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ABSTRACT

Evapotranspiration (ET) is a key parameter thduerfces the stormwater retention capacity,
and thus the hydrological performance, of greens.odhis paper investigates how the
moisture content in extensive green roofs variesgudry periods due to evapotranspiration.
The study is supported by 29 months continuousl frebnitoring of the moisture content

within four green roof test beds. The beds incaajeat three different substrates, with three
being vegetated with sedum and one left unvegetdéater content reflectometers were
located at three different soil depths to meashee doil moisture profile and to record

temporal changes in moisture content at a five-neimaisolution. The moisture content
vertical profiles varied consistently, with slightelevated moisture content levels being
recorded at the deepest substrate layer in thetategesystems. Daily moisture loss rates
were influenced by both temperature and moisturetecdn with reduced moisture

loss/evapotranspiration when the soil moisture vesdricted. The presence of vegetation

1



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

resulted in higher daily moisture loss. Finallyjsitdemonstrated that the observed moisture
content data can be accurately simulated usingdaologic model based on water balance
and two conventional Potential ET models (Hargreamad FAO56 Penman-Monteith)
combined with a soil moisture extraction functi@onfiguration-specific correction factors
have been proposed to account for differences leetvggeen roof systems and standard

reference crops.

KEYWORDS

Moisture content; Evapotranspiration; Green roodr@water management; Retention;

Substrate

1 INTRODUCTION

Recent trends of urbanization and climate change poportant challenges in urban areas,
including the increased risk of flooding (due taidage system surcharge) and pollution (due
to Combined Sewer Overflows and diffuse pollutiolt)is recognised that more resilient
stormwater management infrastructure is requiredh ustainable Drainage Systems
(SuDS) (and similar concepts worldwide) aiming éstore pre-development hydrological
conditions. Emerging concepts like Water Sensitiviean Design are driving researchers and
practitioners to investigate ‘green infrastructuthat, by including vegetation, can also
provide benefits to the ecosystem (e.g. mitigatirgat islands, promoting biodiversity,
enhancing water quality). SuDS include green ros¥gles, rain gardens, wet ponds, and
infiltration basins. Green roofs have the potential deliver significant stormwater
management benefits, especially in dense urbars c@here space is limited. Roof spaces
account for approximately 40-50% of the imperviauban surface area (Dunnett and

Kingsbury, 2004), and in view of the relative sinfy of installation, green roofs have the
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potential to be part of a treatment train, workingonjunction with multiple SuDS devices

to provide more beneficial stormwater managememt #my single element on its own.

Green roofs consist of a vegetative layer, supdolig a growing medium (substrate)
installed above a filtration geosynthetic layer andrainage layer. This study focuses on
extensive green roofs, which are characterized hiygnér substrate depths (generally <
150 mm). Extensive green roofs have greater pateotiwide-scale adoption than intensive
green roofs, where significant structural loadirapsiderations restrict application. The
limitation of extensive type systems is that a leledr substrate has a lower, and finite,
stormwater retention capacity (e.g. 20 mm as oleseby Stovin et al. (2012) in an 80 mm
substrate roof) and is more likely to experiencrieted moisture conditions and plant stress
during prolonged dry periods. Several studies haimeed at evaluating the hydrological
performance of green roofs through field monitononggrammes (see Palla et al. (2010), and
Stovin et al. (2012) for an overview). It is evidenat the roof’s ability to retain stormwater
is highly sensitive to the initial moisture conditiof the green roof system prior to a rainfall
event. This is controlled by the evapotranspirafiém) process during dry periods. A better
understanding of the moisture content behaviouindudry periods due to ET will have
important implications for stormwater managemerd ahould lead to the development of
more accurate modelling approaches for long-termukitions. Such predictions are
necessary to support decision-making in stormwateragement; both in terms of projecting
green roof performance in response to changingatilmscenarios (Stovin et al., 2013) and

for estimating plant stress conditions (and thesegument need for irrigation treatments).

Several recent research projects have focused oméasurement of ET from green roof
systems, and on the development of appropriate Bdeiting tools. In some of the earliest
studies undertaken by Kohler at Neubrandenburg,m@ey (Kohler, 2004) weighing

lysimeters were incorporated within green roof eyst to quantify the water balance. More
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recently, Berghage et al. (2007), Voyde et al. ®0dnd Poé and Stovin (2012) have used
load cells to monitor moisture losses from greesf microcosms under controlled climatic
conditions. Green roof systems are typically nogated, and actual ET rates fall with time
following a rainfall event, as the available moistubecomes increasingly restricted.
Berghage et al. (2007) and Voyde et al. (2010)titled differences in actual ET between
plant species, and both proposed temporal decatiaeships to model the observed
reductions in ET over time. However, Stovin et(a013) have argued that it is the substrate
moisture content, rather than time, that directliedaines the difference between actual and
potential ET rates. Several authors (e.g. Reza@()52 Kasmin et al.,, 2010) have
demonstrated that standard agricultural methogsegdicting potential ET are transferable to
the prediction of observed ET rates from green reg$tems, although crop/system
coefficients may be required to account for the -s@mdard vegetation and substrates.
Recently, some authors have used closed atmospitembers to quantify ET on full-scale
green roof installations (e.g. Coutts et al., 20Mhilst lysimeter and surface-mounted
climate chamber-based experiments provide a dimsasurer of total moisture loss due to
ET, this includes changes in the moisture contetitinvthe vegetation, and does not provide
a direct indication of the actual substrate moestontent, or its vertical distribution. Palla et
al. (2009) have demonstrated the value of dirdsstsate moisture content measurements for

the development and validation of accurate moisiuremodels.

The moisture content behaviour during dry periasfluenced by plant species, substrate
characteristics and climatic conditions. Studiethanlaboratory, under controlled conditions,
facilitate the simulation of extreme hydrologicalnditions that can enhance understanding
of key controlling parameters (Yio et al, 2013) atsb underpin the development of novel
substrate compositions that can be optimized fotemeetention - for example by using

additives (Emilsson et al., 2012; Farrel et al., 0However, climatic variables cannot
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easily been taken into consideration through lalboyastudies. For this reason, the present
study focuses on a long-term field monitoring pesgme which commenced at the

University of Sheffield, UK in March 2011.

