events.
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Figure 4: Inflow and outflow hydrographs of a small event on initially dry soil and evolution of soil water content.

The response lag for Run #14 shown in Fig. 4 is 18 min. For Run #7, with higher inflow rates and wet 
swale ground, the lag was 10 min. Lag times were determined for all the experimental runs and are
plotted in Fig. 6. The plot indicates that lags varied from 7 to 19 minutes and declined with increasing 
inflow rates (i.e., simulated rainfall intensities), especially for runs in dry conditions, which is in 
agreement with lag time formulas in the literature (Viessman et al. 1989). Higher inflow rates on wet 
antecedent conditions tend to show similar lag times.
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Figure 5: Inflow and outflow hydrographs of a relative large event on initially wet soil and evolution of soil water 
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Figure 6: Plot of lag times vs. inflow rates for 14 experimental runs.

For Runs 1-2, 4-7, and 14, the outflow volume was smaller than the inflow volume; for the remaining 
runs, the outflow exceeded inflow. Potential reasons for this condition are given in the discussion 
section.

3.2 Swale soil moisture storage
In the preliminary analysis of soil moisture storage, the readings from the four moisture sensors were 
averaged and used for soil moisture storage calculations. Individual sensor readings varied depending 
on soil conditions adjacent to the sensors and the propagation of inflow waves in the swale.

Runoff generation and flow propagation were faster for higher inflow rates and wet turf, and such 
conditions also affected the outflow volumes, as shown in Figs. 4 and 5. For a low initial soil water 
content of 0.21 m3m-3, the available soil water storage capacity allowed for infiltration and filling of soil 
pores towards reaching saturation. For the small event simulated, a maximum soil water content of 
0.39 was reached.

The filling of soil moisture storage in individual runs differed from run to run, as shown in Figs. 8 and 9
for all 14 runs (wet initial conditions: Runs Nos. 2, 4, 6, 7, 9, 10, 12, and 13; dry initial conditions: Runs 
Nos. 1, 3, 8, 11 and 14). The process of filling starts with a rapid increase in water content during the 
first 5 and 12 minutes, for wet and dry conditions, respectively. After this sharp increase of soil water 
content, further uptake is rather slow and more or less stops after 10-15 minutes. Regardless of the 
initial soil moisture and inflow rate, the soil water content reaches comparable maximum values in the 
range from 0.36 to 0.39. In dry soils, the water content appeared to be slightly rising even at the end of 
experimental runs (30 min), when it reached values in the range from 0.37 to 0.39.
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Figure 7: Swale response lag time vs. the initial soil water content.
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Figure 8: Temporal evolution of the average soil water 
content calculated from four moisture sensors placed 
along the swale bottom for 9 runs and wet antecedent 

conditions.
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Figure 9: Temporal evolution of the average soil water 
content calculated for four moisture sensors placed 

along the swale bottom for 5 runs and dry antecedent 
contitions.

It was further noted that even for replica runs with similar inflow rates, the soil moisture volume filling 
curves differed for each run, particularly where the development of soil moisture started at low values.

Preliminary estimates of water storage in the soil matrix for all experimental runs were produced and 
listed in Table 3. Of the applied volumes of water between 1.60 to 6.08 m3, the soil matrix absorbed 
from 0.10 to 0.76 m3 of water. In these calculations, soil moisture storage further away from the swale 
was not taken into account.

4 DISCUSSION
Field scale evaluations of actual green infrastructure facilities are subject to multiple challenges arising 
from the complexity of rainfall/runoff processes and limitations of experimental techniques. The 
experimental approach applied here relied on simulation of rainfall events by swale irrigation, which 
allowed application of simulated rainfalls of known depths and constant rainfall intensities. While this 
arrangement allowed running swale flow experiments independently of the occurrence of rain events, 
the flow distribution system required frequent adjustments and the flow measurement system was 
sensitive to such changes. Three main sources of flow measurement uncertainty can be noted: (a) 
adjustments of the measurement channels housing the weirs, (b) head measurements, and (c) the 
adoption of standard weir or orifice equations for converting heads into flow rates. For all the four 
constriction flow meters used, namely two 45° V-notch, one 90° V-notch and an orifice-weir structure, 
volumetric measurements of flow rates showed a fair fit to the standard rating curves, within the range 
of measurement uncertainty. For the initial analysis this was deemed to be adequate, but the 
occurrence of systematic under or over estimation cannot be excluded.

The accuracy of the sensor used for head measurements is ±0.003 m which is typical for field meters,
but leads to higher relative errors in flow measurements by the constriction meters used. Although the 
pipes used for the inflow monitoring were carefully levelled prior to each run, their initial vertical 
alignment could not be guaranteed during experimental runs. The weight of water passing through the 
pipes during experimental runs may have changed the pipe alignment. The combined effects of the
aforementioned issues may provide an explanation of erroneous water budgets of some events,
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especially in the case of higher inflow rates providing more outflow than inflow. By minimising the 
above mentioned uncertainties in the next stage, other conceivable sources could be excluded. There 
are also natural sources of sub-surface runoff, which might contribute to higher outflows than inflows, 
as suggested e.g. by Kirkby (1988) and Shuster et al. (2008). The former author noted that the 
possibility of return flows, where subsurface flow is constrained by underlying impermeable layers and 
may exfiltrate due to additional water infiltrating into such a system. The latter authors referred to the 
possible occurrence of a saturated layer developed during a previous inflow event and its activation 
during the subsequent event. However, especially for dry antecedent soil conditions the mass balance 
calculations for the 30-m swale section generally confirmed the findings of previous studies with 
respect to significant flow reductions and flow delay for smaller flows. Reductions of flow volumes by
55% and peak flows by 40% were observed. 

Inclusion of continuous soil water content measurements (below the swale bottom) in the study 
provided important information on moisture storage in the unsaturated zone and served to estimate 
thresholds for generating infiltration as well as saturation excess flows. The moisture sensors were 
inserted at different points along the swale bottom and reflected soil permeability at a relatively small 
sector. The initial analysis, therefore, used just averages of the four point readings. As the probes 
send electrical impulses to measure the water content in the adjacent soil pores, such measurements
may be influenced by differing temperatures and the movement of water in the soil matrix, as the 
viscosity changes (Emerson and Traver 2008). Nevertheless, the spatial heterogeneity and temporal 
variations at the plot scale can be described sufficiently accurately and moreover allow for volumetric 
estimations of stored runoff and swale storage capacity that will complement the swale water balance 
estimations during further analysis. 

The ratio of overlapping infiltration and saturation excess flow is mainly controlled by the inflow rates, 
soil texture and antecedent soil conditions (Zhao et al. 2014). With respect to the simulated inflow 
rates, higher flow rates passing through the studied drainage swale seem to reduce the infiltration 
rates due to smaller residence times, and therefore increase the infiltration excess flow and generate 
surface runoff more rapidly, which is supported by the measured shorter lag times. This assumption 
coupled with the available storage capacity was also reported by Davis et al. (2012). 

Deletic & Fletcher (2006) assumed that the infiltration was also related to the length of the antecedent 
dry period, but independent of the inflow magnitude. In our study, dryer antecedent conditions not only 
allowed for good infiltration efficiency, but also an increased storage capacity, as the systematically 
higher soil water contents suggested for fully saturated conditions after 30 min of inflow The increased 
water storage volume is up to 3% higher than under wet antecedent conditions. Possible explanations 
could be the changes in the soil matrix during the drying process.

In continuation of this study, it is envisaged extending the soil water content measurements to more 
locations in the swale and at different depths, in order to further elucidate the processes of soil 
moisture storage. Also, more efforts will be devoted to improving the data acquisition system. The 
work performed so far confirmed that the experimental approach used provided good swale flow data, 
whose usefulness will further increase with improved measurement systems. 

5 CONCLUSIONS
A 30-m section of an urban drainage swale, located in sandy soils in Luleå (Northern Sweden), was 
investigated with respect to swale flow characteristics. For this purpose, the swale was irrigated by 
flows corresponding to three simulated rainfall intensities over the duration of 30 min, applied for either 
dry or wet antecedent conditions. In the first experimental series, the analysis focused on swale flow 
and soil water content measurements. For some events, e.g., a 30 min event with an inflow of 1.2 L/s, 
the swale peak flow and runoff volume was reduced by 40 and 55%, respectively. For a number of 
events, outflow volumes exceeded the inflow volumes, as a result of flow measurement uncertainties. 
The soil water content measurements at multiple points indicated that considerable volumes of water 
can be stored, or transmitted to deeper layers, in a relatively small drainage facility. A maximum
increase of volumetric water content of 0.225 m3m-3 was observed and indicated the total water 
storage soil in the control soil layer below the swale bottom as 0.760 m3, over the whole swale length. 
Conveyance of irrigation water was promoted by wetter antecedent soil conditions, but in dryer initial 
conditions, swale flows were greatly attenuated. The experimental approach employed was found 
feasible to pursue the study objectives, with some improvements of the water supply system and flow 
measurements.
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Abstract 

The effects of soil water content (SWC) on the formation of runoff in grass swales draining into a 

storm sewer system were studied in two 30-m test swales with trapezoidal cross-sections. Swale 

1 was built in a loamy fine-sand soil, on a slope of 1.5% and Swale 2 was built in a sandy loam 

soil, on a slope of 0.7%. In experimental runs, the swales were irrigated with two flow rates 

reproducing runoff from block rainfalls with intensities approximately corresponding to two-

month and three-year events. Runoff experiments were conducted for SWCini (initial SWC) 

ranging from 0.18 to 0.43 m
3
m

-3
. For low SWCini, the runoff volume was greatly reduced by up 

to 82%, but at high SWCini, the volume reduction was as low as 15%. The relative swale flow 

volume reductions decreased with increasing SWCini and, for the conditions studied, indicated a 

transition of the dominating swale functions from runoff dissipation to conveyance. Runoff flow 

peaks were reduced proportionally to the flow volume reductions, in the range from 4-55%. The 

swale outflow hydrograph lag-times varied from 5 to 15 minutes, with the high values 

corresponding to low SWCini. Analysis of swale inflow/outflow hydrographs for high SWCini 

allowed estimations of the saturated hydraulic conductivities as 3.27 and 4.84 cm/h, in Swales 1 

and 2, respectively. Such estimates differed from averages (N=9) of double-ring infiltrometer 

measurements (9.41 and 1.78 cm/h, respectively). Irregularities in swale bottom slopes created 

bottom surface depression storage of 0.35 and 0.61 m
3
, for Swales 1 and 2, respectively, and 

functioned similarly as check-berms contributing to runoff attenuation. The experimental findings 

offer implications for drainage swale planning and design: (i) SWCini strongly affect swale 

functioning in runoff dissipation and conveyance during the early phase of runoff, which is 

particularly important for design storms and their antecedent moisture conditions, and (ii) 

concerning the longevity of swale operation, Swale 1 remains fully functional even after almost 

60 years of operation. 

Key words: grass swales, Green Infrastructure, field study, water balance, soil moisture, flow 

attenuation and conveyance 
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1. Introduction 

Grass swales are traditional drainage elements typically designed to convey, attenuate, and treat 

stormwater runoff from roads and other surfaces (Barrett et al., 1998; Dietz, 2007; Mohamed et 

al. 2013). In regions with seasonal snowpacks, they also serve for snow storage (Viklander et al., 

2003). As an inexpensive and environmentally friendly alternative to the conventional concrete 

drainage elements, swales attracted renewed attention during the emergence of Low Impact 

Development (LID) and Green Infrastructure (GI) approaches to mitigation of the impacts of 

urbanization on catchment hydrology (Dietz & Clausen, 2008; Houle et al., 2013; Valinski & 

Chandler, 2015). Grass swales are designed to collect urban runoff in upstream reaches of the 

drainage area and discharge it into downstream drainage elements, such as stormwater 

management facilities or storm sewers inlets (Li & Hogenbirk, 1998; Zimmerman et al., 2010). 

Common experience of urban drainage professionals in Sweden shows that swales are mostly 

designed on the basis of local experience and built with roadwork residual soils, which results in 

some uncertainties in the estimated swale capacities and discharges into the downstream 

drainage facilities. Hence, swale operation is of interest for the assessment of the drainage 

system performance, particularly in a changing climate, and tangible benefits can be gained by 

advancing the knowledge of the functioning and maintenance needs of swales. 

Focusing the discussion herein on runoff flow rates and volumes only, hydrological and 

hydraulic processes are of particular interest when examining the role of swales in stormwater 

management (Yousef et al., 1987; Wanielista and Yousef, 1992; Ahiablame et al., 2012). The 

hydrology/hydraulics of swales is rather complex and described by three regimes, depending on 

the severity of the rainstorms (Davis et al., 2012): (i) for minor rainfalls, all rainwater infiltrates 

into swale soils and there is no runoff, (ii) for intermediate rainfalls, hydrologic abstractions 

(particularly infiltration) substantially reduce excess water and the conveyed runoff, and this 

effect can be further increased by using check berms; and, (iii) for severe rainfalls, swales 

function primarily as conveyance channels with relatively small reductions of flow peaks and 

volumes. In terms of water balance, the major components include the longitudinal inflow into 

the swale at the upstream end, lateral inflows along the swale channel, direct input of rainwater 

over the swale footprint area; and, outflows in the form of hydrologic abstractions including 

infiltration in the swale channel, and the downstream outflow. Depending on the magnitude of 

these components, different flow conditions from infiltration to saturation excess flows occur in 

swales (Dunne & Leopold, 1978). Besides rainfall characteristics, the swale hydrology is 

affected by the channel geometry, vegetation and depressions (or check dams) (Davis et al., 

2012), the saturated hydraulic conductivity Ks of swale soils (Ahmed et al. 2015), and by the 

antecedent wetness (Nishat et al., 2010). 

