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Abstract

The three-temperatures (3T) method is a robust approach to estimating evapotranspiration
(ET), requiring relatively few measurable, physical parameters and an imitation surface,
making it potentially suited for estimating ET from sustainable drainage systems (SuDS)
and green infrastructure (GI) in urban environments. However, limited 3T-ET data from
SuDS and/or GI makes it difficult to assess the conditions that affect its accuracy. The
purpose of this study was to determine whether reasonable ET estimates could be achieved
using the 3T method with a plastic imitation surface for a small, homogenous vegetated
surface. The 3T-ET estimates were produced at an hourly timestep and compared to refer-
ence ET (ET,) derived using the Penman—-Monteith equation. The 3T-ET estimates were
consistently higher than ET, (mean absolute error of 0.05 to 0.15 mm-h~!), which may
indicate systematic overestimation of ET or that the actual ET was greater than ET,. Unre-
alistic 3T-ET estimates are produced when the air temperature and the imitation surface
temperature converge, limiting the method’s application to between mid-morning and late
afternoon. Further work to validate and refine the 3T method is required before it can be
recommended for deployment in the field for spot-sampling ET rates from urban SuDS/GI.

Keywords: three temperatures (3T); evapotranspiration (ET); sustainable drainage systems
(SuDS); green infrastructure (GI); remote sensing (RS)

1. Introduction

Evapotranspiration (ET) plays a key role in the redistribution of water in the hydro-
logical cycle [1]. In sustainable drainage systems (SuDS), a form of green Infrastructure
(GI) designed for stormwater management, ET plays a vital role in reducing the volumes of
stormwater, thereby helping to alleviate flood risks. Numerous studies have attempted to
quantify ET rates from typical SuDS configurations [2-6]. These studies typically demon-
strate that measured ET rates differ significantly from the reference ET (ET,) rates calculated
using the Penman—Monteith (PM) FAO56 formula. Accurate estimation of ET from SuDS
is complicated by three interacting factors: (i) The types of vegetation used differ from
traditional crops, and they are often characterised by structurally varied planting mixes
such that well-established crop factors (K;) may not be transferable; (ii) moisture content
in SuDS will not always be maintained under ‘well-watered” conditions such that a water
stress coefficient (Ks) may be required; and (iii) SuDS plan areas may be small compared
with a homogeneous field setting such that a third factor (K;) may be required to represent
local microclimate—or urban setting—factors. To further our understanding of how these
three factors combine to determine actual ET rates from urban SuDS in practice requires
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a measurement technique that can be applied in situ, i.e., the ultimate aim is a portable
system that might be taken out into the field to spot sample ET rates associated with
SuDS/GI installations. The main aim of the present paper is to determine whether the
‘Three-Temperatures’ (3T) method could provide that capability.

1.1. Traditional Methods for Quantifying ET

Several methods of quantifying ET from a surface exist, each having advantages
and disadvantages and some being better suited than others for particular applications
and situations, as summarised in Shuttleworth [7] and Abtew and Melesse [8]. Direct
methods of measuring ET include (but are not limited to) lysimetry, evaporation pans,
water balance, soil moisture depletion, leaf porometry, and sap flow measurements [7].
However, these are typically better suited to homogenous crops, and many require costly
and specialised equipment, are difficult to physically implement, are intrusive/disturb the
system of interest, and/or present a challenge for up-scaling [7,8].