1.1 Objectives

The main objective of the research was to utilise# neisture content data from four green
roof test beds collected over 29 months continufseisi monitoring to understand the
hydrological processes occurring within green reggtems during dry periods. In particular,
the analysis focused on the vertical moisture aunpeofile and the behaviour of moisture
content with respect to time. It was expected thattemporal changes in substrate moisture
content would relate to climatic conditions andtie initial moisture content, as well as to

the substrate physical characteristics and thespoesof vegetation.

An additional objective was to investigate the jjmbt/ of simulating the temporal changes
in moisture content using a hydrologic model basedwater balance, an estimate of
Potential ET and a soil moisture extraction functidhe final objective was to assess
whether correction factors would be required tooaot for the differences between green

roof systems and standard reference crops and soils

2 METHODOLOGY

2.1 Theexperimental setup

2.1.1 Thetest beds

The research was conducted at the University offélteks Green Roof Centre. The test site
is located on a fifth-floor terrace of the Sir Rabdadfield building (53.3816, -1.4773) and
consists of 9 green roof test beds (TB) which vapgtematically in their substrate

composition and vegetation options. This experimeas established in summer 2009 and
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data have been collected since April 2010 to as$esgxtent to which substrate type and
vegetation treatment affect long-term runoff re@miand detention performance (Poé et al,
2011). In March 2011, four of these test beds wecmipped with water content
reflectometers for continuous moisture content mesament. This study is based on the data
collected from these four test beds. Each testi®&dm long x 1 m wide, installed to a 1.5°
slope. The TBs are located at a height of 1 m ablowéerrace roof surface (Fig. 1). The TBs
consist of an impervious hard plastic tray bas#ragnage layer (ZinCo Floradrain FD 25-E),
a filter sheet (ZinCo Systemfilter SF), and ondloke substrates (80 mm deep). Three test
beds are vegetated with Alumasc Blackdown Sedum(Wiit, TB2 and TB3) and the fourth
test bed has no vegetation (Tf84Sedum was chosen because it is the most commonly
adopted plant in green roof applications due tadterance to extreme temperatures, high
wind speeds and limited water consumption requiream@/anWoert et al., 2005). With the
intention of providing universally-applicable fimdjs, two commercially-available substrates
manufactured by Alumasc — Heather with Lavenders8ate (HLS) (TB1 and TB4) and
Sedum Carpet Substrate (SCS) (TB2) — were consigdongside a bespoke substrate based

on the widely used Lightweight Expanded Clay Agaite LECA) (TB3).

The experimental setup includes a Campbell Scientitather station that records hourly
wind speed, temperature, solar radiation, relatmmnidity and barometric pressure. Rainfall
depth was measured at one minute intervals usieg 2 mm resolution ARG-100 tipping

bucket rain gauges manufactured by Environmentahaddees Ltd. Runoff was measured
volumetrically through collection tanks equippeditwa Druck Inc. PDCR 1830 pressure
transducers. The collection tank located under @¢ash bed was designed for increased
measurement sensitivity at the beginning of eastfathevent and to avoid direct discharge

on the sensor. The pressure transducers wereatatibon site. A solenoid electronic valve

1 This test bed is TB7 in the full test set presertgdoé et al. (2011). However, it is referred $oT84 here as
only four of the beds were instrumented for moisttontent measurements.
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empties the tank when maximum capacity is reachetl every day at 14:00. Runoff is
recorded at 1 minute intervals. Data are recorbemlgh a Campbell Scientific CR3000 data

logger.

During this monitoring programme the sedum vegetatvas well established with good

surface cove rage.

2.1.2 Moisturecontent measurements

Water content reflectometers were located at tdiferent soil depths to measure the soil
moisture profile and behaviour in the four test edhe sensors used were Campbell
Scientific CS616 Water Content Reflectometer (CaglipBcientific Inc., 2006). The probes
were installed horizontally at the centre of eaett bed and the rods were located at 20 mm
(bottom), 40 mm (mid) and 60 mm (top) above therdige layer and filter sheet (as shown
in Fig. 1). Considering the proximity of the prokiaseach test bed, the rods of the mid and
top probes were installed at 90° and 180° respalgtivom the lower one, in order to avoid
distortion of the measurement reading taken byetiabled probe. The orientation of each
probe was pre-determined to ensure that the wicksat interfere with the accuracy of the
measurements from nearby probes. Furthermore,diol &vter-probe interference, the probes
are differentially-enabled, with each of the foubsscans measuring three probes in different

test beds. Moisture content measurements wereded@t 5 minute intervals.

Considering the specificity of the substrates ugshd, 12 sensors were calibrated in the
laboratory using the three substrates monitoretthenfield (Kelleners et al., 2005; Seyfried
and Murdock, 2001; Western and Seyfried, 2005).9uwé content during calibration ranged
between 0.05 and 0.40°m. The actual moisture conter®t) (at each calibration condition

was measured by drying the soil to constant wefghtil change in weight was less than

0.5%) at 110°C from 24 to 40 hours and multiplyiog the measured bulk density. The
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temperature in the laboratory was 20°C, and theossengere also tested at 30, 35 and 40°C.
It was confirmed that the effect of temperaturengeafor higher temperatures could be
compensated for by applying the correction equapivided by Campbell Scientific and

proposed by Western and Seyfried (2005).

[Approximate location of Figure 1]

2.1.3 Substrate characteristics

HLS is a semi-intensive commercial substrate witichsists of crushed bricks and pumice
(ZincolitPlus), enriched with organic matter inclagicompost with fibre and clay materials
(Zincohum) (ZinCo GmbH). The SCS Substrate is acglpextensive green roof substrate
consisting of crushed bricks (Zincolit), enrichedhaZincohum. The organic content in HLS
is greater than in SCS. The LECA-based substrattacs 80% LECA, 10% loam (John
Innes No. 1) and 10% compost by volume. Laboratesys of these substrates were carried
out according to th&uidelines for the Planning, Construction and Maintenance of Green
Roofing of the German Landscape Development and Landsgdpasearch Society (FLL,
2008). The tests performed included Particle Simgribution (PSD), apparent density (dry
condition and at max water capacity), total poreun@, maximum water holding capacity
(MWHC), permeability and organic content (Table TY. address the uncertainty associated
with subsampling heterogeneous mixtures, a samplidtes was used and 3-6 replicate

samples were tested, depending on the analysis.