A plethora of data on runoff volume reductions in swales was published by researchers studying 

swales exposed to actual rainfall, or applied irrigation. Generally, the reported reductions of 

swale inflow volumes broadly varied: 9-100% (Yousef et al. 1987), 33-66% (Bäckström, 2002), 
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12-89% (Lucke et al. 2014), and 41% (a median value; Geerling, 2014). In this connection, 

Davis et al. (2012) reported some events with outflow volumes exceeding those of inflows, 

resulting from “otherwise unconnected drainage areas contributing to the swale drainage during 

peak flows”, and concluded that the swale flow attenuation cannot be adequately described by a 

“percent reduction”. Swale longitudinal slopes were noted in the studies listed above, but not 

addressed as an influential variable; however, minimum slopes for positive drainage (≥2%) 

(UDFCD, 2010) and maximum permissible slopes (≤ 5%), or flow velocities (≤ 0.91 m/s) were 

suggested to maintain swale performance in stormwater control and prevent erosion (Schueler, 

1987). 

The dissipation of swale flow volumes is strongly affected by infiltration into soils, which is 

commonly described by the saturated hydraulic conductivity, Ks, and estimated from the 

literature data for soils of various textures (Lee et al., 2016), field measurements with 

infiltrometers (NTCD, 2014; Ahmed et al., 2015; Fatehnia et al. 2016), or from water balance 

considerations (Wanielista and Yousef, 1992). Applications of these methods are exposed to high 

uncertainties resulting from great variability of infiltration rates (Ahmed et al., 2015). 

Little has been published on the effects of antecedent moisture conditions (AMC) on swale flows 

and their attenuation. The knowledge of AMC is required when dealing with discrete storms 

(Watt & Marsalek, 2013), either in field experiments with irrigated swales, or in applications of 

design storms to swales. Estimates of average AMC can be obtained from continuous 

simulations of soil moisture for local rainfall data and the known soil characteristics (porosity 

and the saturated hydraulic conductivity), as reported by Nishat et al. (2010). 

The objectives of the study presented herein were to: (i) assess the swale channel water balance 

for two hydraulic loadings and varying initial soil water content (SWCini), (ii) demonstrate the 

transition of swale operation from runoff flow attenuation to flow conveyance, depending on 

swale channel SWCini, and (iii) collect data for future swale flow modelling. 

2. Methods 

Study sites 

Two grass swales in residential suburbs of Luleå, northern Sweden (65°35'03"N, 22°09'17"E), 

were selected as study sites. Swale 1, built in 1956, drains a two-lane road and has a small pine 

stand on the opposite side. Swale 2, built in 2006, drains an asphalted bus lane and is located 

next to an open meadow. For the purpose of this study, in each swale, a 30-metre downstream 

section, with an appearance of homogeneous surface topography and vegetative cover, was 

selected as a test site. Dimensions of both swales are shown in Fig.1. 
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Figure 1 Schematics of the experimental water supply system, dimensions of Swale 1 (S1) and 

Swale 2 (S2) and measurement locations for inflow, outflow and soil water content. SWC1-5 

indicate the locations of SWC measurements, s-symbols indicate additional soil sampling points 

at the side slopes. 

Detailed topographical information was collected by a RTK-GPS (Real Time kinematic GPS, 

with 20-25 mm horizontal and 30-35 mm vertical accuracy; Swedish National Land Survey, 

2017). The main advantage of using this method was the ease of making a high number of 

measurements, which indicate a number of breaks and depressions in the swale longitudinal 

profiles. The volumes of such depressions were estimated with the 3D Analyst in Esri´s ArcGIS
®

 

as 0.35 and 0.61 m
3
 for Swales 1 and 2, respectively. The overall slopes between the inlet and 

outlet were calculated by linear regression as 1.5% for Swale 1 and 0.7% for Swale 2. 

 Swale structure and soils 

Both swales were designed without a particular arrangement of soil layers, addition of soil 

amendments, or underdrains. Starting from the top, the swale horizons consisted of a 0.05-0.15 

m turf layer, with a visibly higher organic content, a 0.15-0.50 m layer of homogeneous sandy 

material, and an underlying mixed bed of sand and boulders. Due to relatively high local water 

tables, some seasonal interference of shallow groundwater with swale drainage can be expected. 

In Swale 2, periodical groundwater emergence was observed by local residents. The runoff 

contributing areas of both swales were estimated as 450 m
2
 each. 
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Soil samples were collected along the swale bottom at the points, where soil moisture probes 

were located and on the side slopes; for detailed positions, see Fig. 1. The grain size distribution 

of the top 0.3 m layer was determined in the laboratory according to ISO 11277 (ISO, 2009) and 

used to classify the soil texture at each sampling point: Swale 1, clay 0.3-3.1%, silt 6.6-32.4%, 

and sand 60.8-93.1%; Swale 2, clay 1.7%, silt 10.9-50.8%, and sand 41.2-87.4%. The soil 

textures within each swale varied noticeably. Soil porosity was derived after determining the soil 

bulk density according to ASTM-D7263 (ASTM, 2009), using quasi-undisturbed soil samples 

collected by coring. Prior to collecting soil samples, a double-ring infiltrometer was used to 

measure infiltration rates at nine points along the swale bottom, at intervals of about 3 m (one 

measurement every 3.3 m), to determine the saturated hydraulic conductivities (Ks). The soil 

characteristics, including the texture, porosity and measured Ks, are summarized in Tab. 1 for 

both study sites. 

Table 1 Locations of soil water content probes, texture classes, porosities and saturated hydraulic 

conductivities in Swales 1 and 2. 

  Swale 1  Swale 2 

Distance 

to outlet 

(m) 

SWC- 

probe 

Soil texture 

WRB
2
 

Measured 

𝜙4
 

Measured
5
 

Ks (cm/hr) 
 

Soil texture 

WRB 

Measured 

𝜙 

Measured 

Ks 

(cm/hr) 

1.5 SWC5
3
 

loamy fine 

sand 
0.56 7.40  silt loam 0.57 2.20 

4.5 
  

 4.80    4.00 

7.5 SWC4 fine sand 0.57 5.60  fine sand 0.50 1.90 

10.8 
  

 14.40    1.10 

14.0 SWC3 sandy loam 0.54 4.40  sandy loam 0.45 2.10 

17.5 
  

 10.30    0.49 

21.0 SWC2 sandy loam 0.42 15.40  loamy fine sand 0.43 1.58 

24.5 
  

 7.50    2.00 

28.0 SWC1 sandy loam 0.49 14.85  loamy fine sand 0.52 0.68 

Average 

value / 

condition 
 

Loamy fine 

sand 

0.52 

±0.06
6
 

9.41 ± 

4.21 
 Sandy loam 

0.50 

±0.05 

1.78 ± 

0.98 

1 
Soil textures for the side slopes were determined based on four soil samples (2 each side) close to SWC3: For 

Swale 1 roadside slope: fine sand-loamy fine sand, opposite slope: loamy fine sand; for Swale 2 roadside slope: 

sandy loam, opposite slope: loamy fine sand-sandy loam, 
2 

World Reference Base (FAO), 
3
 soil water content, 

4
 

soil porosity, 
5
measured with a double-ring infiltrometer, 

6
standard deviation 

Neither swale showed any signs of soil compaction, which could be caused by pedestrian or 

vehicular traffic, and their bottoms appeared to have an intact, soft turf. Prior to any runoff 

simulation tests, vegetation in the test swales was mowed to a height of about 0.05 m and any 

debris was cleaned out. 
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Stormwater runoff simulation by irrigation 

A portable swale irrigation system (Fig. 1) was designed to mimic two main equal water inflows 

into the swales – a longitudinal inflow at the upstream end and a distributed lateral inflow in the 

form of an overland flow along the swale side slope next to the road shoulder. The lateral flow 

was spread over the width of 24 m on the swale side slope by means of two half-pipes with 

labyrinth weirs. The length of the lateral feed (overland) flow was 0.5-1.0 m, measured from the 

overflow edge of the feed half-pipes to the swale bottom edge. Shorter lengths corresponded to 

the upstream end of the feed half-pipe and the longer ones to the downstream ends. 

Routine stormwater runoff simulation runs were performed for two constant inflow rates of 1.06 

and 2.65 L/s (providing specific lateral inflows of 1.77 ∙ 10
-5

 and 4.42 ∙ 10
-5

 m
2
/s, respectively, 

over the section length of 30 m), applied over a duration of 30 minutes, and for two classes of the 

initial swale soil water content (SWC), operationally referred to as ‘low’ and ‘high’ (hereafter 

abbreviated as SWClow and SWChigh). Furthermore, to obtain some understanding of the 

variability of swale responses in such runs, similar runoff conditions (i.e. similar inflow and 

initial SWC) were reproduced in sets of three runs. Thus, for each swale, 12 runs were performed 

(2x2x3). 

To assess the significance of generated runoff flows, the corresponding rainfall intensities were 

estimated for a steady state runoff, assuming the runoff contributing area of 450 m
2
 and the 

composite volumetric runoff coefficient of 0.75 (Cvol = 0.5 for the pervious half of the area, Cvol 

= 1.0 for the asphalted half). For the computed intensities (i = 11.3 and 28.3 mm/h) and the 

duration of 30 minutes, one can estimate the corresponding storm event average return periods 

on the basis of the statistical relationships published in the Swedish national guide to rain 

intensity-duration-frequency curves (Dahlström, 2010), as 2 months and 3 years, respectively. 

Swale flow measurements 

Swale inflow and outflow were measured using compact weir boxes, with sharp-crested V-notch 

weirs manufactured according to the standard ASTM-D5242 (ASTM, 2013) and stilling wells, in 

which ISCO depth sensors were used to record weir heads (ISCO, 2009) at 15 s intervals. Two 

weir angles were used, 45° for Q=1.06 L/s and 90° for Q=2.65 L/s. The weir heads were 

converted into flow rates using the Kindsvater-Shen equation for V-notch weirs (Shen, 1981). 

For the representative ranges of the measured weir heads and the accuracy of the head sensor (±3 

mm), the overall accuracies of such measurements were estimated as 6-10% for the 45° V-notch 

and 9-14% for the 90° V-notch. 

Swale flow depths and widths were manually measured at cross-sections located every 3 m along 

the test swale section, at 5 min intervals, while the swale was irrigated and discontinued 5 min 

after the irrigation stopped. The measurements focused on the submerged part of the swale 

channel; no hydraulic or hydrological data were collected for the side slopes. 
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Soil water content measurements 

The test swale sections were instrumented with five Water Content Reflectometer (WCR) probes 

(Type CS516, Campbell Scientific, Inc., accuracy ±0.025 m
3
m

-3
 (Evett et al., 2008)). The WCRs 

located along the swale bottom (Fig. 1) were used to measure the volumetric soil water content θ 

over the depth of 0-0.21 m and such readings were logged by a multiplexer data logger 

(Campbell Scientific Inc.) every 30 s. The probes were inclined at a 45° angle to the swale 

bottom in the flow direction to minimize their interference with flow during the initial phase of 

runoff. They were installed at least one week before the experiments, in order to allow the 

natural setting of soil particles around the probe supporting rods and thereby reduce any 

preferential flows along the rods. 

The observed SWC were normalized according to Van Genuchten (1980): 

 

Where  is the normalized soil water content (hereafter refered to as SWCnorm), or effective 

saturation, 𝜙 is the soil porosity (assumed equal to the saturated soil water content θs), and θr is 

the soil specific residual water content. Residual water content θr of the soils studied was adopted 

from Rawls et al. (1982) as θr=0.035 and 0.041 m
3
m

-3
, for loamy sand and sandy loam, 

respectively. 

 Selection of the initial SWC conditions tested 

The selection of the initial soil moisture conditions in field experiments was used to decide when 

to start irrigation experiments, depending on the antecedent moisture conditions (AMC) resulting 

either from a rain event, or a previous irrigation experiment. In this context, two categories of 

AMC were described by the antecedent dry weather period (ADWP), shown in Table 2, and 

average SWC. Recognizing that the tested swales were built in different soils with different 

drainage (see Tab. 1), the ADWPs of the individual swales differed. 

Table 2 Dry and wet antecedent moisture conditions defined for Swales 1 and 2, 

and the corresponding antecedent dry weather periods. 