Indirect and remote sensing methods include eddy covariance, infrared scintillometry,
and the Bowen ratio. Eddy covariance requires specialised and costly instrumentation
to monitor the wind speed in the vertical and horizontal plane, as well as gas concen-
trations above a vegetated surface [9]. This method works best when the wind speed,
air temperature, humidity, and CO; are steady and the vegetation surface is flat and ho-
mogeneous [9]. Infrared scintillometry also requires specialised equipment, including a
pair of large-aperture scintillometer instruments (emitter and receiver), and it is better
suited to applications covering large, flat areas (e.g., distances over several hundred metres)
exhibiting a moderate range of atmospheric turbulence and minimal variation in spatial
climatic conditions [10]. The Bowen ratio method requires measurements of temperature
and vapour pressure at two heights above the vegetated surface [11]. The temperature and
humidity gradients measured by Bowen ratio instruments reflect the energy balance of
the upwind surface. The measurements must be made within the ‘constant flux layer’, a
boundary layer of the atmosphere where the turbulent fluxes are assumed to be constant
with height. The fetch must be long enough for this layer to fully develop over a uniform
surface. The ideal fetch-to-height ratio is often cited as 100:1 [12]. This requirement for
uniform upwind surface conditions is incompatible with the size and heterogeneous nature
of typical urban SuDS and GI devices.

1.2. Three-Temperatures Method

The Three-Temperatures (3T) method, originally developed by Qiu et al. [13], provides
an alternative approach that may be more readily applicable to SuDS and other forms of
GL It requires a few readily measurable physical parameters that can be obtained in situ
or via remote sensing, making it relatively easy to deploy in the field at different spatial
scales and settings. The 3T method solves for the latent heat component (QrE,vg) in the
simplified surface energy balance for the vegetated surface of interest and relates this to the
energy available to drive ET. The 3T method requires five parameters, specifically the net
radiation from the vegetated surface (Qry,veq) and the imitation surface (Qry,im¢) alongside
the surface temperatures from the vegetated surface (T.g) and corresponding imitation
surface (Tjy,;) together with the overlying air temperature (T,;), as shown in Figure 1.
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Figure 1. A conceptual diagram of the three-temperatures method.

The 3T method has met with varying degrees of success. Zhang et al. [14] applied
the 3T method to estimate ET from small, isolated green roofs and permeable paving
systems (<0.36 m?) located on weighing platforms (for validation purposes) in an urban
environment. Their study reported a coefficient of determination (R?) between 0.6 and 0.7
and mean absolute errors (MAEs) between 0.06 and 0.12 mm-h~!. However, low accuracy
of the 3T method was observed during the early morning and late afternoon due to low
air temperature and low solar radiation [14]. Qiu et al. [15] compared 3T-ET estimates
with those derived from the Bowen ratio method above a grass field (approximately 300 m
in diameter) in the city of Shenzhen. Comparisons of hourly ET estimates showed R?
values between 0.89 and 0.95 and root mean square error (RMSE) values between 0.03
and 0.04 mm-h~!. Qiu et al. [16] compared the estimates of 3T transpiration values, based
on a three-dimensional adaption of the original 3T method, to transpiration estimates
produced by stable isotope partitioning for an urban shrub located on the roof of a building
in Shenzhen. The results of the comparison showed an R? value of 0.61 and an MAE of
0.1 mm-h~1 [16].

1.3. Knowledge Gaps for 3T-ET

In the context of determining whether the 3T method might be suitable for spot-
sampling ET rates from urban SuDS/GI in situ, two key knowledge gaps have been
identified. These are as follows: (i) when, during a daily cycle, the estimation technique can
reliably be applied; and (ii) whether a plastic reference surface might provide a more robust
option compared with previous paper-based approaches. These two knowledge gaps are
expanded upon below, leading to the development of a unique experimental facility that
allows the data required to undertake 3T estimates to be recorded continuously over a
period of several months.

Many of the 3T-ET studies only report 3T-ET estimates over short periods of time and
typically only during the middle of the day. Qiu et al. [15] reported hourly values over three
days, Tian et al. [17] compared only 7 hourly 3T-ET estimates, and Qiu et al. [16] compared
only 13 estimates of hourly 3T-ET between 10:03 and 12:28. Limited 3T-ET data provide
reduced insight into the performance of the method and fail to fully explain the conditions
or factors that affect its accuracy, including local meteorological conditions and changes
in the environmental setting. This could be addressed through the continuous recording
of 3T-ET input parameters over longer time periods, allowing an understanding of the
circumstances under which credible and less-credible estimates of 3T-ET are produced.