Soil-moisture release curves for the three sulestratre determined using the pressure plate
extraction method (Carter, 1993; Soil Moisture Ppguent Corp., 2008). The moisture
release curve expresses the relationship betweendisture contenf), and the soil moisture
potential,y. The principle of this test is to gradually extraater from initially-saturated

samples by applying increasing pressures. The tmgulcurve provides important
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information regarding the plant available wate¥, moisture content values between MWHC
(field capacity) and the permanent wilting pointel& capacity defines the condition when
the substrate can hold no more moisture under tgraamd corresponds to 0.33 bar suction,
whilst the permanent wilting point defines the loviienit to plant available moisture, and
corresponds to 15 bar suction (Fassman and Sim@0dR; Hillel, 1971). A 1600 Pressure
Plate Extractor 5 bar and a 1500F1 Pressure Phdradior 15 bar manufactured by Soil
Moisture Equipment Corporation were used for thigrppse. Due to the specific
characteristics of the green roof substrates thedstrd test procedure proposed by the
manufacturer was slightly modified. A wet strengibe filter paper (Whatman No. 113) was
attached to the bottom of the sample rings to awwoidection of sample residues on the
ceramic plate at the end of the test. A mixtur&asdlin and water was spread on the ceramic

plate to ensure contact between the sample anzkthenic plate.

The physical characteristics of the substratesrgperted in Table 1, while the PSD and

moisture release curve are shown in Fig. 2. Toesddthe uncertainty of testing substrates
consisting of heterogeneous mixtures of differerdtarials, tests were conducted using
different batches of substrates. It was observed ifdividual batches of each specific

material provided different results. Often the rawaterials composing the substrates are
sourced by different suppliers, resulting in matedharacteristics per batch that vary from
the nominal expected values. For this reason, @ékelts presented in this paper refer to the

specific batches used in the field installation.

In general the three substrates, although diffeirecomposition and material, have similar
PSD curves, albeit with HLS characterized by a higtv@portion of finer particles. The
similarities are not surprising considering that three substrates were developed according
to the FLL guidelines, which restrict the rangepefmissible granulometric distributions.

The MWHC of HLS from the laboratory test is 41.2 8tightly higher than the SCS and

9
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LECA substrates due to its higher organic conteuwt fner gradation. While HLS and SCS
have similar characteristics, the LECA is a lightyl®, low density substrate characterized
by higher porosity and higher organic content. hasture release curve obtained through
the pressure extraction test did not provide megduoinresults for the LECA, as the

characteristics of the material proved to be uablet for the test. The HLS and SCS
substrates have similar moisture release curvesjstent with their soil characteristics. The
wilting point is reached at 9.0 and 8.9 % voluneetrioisture content respectively for HLS
and SCS. A slight deviation in moisture releaseshswn when the volumetric moisture
content falls below 18%, with lower moisture rekedsom the SCS substrate below this
datum. When moisture conditions are restrictedpwel1% moisture content, the same
moisture release behaviour was observed for thestostrates. The MWHC values obtained
from this test were lower than the values resultirgm FLL tests (25.0 and 22.4 %

volumetric moisture content respectively for HLSI&®CS). It is possible that the sieving
procedure needed for the preparation of the saaffdeted the test at low pressure (i.e. field
capacity). Also, the smaller volume of sample regpifor this test could lead to errors due to
subsampling and/or boundary effects. In this sémséMWHC obtained through the FLL test

are more representative of the characteristicketutbstrates.

[Approximate location of Table 1]

[Approximate location of Figure 2]

2.2 Dataanalysis

Data from the individual moisture content probes waamined in detail for the month of
May 2012. This period was selected due to the poesef several rainfall events (total
rainfall = 51.6 mm), and dry periods (including s®edected for further analysis) and because

the climatic conditions recorded (high temperatame solar radiation) should enhance any
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impact associated with the presence of vegetalibis data was used to investigate vertical
moisture content profiles and to confirm that theasured moisture content fluctuations were
consistent with the expected hydrological processesirring in response to rainfall and dry

periods.

Individual storm events were defined as being sepdrby continuous dry periods of at least
6 hours. Five specific Dry Weather Periods (DWP)enselected from the data record for
detailed analysis. These were selected to givepeesentative range of different climatic

conditions and initial substrate moisture contespth-averaged moisture content values

enabled comparisons between the four TBs to be made

The daily moisture loss, during DWP, was calculaedhe difference of the average daily
moisture content of two consecutive days. Meanraadian daily loss rates were calculated
over the full duration of each of the five DWPs, andisture loss with respect to time was

also considered.

2.3 Modeling moisture losses during dry periodsin green roof systems

The water balance equation (Equation 1) was ussihtolate the moisture content behaviour
during dry periods. Given the present focus on weather periods, precipitation (P) and

runoff (R) are assumed to be zero, and it is asduhed the moisture loss is solely due to ET:

ET is calculated using the basic form of the Sadidture Extraction Function (SMEF) model
(Zhao et al., 2013) that estimates actual ET unctanditions of restricted moisture
availability. The basic form of the SMEF method @&tjon 2) describes ET at a generic time
t as a function of potential evapotranspiration (PEfthe timet multiplied by the ratio of

actual moisture contenf] to the moisture content at field capaciyd):
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0
ET, = PET, - e—t 2)
FC

This method was used by Stovin et al. (2013) toutate ET in a hydrological flux model
developed for long term simulation of green roo$teyns and was validated against data
monitored on a green roof test bed in Sheffield, With similar characteristics to the one
used in this study. PET refers to the expecteddd associated with a reference crop under
well watered conditions. Oudin et al. (2005) anda@het al. (2013) report many PET
formulae proposed in the hydrological and agricaltscience literature. Two PET models
were used in this study: a temperature based equttat requires limited input data, 1985
Hargreaves equation (Hargreaves and Samani, 198b}he energy balance-aerodynamic
FAO-56 Penman Monteith equation (Allen et al., 199%he Hargreaves method estimates
daily grass reference PET from climatic conditioftemperature) and extraterrestrial
radiation calculated as a function of latitude alag of the year. The method of Hargreaves
and Samani best estimated daily ET among empintadels based only on temperature
(Allen et al., 1998; Hargreaves and Allen, 2008nfisu et al., 2003; Jensen et al., 1990). The
FAO-56 Penman-Monteith model is the model recommadndy FAO and the World
Meteorological Organization (WMO) to estimate refese PET from a grass surface (Allen
et al., 1998). This method has been shown to peo@dbetter prediction amongst other
methods for green roofs (Hilten, 2005). These mithand equations are described in Jensen

et al. (1990).