AMC Swale 1 Swale 2 

Dry 1 d ≤ ADWP  2 d ≤ ADWP  

Wet ADWP ~ 1 h ADWP ~ 3 h 

 

The SWCini was set equal to the mean of the last SWCs recorded just before the experimental 

run. The time required by soils to drain and reach dry AMC in Swale 1 was just one day, in 

Swale 2 it was two days. For both swales, wet AMC conditions were set equal to the state 
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attained immediately after the water ponded on the swale bottom disappeared, which was 

approximately one hour for Swale 1 and three hours for Swale 2, after the irrigation ceased. 

Data processing and analysis 

The measured flow hydrographs were plotted for all runs for visual checking of data quality. 

Based on the flow rate time series, the total flow volumes and the mean lag times were 

calculated, as well as the swale flow volume and peak flow reductions (see Fig. 2). 

 

Figure 2 Characteristic inflow and outflow hydrographs observed in the field and the notation used. 

As expected for a controlled quasi-constant inflow rate, the swale outflow hydrographs had 

relatively flat peaks, and the highest outflow rate before stopping the site irrigation was adopted 

for calculations of peak flow reductions. The peak flow reduction (ΔQpk) was defined as the 

difference between the inflow and outflow hydrograph peaks, and was further used to estimate 

spatially averaged values of Ks. When the inflow and outflow hydrographs reach a quasi-

equilibrium, ΔQpk represents the abstraction due to infiltration, and Ks can be expressed as 

(ΔQpk) / Ainf, where Ainf represents the infiltration area estimated over the test swale length, for 

the initially high SWC and the two inflows tested. 

For experimental swale runs of limited duration (30 min.), the water budget of the swale channel 

can be described as Vin = Vout + Vinf, recognizing the dominating nature of infiltration into swale 

soils. All the three components can be evaluated from the measured data and are presented in the 

Results, together with the initial soil water content readings (SWCini), inflow rates (Qin), and 

three calculated parameters explained below. 

The actual inflow rates Qin were fairly constant, with average variations among the runs of about 

6%. The inflow and outflow volumes (Vin, Vout) were calculated by integration of the respective 

hydrographs; for the outflow hydrograph, the cut-off flow rate, at which the integration was 

stopped, was 0.05 L/s. The difference between both volumes was then taken as the infiltrated 

volume, Vinf = Vin - Vout, and the relative swale flow volume reduction was calculated as 



 

9 

 

Vrel = (Vin – Vout) / Vin. Furthermore, the relative swale flow peak reduction was defined, for 

the flat part of hydrographs, as Qpk rel = (Qin – Qpk out) / Qin. Finally, the outflow hydrograph lag 

time, Tlag, which was defined as the difference between the centroid times of the inflow and 

outflow hydrographs, was calculated. 

3. Results 

After introducing the irrigation flow into the swale channel, an infiltration excess flow developed 

and reached the test section outlet in 7-22 minutes. In general, shorter travel times to the outlet 

applied to Swale 2, with less permeable soils. Examples of observed inflow and outflow 

hydrographs in Swales 1 and 2 are shown in Fig. 3 for two inflow rates and two sets of initial soil 

moisture conditions (SWClow and SWChigh). For individual combinations of the inflow rate and 

the initial SWC, the hydrologic response of the swales varied as discussed below. 

 

Figure 3. Examples of inflow and outflow hydrographs in Swales 1 (dotted line) and 2 (dashed line) for 

1.06±0.02 L/s inflow at low SWCini (top left), 1.06 ±0.02 L/s inflow at high SWCini (bottom left), 2.65 

±0.05 L/s at low SWCini (top right) and 2.65 ±0.05 L/s at high SWCini (bottom right). 

Initial soil water content for swale runs 

Operational definitions of dry and wet AMC were supported by measurements of the soil water 

contents by five probes, whose averaged readings, both as measured or normalized, are listed in 

Table 3 for 24 experimental runs. In Swale 1, the average initial SWCs equaled 0.262 

(coefficient of variation Cv = 0.14) and 0.391 (Cv = 0.09), for dry and wet AMC, and both low 
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and high inflows combined; in Swale 2, the corresponding values were 0.265 (Cv = 0.19) and 

0.304 (Cv = 0.14). Even though the differences between both states (dry and wet) are relatively 

small (in Swale 1, 0.13, or 0.27 for normalized values, and 0.04, or 0.08 for normalized values, 

in Swale 2), as discussed later, these differences affected the swale hydrological response. 

Swale channel water balance 

The main components of the water balance of the trapezoidal swale channel, Vin , Vinf , and Vout , 

were listed in Table 3, together with the initial soil water content readings (SWCini), inflow rates 

(Qin), and calculated Vrel , Qpk rel and Tlag for the 24 runs conducted. 

Table 3 Initial top layer SWC and SWCnorm; inflow rate Qin; flow volumes entering and leaving 

the swale, Vin and Vout, respectively; infiltrated volume Vinf; relative swale flow volume 

reduction Vrel; relative swale flow peak reduction Qpk rel; outflow hydrograph lag time Tlag 

(min.).  

 
Scenario 

SWCini 

(m
3
m

-3
) 

Mean 

SWCnorm ini 
Qin (L/s) Vin (m

3
) Vout (m

3
) Vinf (m

3
) Vrel Qpk rel 

Tlag 

(min) 

S1 

SWClow 

0.25±.02
1
 0.46 1.07 1.97 0.76 1.22 0.62 0.29 15.0 

0.22±.02 

.03 

0.40 1.06 1.93 0.34 1.59 0.82 0.50 15.5 

0.25±.03 0.47 1.09 2.06 0.47 1.59 0.77 0. 32 14.8 

SWChigh 

0.39±.03 0.75 1.04 1.90 1.45 0.45 0.23 0.16 9.2 

0.40±.03 0.76 1.04 1.90 1.43 0.47 0.25 0.15 8.5 

0.38±.03 0.73 1.06 1.94 1.30 0.64 0.33 0.21 9.5 

 SWClow 

0.29±.03 0.55 2.56 4.87 3.22 1.65 0.34 0.09 9.8 

0.29±.03 0.55 2.67 4.97 3.02 1.95 0.39 0.13 10.0 

0.25±.03 0.46 2.70 5.04 2.31 2.73 0.54 0.20 10.5 

SWChigh 

0.38±.02 0.73 2.76 4.98 4.13 0.85 0.17 0.05 7.3 

0.39±.02 0.75 2.65 4.90 4.04 0.86 0.18 0.04 7.0 

0.40±.01 0.78 2.62 4.85 4.12 0.73 0.15 0.07 6.5 

S2 

SWClow 

0.25±.05 0.48 1.04 1.95 0.52 1.43 0.73 0.55 12.0 

0.27±.05 0.53 1.03 1.96 1.08 0.88 0.45 0.20 11.3 

0.27±.05 0.52 1.05 1.95 0.91 1.04 0.53 0.31 10.8 

SWChigh 

0.30±.04 0.57 1.05 1.94 1.23 0.71 0.37 0.20 9.3 

0.31±.04 0.60 1.04 1.92 1.24 0.68 0.35 0.18 9.0 

0.29±.04 0.57 1.09 2.01 1.29 0.72 0.36 0.20 8.5 

 SWClow 

0.26±.05 0.51 2.63 4.87 3.05 1.82 0.37 0.13 6.8 

0.27±.05 0.51 2.65 4.87 3.08 1.79 0.37 0.15 6.5 

0.27±.05 0.51 2.59 4.79 3.18 1.61 0.34 0.11 7.3 

SWChigh 

0.31±.04 0.60 2.65 4.84 3.73 1.11 0.23 0.08 5.3 

0.31±.04 0.60 2.65 4.84 3.74 1.10 0.23 0.08 5.5 

0.31±.04 0.60 2.64 4.88 3.67 1.21 0.25 0.11 5.3 

1
 standard deviation 
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Data in Table 3 indicate that swale channel infiltration represented between 15 and 82% of the 

flow volume entering the swale. The low values were observed for wet AMC in Swale 1 (SWCini 

= 0.40) and the high inflow rate, the high values corresponded to dry AMC (SWCini = 0.22) and 

the low inflow rate, also in Swale 1. 

Swale channel infiltration rates over steadily wetted areas during the established swale flows are 

presented in Table 4. The infiltration values obtained for SWChigh were assumed to correspond to 

the saturated conditions and were taken as spatially integrated estimates of Ks. 

Table 4 Hydraulic conductivities calculated from quasi-constant differences in peak flow 

reductions (due to infiltration) and the infiltration areas in the swale channel, for SWChigh. 

 
Irrigation 

event 

Qin 

(L/s) 
Vrel 

Average steadily 

submerged area 

area (m
2
) 

Quasi-constant  

peak flow 

reduction (Ls
-1

) 

Spatially 

integrated Ks 

(cm/h) 

Swale 1 

 

11/08-2 1.04 0.23 21.29 0.20 3.38 

11/08-3 1.04 0.25 20.93 0.23 3.96 

15/08-2 1.06 0.33 20.45 0.20 3.52 

24/08-2 2.76 0.17 24.25 0.19 2.78 

26/08-2 2.65 0.18 23.07 0.23 3.59 

30/08-2 2.62 0.15 22.65 0.15 2.38 

Swale 2 

13/09-2 1.05 0.37 17.90 0.23 4.63 

16/09-2 1.04 0.35 18.34 0.20 3.93 

27/09-2 1.09 0.36 18.82 0.23 4.40 

18/09-2 2.65 0.23 19.17 0.25 4.60 

22/09-2 2.65 0.23 18.39 0.25 4.84 

24/09-2 2.64 0.25 18.47 0.34 6.63 

Finally, estimates of Ks from double-ring infiltrometer (DRI) measurements, swale inflow and 

outflow hydrographs, and reference values for the swale soil texture are summarized in Table 5. 

Table 5. Estimates of Ks (cm/h) for the swales studied by various methods, with standard 

deviations and 95% confidence interval (CI). 

 
Swale 1 Swale 2 

Ks (cm/h) SD
1
 95% CI

2
 Ks (cm/h) SD

1
 95% CI

2
 

DRI Measurements 9.41 4.21 6.17 – 12.65 1.78 0.98 1.03 – 2.53 

Swale flow hydrographs 

(SWChigh) 
3.27 0.58 2.66 – 3.88 4.84 0.93 3.86 – 5.82 

Reference data (soil texture) 6.3 (loamy sand) - - 2.8 (sandy loam) - - 

1 Standard deviation 
2 95% confidence intervals calculated from Student´s t 
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Attenuation of swale flows 

For a simulated 30-min. block rain event with a 2-month return period and under dry AMC 

conditions, on average, 74% of the inflow volume infiltrated in Swale 1. For wet AMC 

(SWChigh), this effect was reduced to 27%. For a 3-year event and dry AMC (SWClow), 42% of 

the inflow infiltrated, while at wet AMC just 17% infiltrated. Flow volume attenuations in Swale 

2 with  less permeable soils showed smaller variations for different experiments; for the 2-month 

event and dry and wet AMC indicating an average attenuation of 57 and 36%, respectively, and 

smaller attenuations (36 and 24%) for the high inflow (3-year event) and dry and wet AMC, 

respectively. Thus, in both swales, the relative swale flow volume attenuation decreased with 

increasing initial soil moisture and the inflow magnitude. For a direct comparison of Swales 1 

and 2, with different soils, the SWC data were normalized and the relative volume reduction 

Vrel vs. SWCnorm was plotted in Fig.4. 

 

Figure 4 Relative swale flow volume reduction vs. the normalized soil water content, SWCnorm, for 

Swales 1 and 2. 

The use of SWCnorm as an independent variable produced a consistent decline in the relative 

swale flow volume reduction, with the increasing SWCnorm, and, for the conditions studied, 

demonstrates the functioning of swales in stormwater management: for low soil moisture, the 

swale functioned predominantly as a runoff volume control measure (with additional water 

quality benefits), but for high soil moistures, it transitioned to a conveyance element with small 

effects on flow rates and volumes. 

Swale flow peak attenuation was comparable in both swales, and to a large extent followed 

variations in flow volume reductions. The highest peak attenuation was noted for dry AMC and 

the 2-month event (on average 37 and 35% in Swales 1 and 2, respectively) and the lowest 

attenuation was noted for the 3-year event and wet AMC (on average 5 and 9% for Swales 1 and 
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2, respectively). A plot of relative peak flow reductions vs. relative volume reductions, for all 24 

runs, is presented in Fig. 5. 

 

Figure 5 Relative peak flow reduction vs. relative volume reduction (for all 24 runs) and the fitted linear 

regression line (the coefficient of determination R
2
 = 0.81). 

Lag Time (Tlag) of swale outflow 

The last swale flow hydrograph attribute examined was the outflow hydrograph lag time (Tlag), 

with respect to the inflow hydrograph, also listed in Table 3. This parameter bears significance 

for determining the time of concentration of runoff from the swale contributing area (i.e., a part 

of roadway and the swale footprint) for design purposes. The observed lag times in the 30-m 

swales studied varied between 5 and 15 minutes; the highest lag times (15 min) were noted for 

the 2-month event in Swale 1 and dry AMC. Lag times for individual runs varied in a similar 

way as flow volume reductions; the longest times were noted for the highest reductions and the 

shortest for the smallest volume reductions. The lag times were shorter in Swale 2 especially for 

dry AMC. 