A key consideration for producing continuous records for 3T-ET estimates is the imita-
tion surface. For some of the 3T studies [14,16,18], the imitation surface used was a green
printed paper resembling vegetation. However, this surface had to be covered/replaced
due to rainfall/unfavourable conditions, making it impractical for continuous monitor-
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ing. Alternatively, the surface temperature for the imitation surface was taken from the
maximum value (i.e., ‘hot-spot’ or ‘hot pixel’) observed on the surface itself [15,19], which
assumed that no ET was occurring from that surface at that time. Zou et al. [19] recognised
that this assumption may result in the overestimation of 3T-ET and highlighted the need
for an idealized imitation surface combined with automatic infrared remote sensing to be
used in continuous measurements at a high frequency.

Aside from work directly related to the 3T method, infrared thermography is regu-
larly used within the agricultural and plant science community to determine plant stress
and/or support irrigation scheduling. As with the 3T method, comparisons are made
between the healthily transpiring crop and a dry reference surface, assuming that this
dry reference has similar aerodynamic (e.g., size, roughness and orientation) and optical
(absorptance and exposure to incoming radiation) properties to the leaf of interest. Dry
reference surfaces have included real leaves covered in petroleum jelly (Vaseline), which
blocks all transpiration [20], cellulose paper-based hemispherical surfaces [21], and thin
plastic hemispherical surfaces [22,23]. Jones et al. [22] noted that flat reference surfaces do
not represent the range of illumination experiences by typical leaves well. They used a
thin plastic hemispherical reference surface with the temperature sensor mounted inside.
Analyses were also undertaken to ensure that the shade of green paint used matched the
solar absorptivity /albedo of the vegetation. It is therefore proposed that a green plastic
artificial grass surface may meet the requirements for an artificial dry reference surface in
the current context.

1.4. Aims and Objectives

Evidence from the literature demonstrates there is a need to improve our understand-
ing of the 3T method’s limitations and confirm its ability to produce robust estimates of ET
at sub-daily timesteps. Therefore, this study aimed to determine whether reasonable ET
estimates can be achieved using the 3T method and a plastic imitation surface for a small,
homogenous, vegetated surface analogous to SuDS and/or GI. The objectives of the study
were as follows:

1.  Reproduce the 3T method for a homogenous vegetated surface (grass), producing a
continuous record of ET estimates using a plastic artificial grass imitation surface;

2. Determine the sensitivity of the 3T method to key parameters, specifically identifying
potential limitations and practical considerations;

3. Comment on the fit of 3T-ET hourly estimates to corresponding reference ET values
derived from Penman—-Monteith (PM) (FAO-56).

2. Materials and Methods

The 3T experiment was set up for a homogenous surface of a standard amenity grass
turf mat, established on a porous substrate media, analogous to a green roof system. The
experiment was located on a third-floor roof terrace of the University of Sheffield’s Sir
Robert Hadfield Building, Sheffield, United Kingdom (53.381693° N; 1.477279° W; elevation
95 mAOQOD). The primary data was collected at a one-minute timestep between October and
November 2023 and from January to March 2024.

2.1. Experimental Setup

The experimental setup included two test beds: a net radiation test bed and an imita-
tion surface test bed (Figure 2a). The test beds comprised a gently sloping (approximately
2° slope) hard plastic sealed tray with an outlet drainpipe, lined with a permeable geotextile
(PermaSEAL Green Roof Root Barrier Membrane) above a drainage layer (PermaSEAL
PRO 8 Green Roof Drainage Membrane) on the bottom surface.
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Figure 2. (a) Transverse cross-section of the study test beds. (b) The imitation surface embedded in

the grass turf surface of the imitation test bed.