The model initial moisture condition®of were set equal to the observed data at the
beginning of each dry period for the three vegetasystems. The model has been
implemented at an hourly time step. PET was caledlasing daily recorded minimum and
maximum temperature and relative humidity, meanyd@&mperature, solar radiation and

wind speed. Hourly PET was assumed equal to dady/®4. It is recognised that this

12
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simplification ignores the diurnal cycle, but tolakses over longer periods are correctly

represented.

The model results were evaluated through graphieahniques and three quantitative
statistics: Nash-Sutcliffe efficiency (NSE), pertdmas (PBIAS) and the ratio of the root
square error to the standard deviation of meastaa (RSR) as recommended by Moriasi et
al. (2007). NSE is a normalized statistic expressimg relative magnitude of the residual
variance compared to the measured data varianceh(Mad Sutcliffe, 1970). PBIAS
represents the deviation of the simulated data ftieenobserved values, the optimal value
being 0.0 and positive and negative values indigatmodel underestimation or
overestimation bias respectively (Gupta et al.,99%he RSR includes a commonly used
error index statistic and it is normalized by alisgafactor that allows comparison with
different parameters (Moriasi et al., 2007; Singhle2004). Model simulation can be judged
good or very good, respectively if 0.65<NSED.75 or 0.75<NSE 1.00 and 0.50< RSR0.60

or 0.00<RSRO0.50 irrespective of the parameter or constituealysed. A recommendation
for PBIAS < * 10% forvery good performance and +¥PBIAS<+ 15% for good
performance is provided for streamflow data. Thmesanodel performance ratings were

applied here.

The same model evaluation method was used to peogreen roof system factors (Ks)
specific for the configurations tested, as desdribg equation 3. This coefficient takes into
consideration the specificity of green roof sulissaand the difference between the tested
sedum vegetation and the reference grass crogiRET models used. When accounting for
differences in vegetation, this factor is ofterereéd to as the crop coefficient. Coefficients
were derived by using the method of least squares.

0
ET, = PET, - e—t - K, (3)
FC

13



312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

3 RESULTS

3.1 Characterization of the monitored dry weather periods

The 29 months rainfall record contained 641 rairdaents and DWPs. Of these events, 32
can be considered significant, being characterizgd return period greater than 1 year
(Stovin et al., 2012). The probability density ftioo of the corresponding DWPs showed
that 10 % of the DWPs were greater than 4 days.niéan and median DWP values were
respectively 39.8 and 20.5 hours, and the maximalnevwas 18.4 days. The climate in
Sheffield is generally temperate with an average.B824dm of rain per year (source MET

office data series 1971-2000). A detailed analgsiSheffield’s climate is reported in Stovin

et al. (2012).

Because the aim of this study was to investigateribesture content behaviour during dry
periods, five DWPs were selected in which no rdiné& runoff was observed for a
continuous period of at least ten days. The DWP=® whkassified as corresponding to either
‘cooler’ or ‘warmer’ periods. If compared to thenshtic data series 1971-2000 for Sheffield,
UK (source Met Office), conditions in the two caoleeriods (March and April 2011)
correspond to typical conditions in spring with me@mperatures of 8.5 and 12.6°C.
Conditions during the three warmer periods (Jult0May 2012 and July 2012) were
comparable to typical summer conditions in Sheffighean temperatures between 17.1 and

19.8°C).

The initial moisture contentp, is expected to influence moisture loss rates.damh of the
DWPs considered, the absolute valueSgfind the ratios dfo:MWHC vary between beds.
In TB1 and TB2, for example, a ‘higltlo implies 6o:MWHC > 0.85, mediunfo implies
8o:MWHC > 0.70 and lowdo implies 6o:MWHC < 0.6. In the LECA-based substrate the

correspondindo and 6o:MWHC are lower. The two cooler periods were chtemared by
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medium and lowdo respectively, whilst the three warmer periods egponded to high,

medium and lowo. The characteristics of the selected DWPs are tegham Table 2.

[Approximate location of Table 2]

3.2 Moisture content fluctuations during May 2012

Fig. 3 shows the temporal variations in moisturetent at 20, 40, and 60 mm depth from the
substrate surface during the month of May 2012Herfour tested green roof configurations.

The rainfall hyetograph and runoff hydrograph agorted in the same figure.

In general it may be seen that the substrate nmeistontent decreases during dry periods,
and that moisture levels are restored to their mari value (i.e. field capacity) during the
larger rainfall events, which also result in run@bme of the smaller rainfall events result in
increases in the substrate moisture content, lmuirsufficient to restore moisture to field

capacity or to generate runoff from the green roof.

The data show consistent behaviour during dry asidperiods and provide confidence in the

quality of the moisture measurements through catiéar water content reflectometers.

Considering the vertical profile, moisture contgaeherally increases with depth, although in
all four cases the differences between the topramtddepth values are small. In the three
vegetated beds (TB1, TB2 and TB3), the moistureesimear the bed is elevated by 10-20%
compared with the upper part of the profile. Duniagfall events, this may be expected, due
to the high permeability of green roof substrat®ther studies showed that moisture
measurement revealed higher moisture content indteper layers (Palla et al., 2009).
Furthermore, the presence of a vertical gradieng reflect both preferential drying at the

surface and the effects of substrate compactioragashg which can lead to leaching of fines

into the lower layers of the substrate (Morbidedti al., 2011; 2013). However, the
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unvegetated bed, TB4, exhibits no significant waltgradient, suggesting that the presence
of vegetation and root systems contributes to theeldpment of the vertical profile. The
maximum moisture content in TB1 is also consistehitjher than TB4, which suggests that
the moisture retention effects of plant roots mayehan influence on the effective field

capacity of a green roof system.

It may be noted that substrate characteristicstaffee moisture content vertical profile. The
HLS and LECA result in a higher moisture contenadignt compared with the SCS,
probably due to their higher organic content. Thiekknce between the moisture content in
the bottom layer and the layers above is most prooed for the LECA. This may reflect the
LECA’s high proportion of similarly-sized large piates combined with a relatively high

proportion of fines. The higher porosity of the LA@Iso results in more rapid variation of

the moisture content during drying and wetting egcl

The data presented in Fig. 3 suggests that, althouggtical profiles clearly exist, the
temporal changes in moisture content are extregwigistent throughout the substrate depth.
For this type of extensive (shallow), green roo$teyn, this justifies the use of a depth-

averaged moisture content value for each bed inesulest analysis.