Lag times in Swales 1 and 2 were plotted as Tlag vs. SWCnorm in Fig. 6. The plot shows that the 

lag time decreases with the increasing SWCnorm, and the transition of the swale operation from a 

runoff volume control measures towards a stormwater conveyance element. 
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Figure 6 Outflow hydrograph lag time vs. normalized initial SWC for Swales 1 and 2. 

Swale bottom slope and surface depressions 

Swale channel may temporarily store water in bottom surface depressions. Based on the 

generated elevation models, the total depression volumes in the studied swales were estimated as 

0.35 and 0.61 m
3 

for Swales 1 and 2, respectively. Such volumes represented 7-18% and 12-31% 

of the inflow volume for Swales 1 and 2, respectively. These depressions function in a similar 

way as storage created by check berms used in some swale designs and are recognized for 

increasing flow attenuation (Davis et al., 2012). 

4. Discussion 

The discussion presented below focuses on swale general design and dimensions, soil 

characteristics, water balance, flow attenuation and lag time, experimental limitations of the 

collected data, and implications for swale design and research. 

In Swedish practice, grass road swales are typically designed to convey runoff from design 

storms with return periods 5 to 10 years and a 10-minute duration 

(Swedish  Transportation Administration, 2003). Such designs should provide acceptably low 

risks of erosion or flooding of the downstream areas. In the conditions tested, characterized by 

relatively short return periods ( 3 years) mimicked in field runs and short swale sections (30 m), 

there were no signs of swale flow approaching channel capacity, or the occurrence of erosion. It 

was noted that for a uniform flow in Swales 1 and 2, the flows calculated from Manning equation 

for a depth of 0.4 m were about an order of magnitude higher (0.127 and 0.129 m
3
/s, 

respectively) than applied in the irrigation tests. The corresponding flow velocities (0.179 and 

0.119 m/s, respectively) were safely below the limit of ≤ 0.915 m/s recommended by Schueler 

(1987) for the prevention of erosion. For high hydraulic loadings, the swale outflow would be 

controlled by the hydraulics characteristics of the inlet to the storm sewer system. In the case of 
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swale channel or sewer inlet blockage, the excess flow would spill onto the green areas on the 

swale side opposite to the roadways. 

Runoff infiltration into swale soils is a highly influential process with respect to swale 

hydrology. Note however that in practical swale design, the options for selecting infiltration rates 

are limited – essentially to reference values of soils in the design area (notwithstanding 

disturbances of soils during construction, or additions of soil amendments). Additional options 

are available in field experiments, where the observations of swale flows can be supported by 

estimates of the saturated hydraulic conductivity Ks from field measurements with infiltrometers 

(NTCD , 2014; Ahmed et al., 2015; Fatehnia et al. 2016), or from analysis of flow hydrographs 

(Wanielista and Yousef, 1992). 

Recent developments of the methods for Ks estimation based on discrete, point measurements of 

infiltration addressed the site-specific minimum numbers of measurements required to attain 

certain levels of uncertainty (Ahmed et al., 2015) and the development of faster ways of 

collecting infiltration data, compared to the commonly used double-ring infiltrometers. Working 

with a swale 350 m long, Ahmed et al. (2015) recommended 20 measurements for obtaining “a 

good estimation” of Ks; however, this number is likely affected by the variability of data in the 

specific dataset and the size of the area studied. Occurrences of physical soil structures (e.g., clay 

lenses, compacted soils, or macropores) may also provide some explanations of great variations 

in Ks data. A greater efficiency of collecting soil infiltration data was achieved by the 

development of the Modified Philip-Dunne (MPD) infiltrometer (Ahmed et al. 2015), which is a 

falling-head device allowing to conduct simultaneous infiltration measurements. Infiltration 

measurements obtained with the MPD and double-ring infiltrometers were found comparable, 

within an order of magnitude, by NTCD (2014). 

For estimating Ks in the study reported herein, the preference was given to swale hydrographs (in 

and out) analysis, supplemented by cursory checks provided by double-ring infiltrometer (DRI) 

measurements and the texture-based reference data. Wanielista and Yousef (1992) calculated 

infiltration rates from the measured swale hydrographs at a site in Florida as 8.8 cm/h, which was 

significantly smaller than 12.7 cm/h measured by the DRI. The findings in this study also 

indicated differences between the infiltrometer measurements and flow hydrograph derived data 

for the whole test section (see Table 5). While in Swale 1 DRI data exceeded the hydrograph 

derived data, the opposite was true for Swale 2. A closer scrutiny of DRI data showed that they 

varied with the distance from the swale outlet; in  Swale 1, the smaller Ks were measured near 

the outlet (where the flow depth and concentration is the greatest), and in Swale 2, the higher Ks 

were observed by the outlet. Thus, in Swale 1, the mean DRI Ks is likely to overestimate space-

averaged Ks value, and in Swale 2, the mean DRI Ks is likely to underestimate the space 

averaged Ks. Assuming that the observed gradients in Ks were valid and caused by gradients in 

soil properties, the observed disagreement between the spatially integrated data (i.e., from flow 

hydrographs) and the DRI measurements would not improve even with higher numbers of Ks 

measurements with infiltrometer devices, without accounting for the above noted spatial 
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variations. However, infiltrometer data might be more meaningful for describing flow 

attenuation during real events, as suggested by Erickson et al. (2010). 

During the experiments, some stretches of the swale bottom drained much faster, particularly at 

the upstream end exposed to the longitudinal inflow only. Slow drainage was observed where 

runoff clearly exceeded the infiltration capacity, e.g., at the downstream end. This would explain 

differences in saturation levels at the measurement locations and the fact that considerable flow 

abstractions occurred in the less saturated areas, which may have had a lower density of SWC 

probes. 

Two additional factors may influence swale flow – the bottom slope and the related surface 

depressions on the bottom. The bottom slope influences the grass channel flow velocity and 

possibly the rate of infiltration. Morbidelli et al. (2016) tested infiltration rates on inclined planes 

and noted that the increased plane slope reduced infiltration, because water particles had less 

time to infiltrate. However, in drainage design, the choice of grass swale slopes is controlled by 

operational requirements. The literature lists numerous sources specifying the ranges of swale 

slopes facilitating positive drainage and/or preventing channel erosion. For example, The Urban 

Drainage and Flood Control District (2010) recommends the minimum longitudinal slope of 2%; 

for milder slopes, the swale may have to be fitted with an underdrain, and the maximum slope 

was recommended by Schueler (1987) as 5%. Both swales studied had milder slopes than the 

recommended minimum (Swale 1 -1.5% and Swale 2 - 0.7%), which may have contributed to the 

observed slow drainage of Swale 2 with prolonged durations of elevated soil wetness. 

Depressions along the swale bottom were noted in detailed elevation surveys of both swales. 

Deviations of 0.05-0.10 m from the uniform slope line were common and created depression 

storage on the swale bottom, with estimated volumes of 0.35 and 0.61 m
3
 in Swale 1 and 2, 

respectively. Such storage acts similarly as that in swales with check dams, generally 

contributing to higher runoff infiltration volumes and greater delays of outflow hydrographs, as 

e.g. reported by Davis et al. (2012). The role of temporary water storage in surface depressions 

and in the top soil layer bears more importance for buffering runoff from small rainstorms. 

As reported by others (Pitt et al., 2008; Lee et al., 2016), the soil texture may not characterize 

well the actual infiltration in swales, because of variations in individual textural classes and 

spatial variability of soil characteristics within the studied facilities. In our study Ks estimated 

from the soil texture were about twice as large as those estimated from swale hydrographs in 

Swale 1, but smaller (by a factor of 0.6) in Swale 2, when compared to averages of the 

corresponding soil texture class (Nishat et al., 2010). Such discrepancies can be explained by the 

presence of thawing-freezing cycles (contributing to enhanced infiltration), macropores resulting 

from biological activity, or maintenance, as also suggested by other authors (Ahmed et al., 2015; 

García-Serrana et al., 2017). The measured SWC time series, together with the known effective 

saturation, therefore indicated that during the experimental runs with high inflows and 30 min. of 
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continuous swale bottom inundation, the available soil pore volume has never been saturated 

completely (as indicated by the SWCnorm data), which might be explained by the high flow 

velocities during swale irrigation. 

Although the lateral overland flow on side slopes (sloping 1:2-2.5 in Swale 1 and 1:3-3.5 in 

Swale 2) was not measured in this study, it was observed that it may have partly infiltrated into 

the soil, even though the infiltration rates would be reduced on steep slopes (Morbidelli et al., 

2016), but the infiltrated water may reappear on the surface in the lower part of the slope. The 

lateral inflow introduced by the water supply system over 24 m of the 30 m swale length 

generated finger-flow type of runoff with increasing coverage at higher inflows, as also reported 

by García-Serrana et al. (2017). When sheet flow was observed during irrigation runs, its width 

was less than 1 m. The nature of the swale instrumentation system did not allow differentiation 

between flows in the swale channel and down the side slope, which contributed to experimental 

uncertainties. 

The relevance of knowledge of the SWC and its impact on runoff generation on plot-scale grass 

areas was also reported by García-Serrana et al. (2017), who quantified the influence of soil 

moisture (i.e., the difference between porosity and initial SWC) on the actual infiltration capacity 

and infiltrated volumes, and found that the infiltration rapidly rose at higher soil moisture 

deficits. Regarding the spatial heterogeneity of SWC, Morbidelli et al. (2012) concluded in a 

study of runoff hydrographs for a range of initial SWC values that a spatially averaged value of 

SWC was sufficient to reproducing hydrographs, but SWC became more relevant if the spatial 

variability of saturated hydraulic conductivity was considered. They hypothesized that spatially 

variable Ks masked the effect of different initial SWC on surface runoff. 

Although the SWC for the operationally defined SWClow (dry AMC) and SWChigh (wet AMC) 

conditions did not greatly differ, such differences affected outflow hydrographs, runoff retention 

and flow delay significantly. Particularly the small differences in SWC under dry conditions 

indicated potentially significant reductions in swale infiltration volume. The pattern of flow 

volume attenuation in our study follows that described by Davis et al. (2012) for swale drainage 

during intermediate-to-severe rainfalls. The relative swale volume reductions decreased with 

increasing inflows, i.e., for rain storms with longer return periods, as the infiltration capacity of 

swale soils was quickly reached and exceeded. Generally, the swale flow volume reductions 

from 15 to 82% found in this study for a set of 24 experiments agree with the results of grass 

swale investigations with comparable simulated constant inflow rates, as reported by Bäckström 

(2002) - 33-66% for 5-10 m swales with 0.5-7% slopes over 0.5 hours, Lucke et al. (2014) - 12-

89%, in 30-35 m swales with ≤1% slope and concentrated inflow of 0.5 hours, or Yousef et al. 

(1987) - 9-100% in 53 and 170 m swales with 0.1-3.0% slopes and concentrated inflow of 

durations of 3-5.5 hours. 

Limitations of the field experiments conducted need to be recognized with respect to the selected 

sites, their physical characteristics, including the soils, introduction of irrigation flows, and 

measurements of hydrological data focusing on the swale channel flow (no measurements done 

over the irrigated side slope). The test sections of the swales were limited to 30 m, in order to 
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achieve a well-defined flow distribution with the equipment available. However, even over these 

relatively short lengths, the swale characteristics were not perfectly uniform, but varied as should 

be expected for earthen structures in real life. Swale bottom longitudinal profiles indicated 

irregular slopes with local depressions functioning in a similar way as check-berms creating 

bottom surface storage. As pointed out e.g. by Davis et al. (2012) such storage increases flow 

attenuation in swales, for storms with small-to-intermediate rainfalls. Thus, in the experiments 

reported here infiltration was likely enhanced in both swales, to a various extent, with higher 

infiltration rates in the case of the lower hydraulic loading (corresponding to a 2-month event), 

and the milder slope (0.007, for Swale 2) contributing to greater surface depression storage 

(0.61 m
3
 for Swale 2, compared to 0.35 m

3
 for Swale 1). Considering the mild swale slopes and a 

fair magnitude of swale flows, clear differences of lag times in Swale 1 and Swale 2, due to 

infiltration, could not be detected. 

The duration of controlled irrigation runs was limited to 30 minutes, as this was a practical limit 

of the irrigation water supply system and its controls. As noted for outflow hydrographs in Fig 4, 

longer inflows would have allowed fully reaching the equilibrium conditions for outflow from 

both swales, particularly in the case of dry AMC. However, the selected inflow duration was 

considered acceptable in relation to the estimated time of concentration of the runoff contributing 

area. Further uncertainties were introduced by splitting the inflow into longitudinal and lateral 

components, which was deemed necessary to mimic operation of actual swales. While an 

assumption has been made that flow over a short band of the irrigated side slope (0.5 – 1.0 m 

wide) would reach the swale channel flow, either above or below the ground surface, because of 

the steep slope, no experimental proof can be offered. Even though the SWC probes were placed 

in the same pattern and proximities with respect to the dual irrigation flow inlets, they were 

exposed to ponded water to different degrees, which may have affected the measurements due to 

different hydraulic heads and residence times of water adjacent to the measuring probes, 

contributing to increased SWC readings. 