These test beds were filled with a commercially available green roof substrate (Bourne
Amenity ‘Sky 2" Green Roof Substrate). The surface of the substrate mix was made level
by introducing plastic retaining boards along the lower edges of the test bed. Hence,
substrate depths varied between 190-260 mm and 130-200 mm for the net radiation and
imitation surface test beds, respectively. This substrate mix was chosen to ensure that the
experimental setup was representative of vegetated SuDS in practice and minimise the
possibility of water ponding on the surface of the vegetation (ponded water would result
in unrealistic/unfavourable conditions for the 3T method).



Hydrology 2025, 12, 315

6 of 20

The substrate in both test beds was covered by a standard amenity grass turf mat
(approximately 25.0 mm thick), comprising a mixture of Lolium perenne L. ‘ryegrass” and
Festuca L. “fescue-grass’. This vegetation cover was chosen for the following reasons:

e It mimics the standard homogenous grass surface characteristics required to calculate
the reference ET from a grass surface following the PM FAO-56 method;

*  The vegetation is robust throughout all seasons and resilient to changing weather
conditions;

*  The vegetation is easy to maintain to ensure near ‘constant’ surface characteristics in
order to minimise experimental error;

*  The vegetation has a consistent high surface coverage to minimise direct energy loss
to the substrate (i.e., soil heat flux density) and minimise experimental error.

Throughout October and November 2023, grass vegetation was irrigated weekly. No
irrigation was undertaken from January to March 2024 given the high rainfall conditions
associated with these winter months.

The net radiation test bed covered an area of 4 m? (2 m x 2 m). It was monitored
with a net radiometer (CNR4-L4, Kipp & Zonen, Delft, The Netherlands), infrared ra-
diometer (S1-111-SS, Apogee Instruments, Logan, UT, USA), shielded air temperature and
relative humidity sensor (CS215, Campbell Scientific, Logan, UT, USA), and three-cup wind
anemometer (A100LK, Vector Instruments, Rhyl, UK) (Figure 2a). All instruments were
initially installed 0.600 m above the test bed surface. A second net radiometer (SN-500-SS,
Apogee Instruments) was installed alongside the CNR4-L4 on 9 January 2024. At this time,
all instruments were lowered to 0.260 m above the test bed surface. The SN-500-SS has a
180° field of view (FoV) for the incoming radiation and 150° FoV for the outgoing radiation
for both shortwave and longwave radiation. This allowed for more focused measurements
of net radiation from the vegetated surface compared to the CNR4-L4, which has a 180°
FoV for both the incoming and outgoing radiation sensors. The accuracy and precision of
the aforementioned instrumentation are provided in Supplementary Material Section A.

The imitation surface test bed had a surface area of 1 m? (1 m x 1 m). The imitation
surface (i.e., artificial grass: Luxford, Figure 2b) was set on a modular cell located in the
centre of the test bed and represented a relatively small area (0.250 m x 0.250 m, 0.0625 mz),
which contributed only 6.25% of the total test bed area. This satisfied a key assumption
of the 3T method, whereby the imitation surface should not significantly alter the micro-
climatic conditions of the vegetated surface. Figure 2b shows that the plastic dry reference
surface represents the amenity grass well in terms of the colour, texture, roughness, and
orientation of the leaf structure. The surface temperature of the imitation surface was
monitored with an infrared radiometer (S1-111-SS, Apogee Instruments) mounted 0.260 m
above the test bed surface (Figure 2a). The modular cell of the imitation surface was
isolated/sealed (horizontally) from the adjacent test bed material to prevent the horizontal
ingress of water into the cell and minimise experimental error.

2.2. Data Collection

The following physical parameters were collected at one-minute timesteps: the net
radiation of the vegetated surface (Qry,veq), the surface temperature of the vegetated (Toeg)
and imitation (Tj,,;) surfaces, air temperature (17;,), relative humidity (RH), and wind
speed (u). It should be noted that net radiation from the imitation surface (Qry, i) Was
not measured directly. This is due to the small surface area associated with the imitation
surface. Neither of the net radiometers has a sufficiently narrow field of view to focus
solely on this small patch of imitation vegetation. Mounting the sensor closer to the surface
was considered, but this has serious implications on shading, and it was therefore not
considered to be a sensible option.
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The collected data were used to describe the local microclimate and calculate the 3T-ET
estimates and hourly reference ET, from the vegetated surface via the PM method outlined
in FAO-56 [24]. The ET, values provide a benchmark to compare the 3T-ET estimates and
provide some level of assurance/confidence in the derived 3T-ET values. The grass was
maintained at a height of approximately 0.120 m, watered weekly, and fertilised to ensure
that the vegetation was not stressed during the data collection period, as outlined in Allen
etal. [24].