Regular diurnal fluctuations are evident throughthvet substrate depth. The daily fluctuation
corresponds to temperature variations, with a ddélgrease of the moisture content during
the central warmer hours of the day reflectingdgpET daily cycles (Poé and Stovin, 2012;
Voyde et al., 2010a). There is some evidence okt gain during the early hours of the

day, which is believed to result from condensation.

[Approximate location of Figure 3]
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3.3 Moisture content during five selected DWPs

In Fig. 4 the depth-averaged moisture content effthur test beds is plotted together with the
hourly temperature for the five DWPs characteribgdifferent initial moisture conditions

and temperature.

As already observed in Fig. 3, it can be clearlgns¢hat the diurnal moisture content
variation mirrors the hourly temperature. Betwes tivo cooler periods of March and April

2011, 7 minor rainfall events with a total depthldf4 mm occurred. These events did not
alter the moisture content within the vegetateds,0out did increase the moisture content in

the non-vegetated bed. This can be explained kyception by the well-established plants.

The rate of moisture loss is similar for the vetgdabeds, while it is lower for the non-

vegetated one, thus showing the role of plant piaaton.

Irrespective of climatic conditions, changes in staie content show a consistent influence
of substrate moisture content. This is evident wt@mparing the cooler periods of March
and April 2011 with the warmer period of May 2082milar behaviour is observed between
the vegetated HLS and SCS test beds, as expectesidenong the similar substrate
characteristics. It can be noted that at the vottimenoisture content of approximately 0.15
m®m= the two curves cross over, indicating lower maprtential in the HLS. This can be
explained by its slightly higher porosity. When stare conditions are restricted (see July
2013 in Fig. 4) the same moisture release behawias observed for HLS and SCS. This
behaviour was observed in the soil-moisture charestic curves obtained in the pressure

plate extraction test (Fig. 2).

In the vegetated test beds, it is clear that thieckaracteristics influence the initial moisture
content, with higher MWHC corresponding to higherconsistently in the order HLS > SCS

>> LECA.
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[Approximate location of Figure 4]

3.4 Daily moisturelossrate

The mean, median and standard deviation of the dadlisture loss and climatic conditions

observed for each DWP are reported in Table 2.

The DWPs of March 2011 and May 2012 were charadrby similar, mediumfo and
similar DWP duration. It may be seen that the warpe¥iod had approximately double the
moisture loss rate compared with the cooler per@ukcifically, mean values of 0.76, 0.81
and 0.79 mm/day were observed in March 2011 and, 1.83, and 1.39 mm/day in May
2012 respectively for HLS, SCS and LECA. Compatiing DWP of April 2011 and July
2013, both characterized by lddy and similar duration, it may be concluded that,reire
this case, climatic conditions influenced the moistoss, with mean values of 0.41, 0.28 and
0.13 mm/day in cooler periods and 0.76, 0.66, ar#8 Gnm/day in ‘warmer’ periods

respectively for HLS, SCS and LECA.

Moisture loss data from the three warmer DWPs conthe strong influence of moisture
content on the moisture loss rate. The DWPs areactezized by very similar climatic
conditions, but the resulting average moisture \@ses - showing July 2012 > May 2012 >

July 2013 for the vegetated test beds - dependamidy.

The DWP of July 2013 lasted 16 days and, as shonthéolower median values of moisture
loss especially for LECA, high moisture stress ¢boids occurred. Plant stress was observed
after 11 days in HLS and SCS and after 5 days ®CA. If only the days in which the
moisture content was higher than 0.0 are considered, the resulting average moisture
loss values were 1.02, 0.84, and 0.79 mm/day, stéhdard deviation of 0.47, 0.44 and 0.20

respectively for HLS, SCS and LECA. These resuftgompared with the other DWPs,
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consistently confirm the previous conclusions on itifeience of climatic conditions and

initial moisture content.
In Fig. 5 the daily moisture loss rates are plottegkther with daily climatic data.

It may be seen that the moisture loss rate mirtiees highly varying climatic conditions
within these periods. During the March 2011 perifod,example, a decrease in temperature
and solar radiation and an increase in relativeitiilynbetween the 25and 2% March are
reflected in a decrease in moisture across all TBg is more apparent in warmer periods
where high variability was observed also in theyvesstricted moisture conditions of July

2013.

LECA and the non-vegetated HLS generally showedhighest initial moisture loss. This
was expected due to the higher porosity of LECA tallack of vegetation respectively.
However, after the first days of the DWPs, the kgjihmoisture losses were recorded in the
vegetated HLS and SCS, with the peak rates obsearveday 2012 due to the higher

temperature, solar radiation and wind speed reddogiehe end of month.

A decrease in the moisture loss with time was oleskin warmer periods or in moisture
restricted conditions. However, here the effectnaiisture restrictions is largely masked by
the variability of climatic conditions and less @ent than results from other experimental
studies (Berghage et al., 2007; Voyde et al., 2@H@) in the laboratory in more controlled
conditions (Poé and Stovin, 2012). In the everiWlafch 2011 the daily moisture loss did not
show any decrease because the moisture availaba@ihained high and the climate was
temperate. It can be noted also that the differ@aoeong green roof configurations are more

apparent in the warmer periods.

[Approximate location of Figure 5]
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3.5 Plant transpiration

In Fig. 6 the cumulative moisture loss over timelstted for the five DWPs for TB1 and
TB4, which are characterized by the same substate respectively with and without
vegetation. Similar moisture loss rates were obseatethe beginning of each DWP. The
effect of plant transpiration is more evident aféefew dry days when the level of initial
moisture content was medium to low (May 2012 anddd&011). In March 2011, higher
moisture losses occurred in TB1 after the 6th dry dae to transpiration, even when

temperatures fell (Fig. 5).

In non-restricted moisture content conditions, Emmoisture losses were observed in both
beds at the end of the 10 day DWP in July 2012li¢tan this DWP, higher moisture loss

rates were observed in the unvegetated bed. Thgests that whilst the planted beds may be
better at conserving moisture and resisting drquiifese beds will have a lower retention

capacity for stormwater runoff compared with anegetated system.