Implications of study results for swale design and future research  

The study findings indicate the importance of the initial soil moisture conditions for the 

formation of the swale channel flow, depending on soils Ks. In sandy loams studied, the 

reestablishment of dry conditions would take at least two days, and in loamy sand, at least one 

day. Analysis of rainfall data for the antecedent dry days (ADDs) would serve to select and test 

the appropriate AMC. The collected data can be used to calibrate a rainfall/runoff model for a 

typical catchment comprising a swale section, with the associated runoff contributing area 

formed by a road, road shoulder and the swale. This model can then be used to examine various 

design scenarios. Additional practical findings include the need to check DRI measurements for 

spatial tendencies, which may skew estimates of Ks in specific cases. The experimental findings 

will be also of use to study the stormwater quality enhancement in grass swales during various 

stages of the development of swale channel flow. Finally, Swale 1 with loamy sand soil exhibits 
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high infiltration rates even after almost 60 years of operation. This follows from high storage 

capacity of the swale soil and adequate infiltration rates. 

5. Conclusions 

The primary motivation of the conducted swale experiments was to advance the knowledge of 

the influence of the initial soil moisture conditions on swale channel hydrographs. Within the 

limitations of the experimental program, the following conclusions can be drawn: 

- The presentation of the relative swale flow reduction vs. the normalized soil water 

content illustrated, for the conditions studied, the principal grass swale functions in runoff 

control and conveyance; the transition between these two functions evolved from full 

runoff dissipation for low SWC and hydraulic loads to runoff conveyance at high SWC, 

with minimal runoff abstractions. The speed of this transition accelerated with increasing 

hydraulic loading and reduced Ks of swale soils. The variation of swale flow volume 

reduction for two sets of initial AMC (wet and dry) was in this study 36-73% and 17-

36%, for swales 1 and 2, respectively. 

- Swale outflow hydrograph lag times varied between 5 and 15 minutes and decreased with 

an increasing SWCnorm. Such information is of interest when estimating the time of 

concentration of the swale-road catchment. 

- Comparisons of the swale inflow and outflow hydrographs for wet initial AMC indicated 

quasi-steady infiltration rates of 3.27 and 4.84 cm/h, in Swales 1 and 2, while the DRI 

data produced the corresponding average values of 9.41 and 1.78 cm/h, respectively. DRI 

data may have been affected by their spatial gradients specific to the study sites. 
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Abstract 

The feasibility of simulating the hydrological response of a grass swale to runoff inflows was examined 

using the hydrological model Mike SHE and the available input data from 12 irrigation events mimicking 

runoff from block rainfalls. The test swale channel had a trapezoidal cross-section, bottom slope of 1.5%, 

length of 30 m, and was built in loamy fine sand. The irrigation events consisted in releasing two equal 

constant inflows to the swale: a concentrated longitudinal flow at the upstream end and a distributed 

lateral inflow along the swale side slope adjacent to the contributing drainage area. The total inflows 

approximated runoff from two events with return periods of 2 months and 3 years, respectively, for 

durations of 30 minutes. Irrigation experiments were done for two states of the initial soil moisture, dry 

and wet antecedent moisture conditions (AMC). Mike SHE has been extensively used on catchments of 

various sizes, but rarely for small stormwater management facilities and their detailed topography 

investigated in this study. The latter application required high spatial and temporal resolutions, with 

computational cells of 0.2 x 0.2 m and time steps of 15 s. For dominant hydrological processes, the 

following computational options in Mike SHE were chosen: Soil infiltration - the Van Genuchten 

equation, unsaturated zone flow - the one-dimensional Richards equation, and overland flow – the 

diffusive wave approximation of the St. Venant equations. For study purposes, the model was calibrated 

for single events representing one of four combinations of low and high inflows, and dry and wet AMC, 

and then applied to the remaining 11 events. The goodness of fit was statistically assessed for observed 

and simulated peak flows, hydrograph volumes, Nash-Sutcliffe model efficiencies (NSE), and soil water 

content (SWC) in swale soil layers. The best fit (NSE > 0.8) was obtained for high inflows and wet AMC 

(i.e., when the primary swale function is flow conveyance); the least fit was noted for low inflows and dry 

AMC, when the primary swale function is flow attenuation. Furthermore, this observation indicates the 

overall importance of correct modelling of the soil infiltration. The effects of spatial variation of SWC on 

the swale discharge hydrograph could not be confirmed from simulation results, but high topographical 

accuracy was beneficial for reproducing well the locations of the observed water ponding. No significant 

increases in simulated SWC at 0.3 m or greater depths were noted, which agreed with field observations. 

Overall, the results indicated that Mike SHE was effective in process-oriented small-scale modelling of 

grass swale flow hydrographs. 

 

Key words: Grass swale, distributed modelling, Mike SHE, soil water content, LID modelling 
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1. Introduction 

 

The aging urban drainage infrastructure and anticipated upscaling of design rainfalls by climate change 

pose risks to urban populations and their environment. In search for risk mitigation measures, the 

decentralisation of stormwater drainage has been promoted together with practices helping restore natural 

hydrological functions of urban catchments. Such functions include storage, infiltration, and 

evapotranspiration of stormwater and can be substantially achieved by implementing urban Green 

Infrastructure (GI). However, the incorporation of GI measures into urban drainage challenges stormwater 

management, because of an increased heterogeneity of drainage processes and uncertain drainage 

capacities and operability (Dietz and Clausen 2008, etc.). This observation may help explain why local 

authorities are often hesitant to incorporate GI and low impact development (LID) measures in urban 

drainage systems. 

Among the GI measures, relatively simple infiltration and conveyance structures, such as traditional grass 

drainage swales, represent low-cost, low-maintenance measures that can reduce the hydraulic and 

pollution loads to downstream drainage sections and receiving waters (Li & Hogenbirk, 1998; 

Zimmerman et al., 2010). Where space is available, grass swales are widely used as replacements of the 

conventional curb and gutter drainage (Dietz, 2007; Ahiablame et al., 2012) and serve to convey and 

attenuate stormwater runoff and improve its quality. The reduction of peak flow rates and runoff volumes 

is mainly achieved by infiltration of stormwater into the soils of the swale channel and by extending the 

time of concentration, which results in delayed discharges into downstream drainage facilities. Such 

benefits of swale operation vary with the rainstorm intensity: during intermediate and severe rainstorms, 

swales primarily act as runoff conveyance channels with minor flow reductions (Davis et al. 2012) that 

vary depending on the antecedent moisture conditions (AMC) and the saturated hydraulic conductivity 

(Ksat) of the swale soil (Pitt et al., 2008).  

For implementing grass swales in the current drainage practice, mathematical models of swale flows are 

needed for designing such facilities and assessing their vulnerabilities in a changing climate. Even though 

some existing urban runoff models can be, and have been, applied in swale design, their applications may 

be subject to limitations arising from the fact that those models were principally built for other purposes 

(Elliot and Trowsdale, 2007). Consequently, other models dedicated to understanding swale operation also 

appeared in the literature.  

Deletic (2002) developed the 1-D physically-based model TRAVA for runoff and sediment transport in 

grass swales. The model was further verified by Deletic and Fletcher (2005) and produced acceptably 

accurate predictions of swale outflows, but less satisfactory predictions of transport of total suspended 

solids (TSS). The conceptual model MUSIC was applied for Low Impact Development (LID) planning 

and simulations of flow and TSS transport in swales (Wong et al, 2006, Deletic and Fletcher, 2004). 

However, more recent attempts by Imteaz et al. (2013) to reproduce experimental observations in swales 

with the MUSIC were unsuccessful, raising the issue of general applicability of this model. Most recently, 

García-Serrana et al. (2017) published a “swale calculator” (Minnesota dry swale calculator) developed to 

simulate swale infiltration and flows, from the side slopes and in the swale channel, for varying soil 

moisture contents.  

Besides the above research-oriented models, the feasibility of applying the leading hydrological  

modelling packages, including HSPF (Bicknell et al., 1997), Mike SHE (DHI, 2017), Mike Urban (DHI, 

2016), and the SWMM (Rossmann, 2010) to modelling swales, has been also investigated. Helmers et al. 

(2006) applied uncalibrated Mike SHE to analyse the effects of spatial variability of hydraulic properties 

of a vegetative filter on outflow hydrographs generated by irrigation experiments. They used 26 samples 

of saturated hydraulic conductivity ranging from 0.36-13.30 cm/h, over an area of 13x15 m, selected the 

model spatial resolution of 0.76 m, and compared the results to simulations with spatially uniform soil 
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hydraulic properties, but found no significant differences. They noted that the simulation of higher inflow 

rates produced better agreements for overland flow (OL) travel times to the outlets. Ackerman and Stein 

(2008) used the continuous simulation model HSPF (The Hydrologic Simulation Program-FORTRAN) to 

study the sensitivity of swale drainage to model parameters over a range of storms and concluded that the 

swale effectiveness in improving stormwater quality increased with increasing infiltration rates of the 

underlying soils. Flanagan et al. (2017) used SWMM to simulate the treatment performance of a road-

vegetative filter/swale system over a period of several years. They identified the saturated hydraulic 

conductivity of swale soils as the most sensitive model parameter, whose correct estimation reduced 

uncertainties in modelling results. Niazi et al. (2017) reviewed SWMM performance concerning 

calibration and verification, water-quality simulations and GI/LID design. They concluded that the model 

is well suited for large and medium scale applications, but may require coupling to other algorithms or 

models for simulating GI/LID implementation scenarios at small scales.  

A recent field study of the hydrology of grass swales, focusing on generation of swale inflow and outflow 

hydrographs by irrigation, and measurements of swale soil water content (SWC) (Rujner et al. 2017; under 

review), offered an opportunity to examine the intricacies of applying Mike SHE to simulation of flows in 

grass swale channels. Consequently, such a study was undertaken with the following objectives: (i) 

Demonstrate whether swale inflow and outflow hydrographs, and the associated SWC changes, observed 

in field irrigation experiments, can be reproduced with the Mike SHE model, (ii) Calibrate Mike SHE for 

different calibration event characteristics and high temporal and spatial resolutions, and (iii) Identify the 

implications of Mike SHE calibration/verification simulations for model parameter selection and the 

predictive performance. 

 

2. Methods  

2.1 Study site and field data 

Physical characteristics of the test site 

The study site is a 30-m grass swale section located in the residential suburb of the City of Luleå, northern 

Sweden (65°35'03"N, 22°09'17"E), draining a two-lane road. The swale has a trapezoidal cross-section, 

with the bottom width varying from 0.2-0.7 m, the channel depths from 0.6 to 0.8 m, and relatively steep 

side slopes 1:2 to 1:2.5.  Topographical information was collected at 486 elevation points with a RTK-

GPS device and served to estimate the bottom slope as 1.5%. The swale design did not include any 

particular arrangement of soil layers, or the use of soil amendments, or an underdrain. The soil horizons 

consisted of ca. 0.1 m turf layer with organic material and loamy sandy soil, of which soil texture varied 

noticeably within the 30 m test section. A 0.1-0.5 m layer of homogeneous loamy sand and an underlying 

bed of sand and boulders followed. Double-ring infiltrometer (DRI) measurements at nine locations in the 

test section produced an average saturated hydraulic conductivity Ksat= 94.1 mm/hr (St. dev. 42.1 mm/hr). 

Stormwater runoff simulation by irrigation 

Twelve irrigation runs, with inflows of 1.06 or 2.65 L/s, were performed to mimic runoff corresponding to 

that generated by block rainfalls with the return periods of 2 month and 3 years, as estimated from the 

Swedish national IDF curves (Dahlström, 2010) and the Rational method. Two equal irrigation water 

inflows were introduced into the swale: a concentrated longitudinal inflow at the upstream end and a 

laterally distributed inflow (over 24 m, through 220 openings of a labyrinth weir) on the swale side slope 

next to the roadway. Each irrigation event with a low variability of the flow rate (see Fig. 1) lasted 0.5 h. 
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Figure 1: Two irrigation inflow rates measured during the field experiments in intervals of 15 s. Grey areas 

represent flow rate variations of the respective inflow rates for all the 12 experimental runs combined. 

Beside the inflow and outflow, the SWC at 15 points, were measured continuously. Five SWC probes 

were located on the swale bottom, inserted at a 45°-angle up to a depth of 0.21 m, four probes each at 

irrigated and non-irrigated side slopes, inserted vertically and the remaining two were buried horizontally 

at swale channel depths of -0.3 and -0.6 m, approximately 1.5 m upstream of the outlet (see Fig.2). The 

experimental runs were initiated when the soil moisture reached a preselected state, which was affected by 

the antecedent rain events, or the earlier irrigation runs. The ranges of the corresponding measured soil 

water contents (SWCav) are summarized in Table 1 for different locations in the swale as well as for two 

depths below the swale bottom.  In the subsequent description of the experimental and simulation 

conditions, low soil moisture and high soil moisture are designated by symbols “SM↓” and “SM↑”, 

respectively. 