Daily rainfall depths were obtained from the Environment Agency’s online 15 min
timestep rainfall records database [25]. These were taken from the nearest rainfall station
(ID: 082732) adjacent to Ringinglow Road, Sheffield, approximately 5.60 km southwest of
the study site. This rainfall data was used to distinguish between dry and wet conditions
in the measured data records, in addition to in-person observations made at the study site.

2.3. Baseline 3T-ET

A baseline 3T-ET approach, referred to as ET1, was used to produce continuous
estimates of 3T-ET at hourly timesteps. The hourly 3T-ET values were derived from the
mean of 60 one-minute values of each relevant parameter across the corresponding hour.

In the absence of direct measurements of net radiation from the imitation surface
(QRn,imt), these values were estimated using established techniques. For the purpose of
using consistently derived net radiation (Qg,,) values, the same method was used to derive
values of net radiation from the vegetated surface (Qry,veq), despite monitored values being
available. In this study, the sign convention for the radiation flux densities at the surface
was considered ‘positive’ for incoming () energy and ‘negative’ for outgoing energy (1),
which includes reflected and emitted energy.

Net shortwave radiation (Qry,sw, W-m~2) was quantified using a fixed value of albedo
(a, unitless) and incoming measured solar radiation (| Ry, W-m™~2):

QRn,sw = (1 - ‘X) i Rsolar (1)

An « value of 0.230 was used based on the recommended default value for the green
reference grass provided in Allen et al. [24]. | Rso;,r was taken as the measured incoming
shortwave radiation recorded at the test beds; between October and November 2023, this
was taken from values measured by the CNR4-L4 instrument and from SN-500-SS for
January to March 2024.

Net longwave radiation (Qgry, i, W-m~2) was derived from the difference between
incoming (J Ry, W-m~2) and outgoing (1 Ry, W-m~2) longwave radiation components
for the respective surfaces:

QRn,lw = \L Riyp— T Ri (2)

The | Rj,, component was taken as the measured values from the net radiometer at the test
beds. The 1 Rj;, component included the emitted longwave radiation from the surface plus
the reflected longwave radiation and was calculated via:

Ry = e0(T)* + (1—€) | Ry 3)

The emitted longwave radiation was estimated using a fixed emissivity value (e, unitless)
taken as 0.900 based on the default value for short grass [26] (the impact of using the
same value of « (0.230) and € (0.900) for both surfaces is explored later in this article), the
Stefan-Boltzmann constant (¢, 5.6697 x 1078 W-m~2.K—*), and the corresponding surface
temperature (T, K), as outlined in the Stefan-Boltzmann law. The reflected longwave
radiation was estimated using the same emissivity value (0.900) and the measured | Ry,.
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The resultant net radiation (Qg,,, W-m~2) was calculated as the sum of net shortwave
and net longwave radiation:

QRn = QRn,sw + QRn,lw (4)

Equations (1)-(4) were used to calculate Qgy imt and Qgrp,veg- The use of Ty or
Tveq in place of T in Equation (3) resulted in Equation (4) producing QRry,imt O Qru,veg
values, respectively.