In low initial moisture content conditions, the exft of plant transpiration is not evident and
similar moisture loss rates were observed untilpllaat stressed conditions and wilting point
were approached at the 11th day of July 2013 (sp&rd-4). In this case, evaporation was

higher in TB4 due to the higher initial moisturentent (see Table 2).

[Approximate location of Figure 6]

4 COMPARISONWITH MODELLED DATA

The field data presented above has established dltabugh substrate moisture loss is
strongly correlated with temperature, moisture l@ges fall when the moisture available for
ET is restricted. In unrestricted moisture condiioih is reasonable to expect that a standard
prediction of Potential ET should provide a usedgtimate of the observed moisture loss,
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although it is important to appreciate that an Eiingate includes plant moisture losses in
addition to substrate moisture losses. It shoutb de noted that the green roof system

components differ in many respects from standdeteace crops.

Figure 7 clearly shows that the observed daily tnogsloss rates are dependent upon the
available soil moisture. Rather than show the altsahoisture loss rates, which are strongly
influenced by fluctuations in climate, the obserwedues are plotted relative to the PET
value calculated with the 1985 Hargreaves methdithogh the data are scattered, there is a
clear trend in each case, confirming that moistass (and by implication ET) is controlled
by moisture availability. The linear relationshipnéirms that a SMEF in the form of

Equation 2 is suitable for this type of data.

For TB3 (LECA), the moisture loss in unrestrictezhditions is approximately equal to the
predicted PET. However, for the HLS and SCS sutestyaPET in unrestricted moisture
conditions does not provide a good estimate ofddiéy moisture loss, overestimating the
observed values, and the results suggest thatyit@appropriate to apply a system-specific

correction factor.

[Approximate location of Figure 7]

4.1 Modd implementation

Three variants of the moisture loss model (Equatibio 3) were applied. Initially Equation
1 alone was applied, using both the 1985 Hargreandd-AO 56 Penman-Monteith methods
to predict the relevant daily ET values. Subsequtenations of the model introduced the
SMEF (Equation 2) and finally Equation 2 was subtd with Equation 3 to include Ks, the
system-specific correction factor. Appropriate ¢ioefnt values were identified using least-
squares optimisation. Ks values were determinec&oh of the vegetated test beds, for the

complete set of DWP data combined (Table 3). THaragation was based on a comparison
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between the measured and modelled moisture comdg¢siat each hourly time-step. By using
1985 Hargreaves method for PET the obtained Ksegalwere 0.68, 0.64 and 1.36,
respectively for HLS, SCS and LECA. Slightly di#et values were obtained by using FAO

56 Penman-Monteith method: 0.69, 0.65 and 1.3@ewely for HLS, SCS and LECA.

Fig. 8 compares the three model implementationk witéasured data corresponding to two
‘warmer’ DWPs, July 2012 and July 2013. These DWi#se characterized by high and low
Bo respectivelyDifferences between the two PET estimates werdaurtd to be significant;

for clarity only the results based on the Hargreawnethod are included in the figure.

By failing to take into account the effects of muore restriction on actual ET rates, the
simplest model (labelled Hargreaves in Fig. 8)niigantly overestimates moisture loss in
the green roof substrates. No further analysidigfrinodel is presented. However, it may be
seen that the predictions based on Hargreaves +FSME considerably better. Model
performance statistics for the PET + SMEF modeluatan are reported in Table 4 for all
five DWPs and for each vegetated test bed. It neagden from this that the model predicts
the response in the LECA substrate satisfactogigod to very good NSE and RSR),
however PBIAS was only satisfactory. In general thedel underestimated the moisture
losses in time (PBIAS<O0). This is due to the spedaiharacteristics of the LECA, highly
porous substrate based on expanded clay. The rdmbiebt provide a satisfactory prediction
for the July 2013 DWP. This can be explained bynhhigestricted moisture conditions that
led to the substrate becoming completely dry withidays. As might be expected from Fig.
7, the models for both HLS and SCS overestimatednbisture losses (PBIAS>0), except
for when the moisture content was very low. Of thhe PET models, both provided similar
accuracy. However, in view of the fact that 1985dfleaves requires less input data, this

approach is preferable.
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[Approximate location of Figure 8]

[Approximate location of Table 3]

Ks was introduced in the final implementation o tmoisture loss model. The single ‘all
data’ substrate-specific Ks values have been apjplid-ig. 8. The derived Ks values led to
significant improvements in the model performara®,shown in Fig. 8 and Table 5. It is
therefore proposed to use the 1985 Hargreaves mdtroBET together with a SMEF

function and Ks values of 0.68, 0.64, and 1.36 dtimeate moisture losses in green roof

characterized by HLS, SCS and LECA substrates ctisply and sedum vegetation.

Ks values were determined also for individual DWPable 3) and revealed a high level of
consistency across all five DWPs. Although notidgalifferent values were observed for the
exceptionally-dry DWP of July 2013, such extreme shoe-stressed conditions are
relatively rare, and any uncertainties in theirineation are not critical for stormwater
management applications. However, this may suggastfurther refinement of the model is
required to fully-capture the moisture content b&ba in highly moisture-stressed
conditions. The selected DWPs are limited in nunavet it is not possible to say whether the
differences in optimised Ks values for differenteris on the same test bed reflect real
changes in substrate or vegetation or whether they compensating for errors or
uncertainties in the prediction of PET. Nonetheleke derived system-specific Ks values

clearly provide an improvement in the overall parfance of the ET predictions.

[Approximate location of Table 4]

[Approximate location of Table 5]
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5 DISCUSSION

5.1 Observed substrate characteristics

The apparent field capacity observed in the masttantent data should correspond to the
MWHC obtained through FLL laboratory tests. Figc@nfirms that similar values were
obtained, although moisture levels in the unvegetaied are lower than expected. It has also
been observed that in warmer spring and summeogseriwhen the rainfall event is
characterized by a longer previous DWP, the appdielot capacity is reduced relative to
MWHC. This can be explained by the fact that thé fésts are performed on pre-saturated
substrate and do not take into consideration thesgmce of the plant root system that
influences the substrate structure or the fact dmatsubstrates require wetting before their
full moisture retention capacity is restored. Contjmen of the substrate in the field can also
lead to different behaviour during wetting and dgycycles and the possibility of preferential
paths for runoff. Furthermore, the organic mateagagubject to decomposition and probably
compaction in time, thus changing the substratecgire and behaviour. Similar issues were
discussed by Fassman and Simcock (2012), and furésearch is required to properly
establish the relationships between the FLL-deriVBYHC, the pF curve-derived MWHC
and actual values of moisture content observegerational and aging vegetated green roof

systems.