Table 1: Mean initial soil water contents at different sections and in two depths of -0.3 and -0.6 m of the study swale 

described as SM↓- and SM↑-conditions. 

 
Swale bottom 

(n=5) 

Non-irrigated 

side slope (n=4) 

Irrigated side 

slope (n=4) 

- 0.3 m below 

ground (n=1) 

- 0.6 m below 

ground (n=1) 

SM↓ (as SWCav) 
0.262, Cv = 

0.141 
0.176, Cv = 0.08 0.209, Cv = 0.10 0.213, Cv = 0.04 0.197, Cv = 0.01 

SM↑  (as SWCav) 0.391, Cv = 0.09 0.268, Cv = 0.06 0.295, Cv = 0.05 0.213, Cv = 0.02 0.200, Cv = 0.01 

1Coefficient of variation 

In each run, measurements were recorded for a total duration of 1:30 h. Inflow and outflow hydrograph 

data were used to calculate swale channel water balance for individual events. Table 2 summarizes the 

following experimental data: the inflow rate (Qin), total inflow volume (Vin), total outflow volume (Vout), 

volume reduction (Vrel), peak flow reduction (Qpk rel) and the centroid lag time between the inflow and 

outflow hydrograph (Tlag). 
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Table 2 Water balance data from experimental runs used for model calibration and evaluation. Dates of 

experimental runs are used as identifiers with indicators of low and high initial SWC (SM↓, SM↑) 

Event date Qin (L/s) Vin (m
3) Vout (m

3) Vinf (m
3) Vrel Qpk rel Tlag (min) 

11/08-SM↓ 1.07 1.97 0.76 1.22 0.62 0.29 15.0 

15/08-SM↓ 1.06 1.93 0.34 1.59 0.82 0.50 15.5 

05/09-SM↓ 1.09 2.06 0.47 1.59 0.77 0. 32 14.8 

11/08-SM↑ 1.04 1.90 1.45 0.45 0.23 0.16 9.2 

11/08-SM↑ 1.04 1.90 1.43 0.47 0.25 0.15 8.5 

15/08-SM↑ 1.06 1.94 1.30 0.64 0.33 0.21 9.5 

30/08-SM↓ 2.56 4.87 3.22 1.65 0.34 0.09 9.8 

31/08-SM↓ 2.67 4.97 3.02 1.95 0.39 0.13 10.0 

03/09-SM↓ 2.70 5.04 2.31 2.73 0.54 0.20 10.5 

24/08-SM↑ 2.76 4.98 4.13 0.85 0.17 0.05 7.3 

26/08-SM↑ 2.65 4.90 4.04 0.86 0.18 0.04 7.0 

30/08-SM↑ 2.62 4.85 4.12 0.73 0.15 0.07 6.5 

 

2.2 Mike SHE 

Mike SHE is a comprehensive hydrological model capable of simulating the main terrestrial water cycle 

and hydrological processes (Refsgaard and Storm, 1995; Sahoo et al. 2006). It was selected for this study, 

because it couples the overland flow (OL) processes with the unsaturated zone (UZ) flows by explicit 

simulation and the generation of high-resolution time series including the soil water content. As a raster-

based model, its advantages include the capability to operate in various spatial (grid-) and temporal scales 

and account for different spatial and temporal variabilities of the catchment characteristics, with respect to 

the study objectives. In our study, the Mike SHE ver. 2017 application focused on simulating two 

components of the swale water balance: overland flow and infiltration into the UZ, but neglecting any 

feedback from the saturated zone (SZ). The model was set up and calibrated using the parameter values, 

initial conditions and input data from field measurements (saturated hydraulic conductivity Ksat, initial soil 

water content SWCini, saturated water content θsat as well as Qin, Qout and topography)(Rujner et al., 2017; 

under review), and supplementing such information by model default and literature values. 

2.2.1 Model set up and simulation settings  

Mike SHE was set up to represent the studied grass swale and to simulate the overland flow and processes 

in the unsaturated zone. The basic conceptual and computational settings of the model are listed in Tab. 3 

for both the OL- and UZ-modules. To calculate OL, the diffusive wave approximation of the Saint-Venant 

equations was used, whereas the one-dimensional Richards equation (Richards, 1931) was solved for soil 

water movement in the UZ (DHI, 2017). The time step was selected with respect to the experimental 

runoff duration and the catchment size, and to match the time resolution of field measurements of 15 s. 

The numerical solver type for OL was selected as an explicit scheme (instead of the implicit iteration), 

which in Mike SHE generates more accurate results and is often used to calculate surface water flows 

during flooding. The model domain area covering the tested swale is 307.2 m
2 
with a grid cell size of 0.04 

m
2
, which was considered reasonable with respect to the computational times required during the manual 

parameter estimation.  
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Table 3: Mike SHE Simulation specification for high-resolution swale modelling. 

Simulation specification  Setting/value 

Water Movement Overland flow   Diffusive Wave, Finite 

difference solver 

 Unsaturated flow Richards equation 

 Evapotranspiration 2.5 mm/day 

 Time step control  
 Initial time step 15 sec  

 Max OL and UZ time step 15 sec 

Model domain 

 Catchment size and orientation 40 x 192 cells 

 Cell size 0.2 x 0.2 m2 

Essential inputs for the Mike SHE model set-up can be arranged in the following categories:  

 Hydro-meteorological inputs: rainfall (here replaced by near-surface irrigation, inflow), reference 

evapotranspiration 

 Land use: vegetation (the leaf area index (LAI), root depth) 

 OL: Manning M (equals the reciprocal value of Manning n, used hereafter), detention storage 

 UZ: Soil profile definitions, initial water content 

Although the simulation period is short, reference evapotranspiration was applied (2.5 mm/day; Eriksson, 

1981), because the implementation of the Richards-equation in Mike SHE requires the definition of a sink 

term. Standard values for LAI and root depth were adopted for developed grass layers. 

Inputs relevant for overland flow 

Swale channel elevation points were used to generate a 0.1x 0.1-m grid digital elevation model (DEM) in 

ArcGIS. A higher resolution for the topography than in the model domain was used to allow the 

application of the multi-cell method in Mike SHE, which mitigates the loss of topographic detail relevant 

to detention storage and OL. Manning n and detention storage were considered as calibration parameters 

subject to adjustments and were set spatially uniform in the whole modelling domain. 

Accounting for near-surface irrigation in the model 

The Mike SHE´s model structure does not directly allow for a near-surface irrigation or an external inflow 

into the domain in a specific location. In order to reproduce the experimental inflow conditions in the 

model, the irrigated grid cells were assigned the inflow rate time series, which corresponded to their actual 

locations in the field (Fig. 2, depicted as arrows). Furthermore the cells upstream the inflow cells were 

assigned a hydraulic conductivity allowing no significant infiltration (with Ksat as low as 1*10
-20 

m/s). This 

arrangement allowed for controlled inflow, and in order to ensure that the directly introduced inflows from 

cells are routed towards the swale bottom, the model topography was modified upstream of the inflow 

points by means of steep slopes. For each of the near-surface irrigation events a spatial time series file was 

generated (=12). 

Initial soil water content  

The soil water content measured at 15 points was an important input to the model. Typically such 

measurements are considered valid for a 1-litre volume surrounding the sensor. However, to introduce 

some spatial variability of the initial SWC into the model, seven sub-sections were defined, five within the 

swale bottom and two on each of the irrigated and non-irrigated side slopes (Fig. 2). These subsections 
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were then assigned the SWCini values from the corresponding measurement probes. Initial SWC for each 

simulation represented the conditions measured in the field. 

 

 

 

Figure 2: A plan view of the model domain of the studied swale composed of five sub-sections along the swale 

bottom, the irrigated and non-irrigated side slopes and the inflow sections (assigned minimum Ks and modified 

slopes to direct inflow). Inflow points and outflow directions are marked with arrows. 

Soil profile definitions 

Soils were represented uniformly along the swale modelled (except for the inflow areas) and defined in 

layers with uniform properties; those layers were further subdivided into computational layers. A model 

cross-section is presented in Fig. 3 showing the vertical discretization. State variables that affect vertical 

flow processes are calculated by the van Genuchten formula (Van Genuchten, 1980) for fitting the soil 

water retention curve in combination with the Mualem function (Mualem, 1976) for the relative hydraulic 

conductivity. The measured average Ksat was used for the first (top) soil layer. The measured maximum 

SWC was assumed to correspond to the saturated SWC (θsat) and applied uniformly for the entire swale; 

the residual water content θr, adopted here from Rawls et al. (1982) as θr = 0.035 for loamy sand, was 

treated the same way. The Van-Genuchten parameters for the soil water retention curve nr, αr and for the 

relative hydraulic conductivity, nc, αc, and the curve fitting shape factors, were subject to calibration.  

 

Figure 3: A schematic cross-section of the swale model in Mike SHE with three major soil layers and their subdivision into 

computational layers of various thicknesses. 

2.4 Calibration parameters   

OL 

outlet 

cell

Point inflow

Avg. SWC non-irrigated side slope

OBS1

Avg. SWC irrigated

side slope

OBS2

OBS3-3.8OBS4OBS5

Spatial average SWC for 5 bottom sections

Multi-point inflow
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Overland flow and infiltration into the unsaturated zone are the dominant processes in grass swales and 

the corresponding model parameters had to be calibrated. Consequently, Manning n and depression 

storage were calibrated for overland flow, and for the unsaturated zone, the Van-Genuchten parameters 

were calibrated. The model defaults or literature values were selected as starting values in the calibration 

process (see Tab. 4). The swale model comprised three major soil layers, whose layer-specific soil 

parameters could be adjusted. Soil parameters of the first layer were the most relevant calibration 

parameters, whereas the parameters of the lowest soil layer could be safely neglected. 

Table 4: Initial parameterization of Mike SHE for adjusting the overland flow, and water infiltration and storage, in 

two soil layers (by Van-Genuchten parameters) and the corresponding initial values from the literature. 

Module  Parameter unit Initial value Reference 

OL 
Swale surface 

Manning n1 s/m1/3 0.1 Helmers et al. (2006) 

 Detention storage mm 1 default 

UZ Soil 1 VG Retention 

curve 

nr1
2  3.85 Ghanbarjan-Alavijeh et al. (2016) 

 αr1 1/cm 0.007 Stephens et al. (1987) 

 Soil 2 VG Retention 

curve 

nr2  3.85 Ghanbarjan-Alavijeh et al. (2016) 

 αr2 1/cm 0.007 Stephens et al. (1987) 

 
Soil 1 hydraulic 

conductivity 

nc1  3.85 Ghanbarjan-Alavijeh et al. (2016) 

 αc1 1/cm 0.007 Stephens et al. (1987) 

 shape factor (-) 0.001 default 

 
Soil 2 hydraulic 

conductivity 

nc2  3.85 Ghanbarjan-Alavijeh et al. (2016) 

 αc2 1/cm 0.007 Stephens et al. (1987) 

 shape factor (-) 0.001 default 
1 
In Mike SHE Manning M is used; for clarity, we use the Manning coefficient n (=1/M) herein. 

2 
the used reference provided values of m, which were converted to Van-Genuchten nr/c (m=1-1/nr/c). 

2.5 Manual calibration procedure 

Four of the twelve events monitored in field experiments were selected for discrete-event model 

calibrations. These four events were characterized by different inflow conditions: low inflow rates (Q↓) + 

low soil moisture (SM↓) (event 11/08-SM↓), low inflow rate + high soil moisture (SM↑) (event 11/08- 

SM↑), high inflow rate (Q↑) + low soil moisture (event 30/08- SM↓) and high inflow rate + high soil 

moisture (event 26/08- SM↑). The reason for selecting these specific events was the fact that their initial 

SWC were close to the average initial SWC of the sets of three runs targeting the same values of initial 

SWC and inflows.  

Manual parameter calibration was conducted by changing one parameter at a time, within the preselected 

individual intervals, while keeping the other parameters constant, and subsequently running the model. 

Visual comparisons of the outlet hydrographs, Qout, obs and Qout, sim, formed the basis for deciding whether to 

continue or stop this iterative process. When assessing such an agreement, the emphasis was placed on 

similarities of the starting limbs, peak flows and the falling limb shapes. After acceptable agreement was 

noted, the Nash-Sutcliffe model efficiency coefficient (Nash and Sutcliffe, 1970) was calculated, and 

when it reached or exceeded the value of 0.95, the calibration process was stopped. 

The manual calibration procedure followed a certain sequence for parameter adjustments to fit the 

simulated hydrograph (Fig. 4): 1. increasing αr1 and reducing nr1 to reach a reasonable hydraulic soil 

configuration, 2. Increasing αc1, reducing nc1 to achieve an increase in OL generation, after that the 

detention storage and Manning n were adjusted to change the shape of the rising and falling limbs and the 

timing of the hydrograph on the time axis. The same procedure was applied for the second soil layer, but 

with insignificant effects on the simulated hydrographs. The resulting final four parameter sets (PS) are 

denoted with PS-Q↓SM↓, PS-Q↓SM↑, PS-Q↑SM↓, PS-Q↑SM↑. 
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Figure 4: Manual calibration scheme for event-based calibration of the swale flow hydrographs. 