The latent heat flux density for the vegetated surface (QLE,veg, W-m~2) was estimated
by the 3T method:

Toee — Tyi
QLE,Ueg = QRn,veg - QRn,imt( Z{leg m‘r) (5)
szt - Tazr

To express the 3T-ET rate as a depth of water per unit time (mm-h 1), the latent heat
flux density (QLE,veq) was divided by the density of water (s, 997 kg~m’3) and the latent
heat of vaporisation (A, J-kg™):

A= (2.501 - (2.361 x 10*3) Tm) % 10° ©6)
The conversion from W-m~—2 to mm-h~! was achieved via the following:

QLE,veg (W'm_z)
(kg ™) puw (kgm™2)

ETsr4 (mm-h™') = <A ) x 3.60 x 10° 7)

Noting that 1 W-m~2 = 1]-s~!m~2 and the constant 3.60 x 10° combines the unit conver-
sions of seconds to hours (3600 s-h~!) and metres to millimetres (1000 mm-m ™), the unit
cancellation can be shown explicitly:

1 2
_ <(].k;sl)(1:.m3)> % 3600 x 1000

= (m-s1) x3.60 x 10° = mm-h™ 1.

The 3T-ET estimates at the hourly timestep allowed for comparisons with the corre-
sponding ET, values, as derived by the FAO-56 PM hourly method. The ET, rates were
calculated from the measured net radiation (Qry,veq) values and the corresponding mean
hourly meteorological parameter values (T,;,, RH, and u).

2.4. Sensitivity of 3T-ET

A sensitivity analysis was undertaken using the baseline 3T-ET1 method. The datum
condition corresponded to ‘preferred’ circumstances, specifically dry conditions (no/little
rainfall leading up to and during this point, minimum 1-day lead in time), relatively
low wind speeds (<3.00 m-s~!), a distinct surface and air temperature profile throughout
the daylight hours (i.e., Tjjt > Tpeg > Tpir), and a clear sky (relatively high incoming
shortwave radiation, especially near the middle of the day). The sensitivity analysis
involved changing each of the individual parameters of the 3T method whilst holding the
remaining parameters unchanged (i.e., assuming independence).

In addition to the percentage change sensitivity analyses, the experimental setup was
also assessed to understand how sensitive/responsive it was to changes in the environmen-
tal setting, including building shadow effects, cloud cover, and reflections from adjacent
windows, all of which are relevant in an urban setting. Kendall correlation (7) values were
used to explore the relationships between surface temperatures and either incoming solar
radiation or air temperature.
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2.5. Variations of the 3I-ET Method

Both the vegetated and imitation surfaces have similar surface characteristics (colour,
shape, and appearance). The baseline approach (ET1) used calculated values for Qg i, and
QRn,veg based on independent surface temperatures, and thus considered different values
of net radiation for the two surfaces (Equations (1)-(4)). A second 3T-ET approach (ET2)
was considered, in which Tyeg was used to calculate both Qry, it and Qry veg, assuming the
net radiation to be the same between the two surfaces. A comparison between calculated
values of Qry,0eq With measured values is presented in Supplementary Material B, where a
strong correlation between the two is clearly demonstrated.

The ET1 and ET2 3T-ET estimates are based on default values of a (0.230) and €
(0.900). However, in reality, these values are not necessarily constant [27,28]. As such, a
third approach for calculating 3T-ET was considered (ET3), where the net radiation for
the vegetated and imitation surfaces was assumed to be the same, but it was based on the
measured values of Qg veq- Using the measured values of net radiation, changes in « and
€ throughout the day would be represented in the data and 3T-ET estimates.

In the case of densely vegetated surfaces, such as in this study, the 3T method also
assumes that the soil heat flux density is negligible [13]. This may be reasonable for
calculating ET at a daily timestep, but there is uncertainty for sub-daily values (i.e., hourly).
Hence, a fourth approach for calculating 3T-ET was considered (ET4), where net radiation
values for the vegetated and imitation surfaces were the same (as per ET3), and the soil
heat flux density estimates (Qs,;, W-m~2) were treated as energy loss from the vegetated
surface. Qg,;; was calculated as a fraction of the corresponding Qry,veq values, which is a
method outlined in Allen et al. [24]:

QRn,veg x01, Qry,=>0

Qsoil =
QRn,veg X 0-5/ QRn <0

(8)

This is a robust approach to estimating the soil heat component in the absence of measured
data. The QL veq values were calculated by subtracting the corresponding Qs,;; from the
measured Qgy veq Values.