5.2 Average moisturelossrate

The mean values of substrate moisture loss prasémt€able 2 provide a useful practical
indication of moisture loss rates that might beested over periods of similar duration to the
observed ones (approximately 10 days) as a funcfimimate and of the substrate's initial
moisture content. For example, for the two typlwatk-based substrates, loss rates of around

1.6 mm/day are associated with high initial moistapntent levels and warmer, summer,
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conditions. The rate is approximately halved wHhea ihitial moisture content is low and in
cooler, typical spring, conditions. The lowest ratdeound 0.35 mm/day on average, is
associated with both cooler conditions and lowiahitmoisture content. It should be noted
that these values are only valid for periods ofilsimduration; if shorter DWPs were of
interest, then higher mean loss rates would beategdor the same initial moisture content

levels.

6 CONCLUSIONS

With the purpose of investigating the hydrologipabcesses within green roof systems a
comparative long term field monitoring programme baen carried out at the University of
Sheffield (UK) since March 2011. This paper focusedthe moisture content behaviour in
extensive green roofs during dry periods due tgetranspiration. The study is supported
by 29 months continuous monitoring of the moistaoatent of four green roof test beds
characterized by different soil characteristics a#ith and without vegetation. Water content
reflectometers located at three different soil deptere used to measure the soil moisture

profile and to record temporal changes in moistargent at a five-minute resolution.

The results showed that the moisture content \&niofile varied consistently depending on
the substrate characteristics and the presencegettation. High temporal resolution data has
shown diurnal fluctuations that reflect the da#yniperature variations with a daily decrease
in the moisture content due to ET during the céntramer hours of the day. Substrate
specific average daily moisture loss values wemgvelé for cooler and warmer conditions
and for different initial moisture content. The uks showed the clear influence of the
moisture content on the moisture loss rate duevaparanspiration, with lower values
associated with restricted moisture conditions. e Taily moisture loss rate within dry

periods mirrored the highly variable climatic camhs, and this masked the expected
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exponential decay in the ET rate shown in othediets The LECA-based green roof showed
similar behaviour in daily moisture loss to the n@getated roof, with a rapid initial
decrease of moisture content. This behaviour msipre the green roof's retention capacity
more rapidly than alternative substrates, butgbahcreases the occurrence of plant stress
conditions. The presence of vegetation resulteaigher daily moisture loss after a few dry
days when the initial moisture conditions were raedi The presence of vegetation, if well
established and with good surface coverage, not affitcted the rate of moisture decrease
through transpiration, but also prevented wettingindu minor rainfall events. This has

important implications for the retention capacihgdgerformance of a green roof.

Finally, the observed data have been compared switlulated moisture content using a
hydrologic model based on water balance and twerRiad ET models (Hargreaves and
FAO56 Penman-Monteith) combined with a soil moistextraction function. The results
confirmed the need to apply a soil moisture exiwacfunction. Further improvements in
model performance were achieved through the apmitaof configuration-specific
correction factors derived from the observed ddtsese factors account for differences
between green roof system substrate charactermtidsstandard reference crops. The two
PET models used did not show significant differertbas suggesting that 1985 Hargreaves

method is preferable due to its more limited dapat requirements.
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614 Table 3. System-specific correction factor (Ks)ikst from the observed and simulated data
615 through hydrological model using 1985 Hargreavesaiiti FAO 56 Penman-Monteith
616 (FAO56-PM). Results are reported for the three taigd test beds and for the five selected

617 DWPs together with the values derived by usingctiraplete set of DWP data.

618 Table 4. Quantitative statistics used for the eatadun of the hydrological model using 1985
619 Hargreaves (H) and FAO 56 Penman-Monteith (FAO56-HRésults are reported for the

620 three vegetated test beds characterized by ditfetdsstrates and for the five selected DWPs.
621  The simulations that showegod to very good performance are highlighted in bold, while

622  the underlined values represent the siigolad to very good statistic.

623 Table 5. Quantitative statistics used for the eatadun of the hydrological model using 1985
624 Hargreaves (H) and FAO 56 Penman-Monteith (FAO56-RMd applying the system-
625  specific factor (Ks) derived by using the whole setlata. The simulations that showgmbd
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627  singlegood to very good statistic.

628 Figure 1. The experimental site at the UniversitySheffield, UK and section view of the

629  green roof test bed with the water content refledters (WCR) location within the substrate.

630 Figure 2. Particle size distribution (PSD) of tiheee tested substrates and moisture release

631  curves resulting from the pressure plate extradgsh

632  Figure 3. Hydrograph, hyetograph and measured oreistontent) at 20 (top), 40 (mid),
633 and 60 mm (bottom) from the surface of the testee@m roof systems for the month of May

634 2012.

635 Figure 4. Moisture content and temperature behaviou the four tested green roof

636  configurations and the selected DWPs.
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Figure 5. Moisture loss daily rate due to evapapaiation and evaporation (TB4) in the
selected DWPs for the tested green roof systemslaselved climatic characteristics: daily

temperature (T), wind speed (WS), relative humi@Rid) and solar radiation (SR).

Figure 6. Cumulative moisture loss due to evapspaation (TB1 — HLS vegetated) and

evaporation (TB4 — HLS non-vegetated) for the 3elt®WPs in Sheffield, UK.

Figure 7. Correlation between moisture contéhafd the daily moisture loss rate divided by
the daily PET calculated through 1985 Hargreavethaukefor the three vegetated systems.

The plots include all daily values from the five P&/

Figure 8. Measured and modelled moisture lossethéothree vegetated configurations (TB1
—TB2 — TB3) and for the DWPs of July 2012 and 2@tch were characterized by high and

low 8o respectively. Measured data are reported hourlydarigl.
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Table 1. Substrate characteristics according to fésting method.