2.6 Evaluation of the predictive power of the calibrated model 

After the calibration of Mike SHE for each of the four calibration events was finalised, the calibrated 

model was evaluated against the remaining eleven events in the dataset, by comparing the measured and 

simulated Vout, Qout and the average soil water content in the top 0.21 m layer of the UZ. 

 2.6.2 Statistical evaluation 

To assess the performance of the individual calibration parameter sets, common statistical measures were 

used as listed below.  

(i) Volumetric residual:                 

(ii) Normalised volumetric residual:     
    

    
   

(iii) Peak flow residual:                                 

(iv) Normalized peak flow residual:      
     

     
 - 1 

(v) Root mean squared error: RMSE = √
 

 
∑                

  
    

(vi) Nash-Sutcliffe model efficiency coefficient (Nash and Sutcliffe 1970): 

     
∑                

  
   

∑             ̅̅ ̅̅ ̅̅ ̅   
   

 

The last two statistics were calculated only for periods when either Qsim > 0 or Qobs > 0. The predictive 

performance for the SWC was measured only by the RMSE. 

The calibrated parameter sets were analysed using the above criteria and the results for individual sets 

were mutually compared. Performance statistics were also applied to each inflow/SWCini condition, in 

order to identify for which the calibration produced satisfactory results. Those combinations were grouped 

and plotted by the following categories: 1. performance criteria – NVr, NPFr, NSE; 2. the inflow/SWCini 

conditions (Q↓SM↓, Q↓SM↑, Q↑SM↓, Q↑SM↑).  

3. Results 
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The material presented in the results section is divided into the following subsections: (i) Manual model 

calibration, (ii) comparison of the observed and simulated swale discharge hydrographs, (iii) Predictive 

performance of the four calibration parameter sets, and (iv) agreement between the observed and 

simulated soil water contents. 

3.1 Manual model calibration 

Four individual event calibrations were performed to calibrate Mike SHE against the outflow hydrographs 

of four swale irrigation events, which resulted in four individual calibrated parameter sets, with the main 

calibration parameters limited to: two independent parameters of the Van-Genuchten (VG) soil water 

retention curve of the two top soil layers αr nr, two independent parameters of the VG relative hydraulic 

conductivity of the two top soil layers αc nc , and Manning  n and depression storage values. An initial 

fitting of the VG retention curve by αr1 nr1 was done to achieve a reasonable specific yield and field 

capacity. Subsequently αc1 nc1 had to be adjusted to reduce the relative hydraulic conductivity to allow 

early excess flow and OL, as the initial parameter setting allowed complete abstraction of inflow. After 

that Manning n was increased to delay the outflow hydrograph and adjustments of the detention storage 

further increased the flow retardation and the flattening of the individual hydrograph limbs. In general, the 

parameters were adjusted in a way that the soil permeability was reduced in all PS. For SM↓ and SM↑, αc1 
had to be increased (from 0.007 to at least 0.089) and nc1 reduced (from 3.85 to 1.28). It turned out that 

primarily nc and secondarily αc, had a strong influence on the magnitude of the resulting flow rate, and 

Manning n and detention storage exerted a strong influence on the timing and the duration of simulated 

discharges. For Q↓, Manning n had to be increased in order to delay outflow and to produce the typical 

“plateau” of the hydrographs visible in the measured data. Depression storage had to be increased 

significantly for low initial SWC in order to achieve meaningful results. The calibration process indicated 

that the soil parameters of the second soil layer, located at -0.3 to -0.55 m below the ground surface (αr2, 
nr2, αc2 nr2, shape factor) had negligible influence on the resulting hydrograph shape. The same finding also 

applied to the shape factor for both the water retention curve and relative hydraulic conductivity, which 

did not affect the tested hydrographs. 

Table 5: Final calibration results for two inflow rates (Q↓, Q↑) and two initial water contents (SM↓, SM↑) 

 Calibration parameter Q↓ Q↑ 

SM↓ 

0-0.3 m Retention 

curve 

αr1 (1/cm) 0.02 0.01 

nr1 3.0 4 

Hydraulic 

conductivity 

αc1 0.089 0.095 

nc1 1.44 1.28 

Manning n (s/m1/3)  0.26 0.2 

Depression storage (mm)  3.1 10 

0.3-0.55 m Retention 

curve 

αr2 (1/cm) 0.004 0.07 

nr2 2.1 4.85 

Hydraulic 

conductivity 

αc2 0.009 0.09 

nc2 1.5 1.7 

SM↑ 

0-0.3 m Retention 

curve 

αr1 (1/cm) 0.007 0.018 

nr1 4.55 3.2 

Hydraulic 

conductivity 

αc1 0.095 0.11 

nc1 1.28 1.35 

Manning n (s/m1/3)  0.11 0.18 

Depression storage  0.5 0.05 

0.3-0.55 m Retention 

curve 

αr2 (1/cm) 0.007 0.02 

nr2 3.85 3.85 

Hydraulic 

conductivity 

αc2 0.007 0.01 

nc2 3.85 3.85 
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3.2 Comparison of the observed and simulated swale outflow hydrographs 

The final calibrated parameter sets for each of the four calibration events were used to simulate the 

remaining eleven evaluation events. The observed and simulated hydrographs of the calibration events are 

displayed in Fig 5 and indicate an excellent agreement, as also confirmed by high NSE values (see Tab. 

6). The adjustments of calibration parameters allowed for an accurate alignment of the rising limbs and the 

hydrograph peak.  Minor deviations occurred in the case of falling limbs and short duration disturbances 

of measured flows observed in Fig. 5d.  

 

Figure 5 Observed and simulated hydrographs for a) PS-Q↓SM↓, b) PS-Q↓SM↑, c) PS-Q↑SM↓, d) PS-Q↑SM↑. 

The plot of simulated hydrographs of the evaluation events (Fig. 6) indicates variations in the goodness of 

fit of the simulated to observed hydrographs, with main deviations in the simulated flow volumes and 

hydrograph lag times. It can be observed that the PS derived for low soil moisture underestimated the 

outflow from evaluation events with high soil moisture, and vice versa. Thus, the effects of changes in the 

initial SWC, as measured in the experiments, especially for events with low initial SWC, were not 

reproduced well. Such deviations were partially mitigated in the case of higher inflow rates, as seen in Fig. 

6d. Peak flows were reproduced fairly well for various inflow conditions.  

 

Figure 6 Goodness of fit of simulated evaluation event outflow hydrographs to the observed ones for the four parameter sets. 
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 3.3 Predictive performance of the four calibration parameter sets  

The calibration procedure indicated that the soil parameters that influence the hydraulic conductivity were 

critical parameters for generating surface runoff. The quantitative assessment of the performance criteria, 

including the volumetric residual and NSE for the calibration events as well as for all the (11) evaluation 

events, is summarized in Tab. 6 (peak flow residual and RMSE can be found in the supplementary 

material). In general, the smallest differences between the simulated and observed values and the lowest 

RMSEs were simulated with PS-Q↓SM↓ and PS-Q↑SM↓. The RMSEs between these two PS as well as 

between PS-Q↓SM↑ and PS-Q↑SM↑ show similar patterns indicating a weak predictive performance for 

Q↑ and SM↓ events. Generally the model predictive efficiency is lower for PS derived for low initial soil 

moisture, compared to those for high initial soil moisture. The worst model performance was noted for 

PS-Q↑SM↓ for Q↓SM↑ events and for PS-Q↓SM↑ and PS-Q↑SM↑ for the 03/09-1 event. However, lower 

relative deviations from observations occurred with high flow rates. 

Table 6: Statistics of simulated and observed hydrographs for the calibration events (first four) and the evaluation events. 

 
Event statistics PS- Q↓SM↓ PS- Q↓SM↑ PS- Q↑SM↓ PS- Q↑SM↑ 

Calibration event I (Q↓SM↓) 
1108-1 rvol -9 - - - 

 
NSE 0.959 - - - 

Calibration event II (Q↓SM↑) 
1108-2 rvol - -166 - - 

 
NSE - 0.982 - - 

Calibration event III (Q↑SM↓) 
3008-1 rvol - - 10 - 

 
NSE - - 0.980 - 

Calibration event IV (Q↑SM↑) 
26082 rvol - - - -93 

 
NSE - - - 0.982 

Evaluation events 

Q↓SM↓ 

1108-1 rvol - 436 -171 308 

 
NSE - 0.402 0.659 0.616 

1508-1 rvol -301 -759 -141 -623 

 
NSE 0.638 0.083 0.776 0.242 

0509-1 rvol -107 500 -120 375 

 
NSE 0.913 0.323 0.855 0.525 

Q↓SM↑ 

1108-2 rvol -537 - -694 -242 

 
NSE 0.194 - -0.261 0.889 

1108-3 rvol -487 -123 -642 -194 

 
NSE 0.285 0.978 -0.141 0.923 

1508-2 rvol -360 15 -519 -61 

 
NSE 0.463 0.935 0.083 0.972 

Q↑SM↓ 

3008-1 rvol 324 658 - 509 

 
NSE 0.886 0.674 - 0.791 

3108-1 rvol 424 955 301 804 

 
NSE 0.892 0.619 0.937 0.736 

0309-1 rvol 1198 1663 969 1490 

 
NSE 0.674 0.432 0.751 0.54 

Q↑SM↑ 

2408-2 rvol -465 -2 -600 -113 

 
NSE 0.936 0.87 0.878 0.952 

2608-2 rvol -442 14 -576 - 

 
NSE 0.915 0.915 0.848 - 

3008-2 rvol -520 -77 -657 -178 

 
NSE 0.895 0.913 0.824 0.978 

Fig. 7 shows box plots of the normalized peak flow residuals, normalized volumetric residual as well as 

RMSE and NSE for each of the four PS (n=11). For all PS, peak flows were reproduced with minor 

residuals, while there was a large spread of the volumetric residuals, with an indication, that PS- 

Q↓SM↓and PS- Q↑SM↓ (parameter sets based on calibrations for low initial soil moisture) tended to 

underestimate volumes and PS- Q↓SM↑ and PS- Q↑SM↑ overestimated volumes as seen in the hydrograph 

plots. Event 03/09 with low initial soil moisture conditions (below the average) was the source of outliers 
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in the data sets. Concerning the box plot means, PS- Q↓SM↓and PS- Q↑SM↑ achieved slighlty better 

results than the rest. 

 

 

Figure 7: Overall predictive performance of the calibrated model: Normalized peak flow residual, normalized volumetric 

residual, RMSE and NSE (light grey) produced by PS-Q↓SM↓ to PS-Q↑SM↑ (for each of n=11 samples). The top of the box is 

third quartile, the bottom the first quartile, the line in the box is the median and the whiskers show the lowest and highest values. 

Outliers are marked as asterisks. 

Independently of any specific parameter set, Figure 8a-c summarizes the performance of the model in 

reproducing various inflow conditions. It shows that independent of the parameter sets’ specific setting , 

predictions are the worst for low inflow rates (Q↓) and low initial soil moisture (SM↓). The least residuals 

and the best model predictive efficiencies were noted for the event combination PS-Q↑SM↑ indicating that 

the model calibrated with that specific parameter set is most robust.  

 

   

Figure 8: Box and whisker plots of the normalized volumetric residual, normalized peak flow residual and NSE for different 

inflow conditions and all parameter sets combined. 

3.4 Agreement between the observed and simulated soil water contents 

Soil water content measurements at the study site in the top 0.3 m soil layer indicated only minor water 

movement (Rujner et al. 2017, under review), which agrees well with the simulation results for the UZ. 
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While in the first computational layer (0.0-0.05 m) the maximum saturation was reached quickly, below 

0.175 m, no significant increase in water content occurs within the 1.5 h simulation period. However, the 

SWC referred to represented SWC averaged over a 0.21 m soil layer and showed immediate and large 

changes, which only applied to SWC changes in the modelled UZ for the first two computational layers 

(see Fig. 9). Thus, to achieve an equivalency between the field and simulated measurements, SWC of the 

depth-weighted average of the computational layers 1-8 (which is equivalent to 0 - 0.20 m of soil depth) 

was calculated, compared to the observed values, and the RMSE was calculated. 

 

Figure 9: Progression of soil wetting in the vertical direction at a selected point in the model over eight computational layers and 

their average (red full line) compared to the measured SWC (black dashed line). 

A sample diagram for one of the four calibration events, Fig. 10, shows the development of the mean 

SWC in the UZ and the measured SWC for five probe locations in the swale channel (OBS1=the closest to 

the swale inlet, OBS5 the closest to the outlet). Each of the simulated SWC is the depth-averaged SWC of 

eight computational layers of one UZ cell (where the SWC probe was located), which represents the top 

soil layer. Their θsat maximum limit of 0.455 m
3
m

-3
, corresponding to the highest observed saturation 

(measured at OBS1), was applied uniformly to all cells of the top UZ layers. Uniform θsat of the top UZ 

layers made simulated SWC, namely SIM2-SIM5, to be higher than observed. A θsat lower than the 

observed one would be in conflict with the initial SWC values, which were almost as high as θsat for high 

initial SWCs. 

The different parameter sets also affect UZ water movement after the inflow stopped. While the SWC for 

PS-Q↓SM↓, PS-Q↓SM↑ and PS-Q↑SM↑ stayed stagnant, the SWC for the PS-Q↑SM↓ kept increasing. 

 

Figure 10 Observed (full line) and simulated (dashed line) development of the SWC for PS-Q↓SM↓. 
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Table 7 lists the RMSE between simulated and measured SWC at five probe locations, OBS1-5. The 

greatest residuals were found for simulations with low initial soil moisture, the smallest for high initial soil 

moisture. PS-Q↓SM↑ simulates SWC with the least residuals, when focusing just on the UZ-layer 

averages. The reason for partly deviating agreement of the SWC can be explained by the limitation of 

having a single maximum SWC for the entire swale model, whereas in the field, the maximum reached 

SWC varied among probes. 

Table 7 RMSEs between observed and simulated SWC for five points along the swale bottom. 

PS Stat OBS-SIM 1 OBS-SIM 2 OBS-SIM 3 OBS-SIM 4 OBS-SIM 5 Average 

PS-Q↓SM↓ 

RMSE 

1.613 0.564 1.023 0.795 1.084 1.016 

PS-Q↓SM↑ 0.107 0.524 0.259 0.374 0.144 0.281 

PS-Q↑SM↓ 1.331 0.634 0.563 0.591 0.569 0.738 

PS-Q↑SM↑ 0.226 0.607 0.151 0.379 0.375 0.348 

 

4. Discussion 

Simulation runs with the calibrated Mike SHE confirm that a grass swale exposed to significant inflows 

functions mainly as a conveyance channel with minor attenuation of flow volumes and peaks. Due to the 

nature of irrigation experiments, Mike SHE was tested with respect to simulating the filling of swale 

channel soil storage and flow routing on gently inclined grass surfaces, for block-type inflow hydrographs. 

The outlet discharge could be reproduced by the model applied with high spatial and temporal resolutions, 

mostly with high agreements (NSE>0.8) between the observed and simulated hydrographs. In general, 

better agreement was achieved for runs with wet antecedent conditions and high inflow rates, but limited 

model sensitivity to changes in swale SWC was noted, as none of the applied model parameter sets 

produced satisfactory outlet discharges for increasingly dry antecedent conditions. Because of the 

relatively high hydraulic loading, the role of the unsaturated zone was of minor importance and consisted 

in controlling the supply of infiltration/saturation excess to the overland flow. After the swale inflow 

started, relatively fast soil saturation and the attainment of Ks infiltration rates could be reproduced in 

model simulations, with some storage in the upper UZ. 

 

A systematic manual calibration was favoured over an automatic calibration,  which is available for Mike 

SHE (DHI´s AUTOCAL) for the following reasons: the limited number of calibration parameters; a 

relatively homogeneous and simple swale structure in the form of a grass channel, and the interest in 

effects of soil-water calibration parameters needed for a better understanding of the results. In this regard, 

the calibration procedure strove to increase the validity of the calibration results and mitigate uncertainties 

which are associated with potential modeller’s subjectivity (related to pre-selecting parameter values, 

selection of model simplifications, selection of model internal numeric engines, etc.) by performing four 

event-based calibrations for representative events for the four inflow conditions. In general, the automatic 

calibration is beneficial when applied in multi-event calibration and for long time series, which was not 

the case in our study. Using typical parameter values from the literature and especially the previously 

obtained model parameters, Ksat and saturated soil water content describing the swale soil (Rujner et al. 

2017, under review), focussed the calibration efforts mainly on those parameters that regulate initial 

runoff infiltration (parameters of the retention curve and relative hydraulic conductivity of the top soil 

layer) and the hydraulic roughness/flow velocity of the overland flow, described by Manning n and 

depression storage. Because the swale acted as a conventional drainage channel at high flows, and a quasi-

block shape of the inflow hydrograph, it was relatively easy to reproduce the peak outflow and the timing 
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of the outflow hydrograph. Most of the calibration effort was spent on finding satisfactory agreements of 

the rising and falling hydrograph limbs, between the observed and simulated hydrographs. The goodness 

of fit between the observed and simulated hydrographs benefited from the inflow hydrograph shape with a 

constant peak flow. 

 

Typically, the capturing of spatial heterogeneity in modelling is limited by the number of field 

measurement points and further simplifications in the model will lead to a loss of information (Beven, 

2012). Input data to our model were provided in different spatial resolutions. The inputs measured in an 

earlier study (Rujner et al. 2017, under review) were either represented by a single value (Ks, θs), or were 

spatially averaged in (five) model subsections (initial SWC), or given in a high spatial detail, like the near-

surface irrigation and the topography. Such spatially defined inputs were then used in calculations for each 

of the 7,680 computational cells. Potential effects of the level of topographical detail on flow modelling in 

a vegetative filter were addressed by Helmers and Eisenhauer (2006) who noted significant effects on the 

simulated discharge hydrograph and recommended the use of an accurate spatial representation of the 

filter. Our simulation results confirm that recommendation.  

Water ponding occurring in the swale channel depressions was observed in the field and contributed to a 

better agreement between the observed and simulated hydrographs. With an exact cell-based assignment 

of the inflow and its direction, and the relative topographical accuracy, the locations of ponding could be 

well reproduced in simulations. Such a feature would be of particular interest when modelling the 

sedimentation or pollutant removal performance of LIDs with overland runoff. The vertical resolution of 

the soil profile into three soil layers was less relevant when dealing with high inflows, but served as a 

useful reference for soil moisture measurements. More important seemed to be the thicknesses of the 

upper computational layers. According to the Mike SHE user manual (DHI, 2017) increased detail will 

contribute to generation of surface runoff, which could be confirmed in the initial testing with thicker 

computational layers leading to less, or even no overland flow. 

Beside swale channel depressions, the parameters describing the swale roughness and influencing the time 

of concentration the most, Manning n and depression storage, had to be adjusted. Before proceeding with 

the systematic calibration, spatially variable Manning n was tested, but its effect was negligibly low. Thus, 

both Manning n and depression storage were assumed uniform over the entire swale length. Different 

modelling outcomes were obtained for low and high inflow rates, showing that both parameters depended 

on the inflow rate. While under dry initial conditions the calibrated Manning n was larger for low inflows 

(0.26) than for high inflows (0.2), under wet initial conditions, the opposite was true ( n = 0.18, compared 

to n = 0.11). The calibrated Manning n´s were in the range also found by other authors like Deletic and 

Fletcher (2006) reporting n’s for a grass swale of 0.05 to 0.2, Helmer and Eisenhauer (2006) reporting n = 

0.1 for a grass strip, and Rossman (2009) reporting n = 0.24 for a grass swale.  

The depression storage calibrated for dry initial conditions in the range from 3.1 to 10 mm was considered 

rather high. However, such values are comparable to those reported by Palla et al. (2015), who applied 

SWMM in modelling a LID unit, assumed 5 mm storage as representative for green areas. Krebs et al. 

(2014) calibrated SWMM in a relatively high-spatial resolution of urban catchments with LIDs and for 

lawn surfaces found the depression storage values ranging from 2.5 to 5 mm. In this study, much smaller 

values of calibrated depression storage were found for wet initial conditions, 0.5 mm for low inflow rates 

and 0.05 mm (~0 mm) for high inflow rates. Low depression storage was in agreement with the observed 

early generation of runoff in the swale. The applied multi-cell method considered a higher resolution of 

the topography (0.1x0.1 instead of 0.2x0.2) to adjust overland flow among cells. It was deemed beneficial 
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considering channel irregularities, the occurring ponding and the resulting flow attenuation, which would 

have been ignored by the coarser grid. 

 

The calibrated Van-Genuchten parameters greatly varied: αc,r = 0.004-0.11 and nc,r = 1.28 -4.85, and 

similar variations were also reported in the literature, with respect to the values derived from soil samples 

from a particular soil class and the subsequent fitting of the soil water retention curve. For loamy sand, 

Ghanbarian-Alavijeh et al. (2010) reported 0.024 ≤ αc,r ≤ 0.045 and 1.33 ≤ nc,r ≤ 2.56, and Stephens et al. 

(1987) reported for various sands  2.01 ≤ nc,r ≤ 5.15 and 0.018  ≤ αc,r ≤  0.11. Parameters αr and nr, in 

particular, change the ability of the soil to retain or release certain amounts of infiltrated water, whereas αc 

and nc , which are required for calculating the relative hydraulic conductivity, regulate how fast the soil 

saturation is reached. Therefore, sample values related to LIDs/Swales could not be found directly in the 

literature, although the soil water retention and relative hydraulic conductivity appear to be meaningful 

values for understanding the hydrology at the plot scale. The initial soil water content varied in space, both 

horizontally (in seven subsections) and vertically (in three depths). Uniform Ksat and θsat, together with the 

distributed initial SWC resulted in the attainment of soil saturation in swale sections after various flow 

durations, which followed various durations of water ponding; however, these sequences had no 

significance for the generation of outlet discharge. Concerning the peak flow and discharge volume, the 

simulations showed that the model was hardly sensitive to spatial variations of SWC, which resulted in 

higher volumetric residuals for events with low initial SWC. When looking at the average Nash-Sutcliffe 

model efficiencies of evaluation events, the parameter sets adjusted for wet conditions yielded slightly 

better performance values than those for dry conditions, supporting the finding that hydraulic processes 

prevail at this stage and that calibration/simulation for soils with higher hydraulic conductivities or initial 

dryness is more challenging. In this study the integrated effect of the unsaturated zone can be, therefore, 

described as a flow attenuation layer for the incoming block rainfall/runoff. The above discussion implies 

that in Mike SHE simulations, the routing of known quantities of inflow is well reproducible, but the 

underlying calibration process produced just a minor gain in understanding the role of the unsaturated 

zone and its potential effects of water retention and redistribution, and the antecedent soil moisture on the 

discharge hydrograph.  

Swale modelling is becoming more important with the increasing use and implementation of such 

facilities. Simulations of LID flows are in general as important as their monitoring studies, because they 

provide alternative insights into the performance of these practices with respect to hydrologic and water 

quality benefits (Ahiablame, 2012). To improve the confidence in model predictions, the understanding of 

physical processes in such facilities and of the applicable models is required. Besides the conceptual 

models, Mike SHE performed well in coupling main hydrological processes in high temporal and spatial 

resolutions. The two selected design storms of 2-month and 3-years return periods were too large to 

evaluate the hydrological features of a LID (grass swale) in detail; infiltration and retention testing on a 

continuous, multi-event basis with smaller rain intensities, would be required to take full advantage of the 

distributed Mike SHE model and to further assess the swale hydrology. The results of this study can, 

therefore, be perceived as an initial point for simulating small-scale LIDs with a process-oriented 

approach. 

 

5. Conclusions 

 

The feasibility of using Mike SHE for simulating the hydrological response of a grass swale to irrigation 

inflows was tested on a set of data for 12 swale irrigation experiments. Within the limitations of the 
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specific data set used and the small size of the tested runoff catchment, the following conclusions may be 

drawn: 

- Simulations with Mike SHE confirm that a grass swale exposed to significant inflows functions 

mainly as a conveyance channel with minor attenuation of flow volumes and peaks. The model 

reproduced the outlet hydrographs with good agreements (NSE>0.8) between the observed and 

simulated hydrographs. 

- Relatively high inflow rates to the swale revealed relatively minor importance of the unsaturated 

zone in swale flow formation, shown by the predominant adjustments for infiltration/saturation 

excess for generating overland flows (by reducing infiltration with relative hydraulic conductivity 

and soil retention curve parameters). 

- Four model calibrations with discrete events indicated that the soil parameters influencing the soil 

water content dependant hydraulic conductivity are the critical parameters for generation of 

surface runoff. 

- Model calibrations for events with low antecedent soil moisture conditions reduced the predictive 

efficiency of the model for other events with higher AMC, and calibrations against the events with 

high AMC resulted in better agreement between the observed and simulated discharge 

hydrographs. The highest Nash-Sutcliffe model efficiencies were found for calibration parameter 

sets reflecting high inflow and AMC values.  

- Good accuracy of modelled topography was beneficial for predicting locations of water ponding 

in the swale, which would be of interest when dealing with modelling sedimentation and pollutant 

removal performance of swales. 

- The model output was little sensitive to spatial variations of the soil water content, which resulted 

in larger residuals in simulated runoff peak flows and volumes, especially for dry AMC. This 

suggests that  calibrations / simulations for soils with higher hydraulic conductivities or very low 

initial soil moistures will be more challenging. 

- The presented study findings for modelling grass swale flows indicate a good potential of 

distributed hydrological models, like Mike SHE, to be applied in process-oriented simulations of 

swales and similar small-scale LIDs. 
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