HLS SCS LECA
Mean St.Dev. Mean St.Dev. Mean St Dev.
Particle Size < 0.063mm (%) 2.1 1.4 1.4 0.3 0.4 0.0
dso (mm) 4.7 0.7 5.2 0.3 5.0 0.1
Dry Density (g/cms) 0.95 0.04 1.06 0.05 0.41 0.00
Wet Density (gcm) 136 002 145 007 076 0.2
Total Pore Volume (%) 63.8 1.6 59.8 2.0 84.8 0.0
MWHC (field capacity) (%) 41.2 2.3 39.1 2.1 35.0 1.6
Air content at MWHC (%) 22.6 0.8 20.7 4.1 49.8 15
Organic Content (%) 3.8 0.1 2.3 0.5 6.0 0.3
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826 Table 2. Selected DWPs climatic characteristicsiaiidl moisture content condition8d)

827  together with mean, median and standard deviatidheoflaily moisture loss measured in

828 each TB.
TB1 TB2 TB3 TB4
Moisture Loss Wind Splgr
T Speed RH Radiation
(mm/day) [C) (mls) (%) (MJIm)
17-29 0o (M3m'3) 0.33 030 0.18 0.23
March 11 Median 0.70 0.75 092 046 85 1.0 69.4 910
[12 days] Mean 0.76 081 079 041 85 1.2 69.2 9.8
St.Dev 031 034 037 026 23 0.5 7.4 3.3
6-23 0o (M*m'3) 0.16 0.15 0.04 0.20
April 2011 Median 0.39 0.27 0.07 031 127 1.2 64.4 15.1
[17 days] Mean 041 028 0.13 034 126 14 634 514
St.Dev 0.27 022 022 021 23 0.5 6.6 4.9
20-31 0o (M3m’S) 0.38 035 025 0.34
July 2012 Median 1.75 166 097 175 176 1.9 67.320.2
[11 days] Mean 155 158 150 165 17.1 1.9 68.8 .319
St.Dev 051 0.38 133 0.67 29 0.7 7.3 6.55
19-31 0o (M3m’3) 0.32 0.30 0.18 0.26
May 2012 Median 178 154 122 0.76 17.8 1.8 65.3 4.32
[12 days] Mean 183 144 139 1.04 16.0 1.9 68.9 .520
St.Dev 082 0.60 064 075 45 0.8 10.6 8.4
3-19 0o (M3m’3) 0.15 0.13 0.05 0.24
Jul 2013 Median 054 059 0.07 131 209 1.4 61.6 212
[16 days] Mean 0.76 0.66 023 121 198 1.7 65.7 519
St.Dev 054 046 036 042 25 0.5 8.2 5.7
829
830
831
832
833
834
835
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836 Table 3. System-specific correction factor (Ks)idea from the observed and simulated data
837 through hydrological model using 1985 Hargreavesaiitl FAO 56 Penman-Monteith
838 (FAO56-PM). Results are reported for the three tatgd test beds and for the five selected

839 DWPs together with the values derived by usingcthraplete set of DWP data.

Ks (-)

TB1 TB2 TB3

March H 0.59 0.67 1.41

2011 FAOS56-PM 060 0.68 1.41

April  H 0.77 0.38 1.32

2011 FAO56-PM 0.78 0.39 1.30

Juy H 0.58 0.68 1.29

2012 FAO56-PM (55 0.64 1.22

May H 0.72 0.62 1.41

2012 FAO56-PM 0.78 0.67 1.58

Juy H 1.01 0.91 2.47

2013 FAOS6-PM 112 1.01 2.77

All H 0.68 0.64 1.36

data  FAOS56-PM 0.69 0.65 1.36
840
841
842
843
844
845
846
847
848
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Table 4. Quantitative statistics used for the eataun of the hydrological model using 1985

Hargreaves (H) and FAO 56 Penman-Monteith (FAO56-F¢sults are reported for the

three vegetated test beds characterized by diffstdstrates and for the five selected DWPs.

The simulations that showegod to very good performance are highlighted in bold, while

the underlined values represent the sigglad to very good statistic.

NSE PBIAS RSR
TBL TB2 TB3 TBL TB2  TB3  TBL  TB2  TB3
March H 006 050 075 | 1086 974 -1318 | 1.03 071 050
2011 FAOS6-PM | 505 049 074 | 1094 982 -1303 | 1.03 072 051
April - H 069 -313 068 | 98 2986 -21.67| 056 203 0.6
2011 FAOS6-PM | 421 314 067 | 1046 3040 -2046| 056 203 057
July - H 012 051 082 | 1921 1538 -16.14 106 070 _ 0.42
2012 FAOS6-PM | 435 036 088 | 2117 1750 -1297 | 106  0.80 035
May — H 076 060 088 | 1497 1897 -2024| 048 063  0.35
2012 FAOSE-PM | ngs 074 082 | 1108 1512 -2662| 048 052  0.42
July - H 093 09 035 | 136 699 -102.17| 026 031 081
2013 FAOSE-PM | n9 091 018 | -508 -009 -11854| 026 031 0.1
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863 Table 5. Quantitative statistics used for the eatadun of the hydrological model using 1985
864 Hargreaves (H) and FAO 56 Penman-Monteith (FAO56-RiMd applying the system-
865  specific factor (Ks) derived by using the whole sktlata. The simulations that showgmbd

866 to very good performance are highlighted in bold, while the enided values represent the

867  singlegood to very good statistic.

NSE PBIAS RSR

TB1 TB2 TB3 TB1 TB2 TB3 TB1 TB2 TB3

March H 0.91 0.94 0.96 2.73 0.03 -1.53 0.30 0.25 0.19

2011  FAOS56-PM | g9 0.92 0.96 3.06 0.35 -1.13 0.30 0.29 0.19

April H 0.85 -0.10 0.78 697  14.37 0.18 0.39 1.05 0.46

2011  FAOS56-PM | (gg -0.15 0.77 597 1513 2.20 0.39 1.07 0.48

Juy  H 0.87 0.97 0.94 5.51 -1.62 3.59 0.37 0.17 0.24

2012 FAO56-PM | 78 0.97 0.93 7.75 0.73 6.99 0.37 0.17 0.26

May  H 0.90 0.96 0.97 0.68 2.88 -1.43 0.31 0.21 0.16

2012 FAO56-PM | g 0.98 0.97 -1.95 0.33 -8.29 0.31 0.16 0.18

Juy H 0.79 0.80 0.70 | -23.70 -21.06 -59.85| _0.46 0.45 0.54

2013 FAOS56-PM | .71 0.72 0.61 | -29.86 -27.07 -74.02| _0.46 0.53 0.63
868
869
870
871
872
873
874
875
876
877
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Figure 1. The experimental site at the UniversitysSheffield, UK and section view of the

green roof test bed with the water content refi@eters (WCR) location within the substrate.
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