These four different 3T-ET estimation approaches (ET1 to ET4) were evaluated against
the corresponding reference ET, values. Five metrics were used to quantify the quality of
the 3T predictions; these are (i) the mean absolute error (MAE), (ii) mean absolute percent-
age error (MAPE), (iii) percentage bias (PBIAS), and (iv and v) the slope () and coefficient
of determination (R?), respectively, of a simple linear regression with a y-intercept of 0.00.

3. Results and Discussion

Two 4-day periods of ‘preferred’ conditions were identified from within the data:
15-18 October 2023 and 3-6 March 2024. These periods exhibited very little/no antecedent
rainfall, relatively low wind speeds (majority below 3.00 m-s~1), a distinct and typical
surface and air temperature profile (Tj;;; > Tveg > Tyir), and clear skies (minimal cloud
cover as indicated by incoming shortwave radiation values) during the day. The moni-
tored meteorological data across the two ‘preferred” periods at the one-minute timestep
are presented in Figure 3. A comparison between these two preferred periods shows
similar diurnal fluctuations and magnitudes of wind speeds (approximately 0.00 m-s~!
to 5.00 m-s 1), radiation (approximately —60.0 W-m~2 to 600 W-m~2), and temperatures

(approximately —5.00 °C to 30.0 °C).
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3.1. Baseline 3T-ET Estimates

The 3T-ET1 values at hourly timesteps were calculated across the preferred time
periods 15-18 October 2023 and 3-6 March 2024 (Figure 4). Figure 4 also shows the
hourly values of Tyeq, Tiyt, and T,; and the corresponding temperature fraction (i.e.,
(Tveg — Toir) / (T — Tm',)) for both time periods. The complete time series between 6
October and 17 November 2023 and from 13 January to 22 March 2024 is presented in
Supplementary Material Section C. At 112 days, this is believed to be one of the longest
continuous estimates of ET using the 3T approach in an urban environment to date, certainly
without the need to cover or replace the imitation surface.

The 3T-ET1 rates were mostly positive during the day, typically reaching a maximum
value soon after midday and remaining relatively constant around zero at night; this is
more obvious for the October 2023 period compared to March 2024 (Figure 4c,f). There
exists a clear link between the occurrence of extreme values of ET1 and the corresponding
temperature fraction (where values exceed axes bounds, Figure 4c). These extreme values
occurred when T,; and Tj,; converged towards the same value (typically during the
morning and late afternoon), as a result of temperature fluctuations over the diurnal
cycle. In these situations, the temperature fraction became increasingly large (positive and
negative values), resulting in extreme and unrealistic values for the corresponding ET1
rates. These phenomena are explored in more detail as part of the sensitivity analysis.
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Figure 4. Comparison of hourly temperature data, 3T temperature fraction values, and 3T-ET1
estimates between 15-18 October 2023 (a—c) and 3—-6 March 2024 (d-f).

3.2. Sensitivity Analysis of the 3T Method

The data recorded on 5 March 2024 at 14:00 were selected for the sensitivity analysis.
This moment in time fell within the preferred period of March 2024, during which the
focused net radiometer (SN-500SS) was in place (i.e., minimal interference of emitted
radiation from adjacent surfaces) and not influenced by building shadows. Figure 5 shows
the percentage change in the ET1 hourly estimates as a result of individually changing each
3T parameter.
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parameters for 5 March 2024 at 14:00.
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Figure 5 shows that ET1 estimates are particularly sensitive to changes in Tj,,;; and T,
specifically when the values of these parameters converge, resulting in an increasingly high
temperature fraction (exponential) and extreme ET1 value. The temperature fraction is
positive when T;;; is either greater than or less than both Tyeq and Tj;,; and negative when
T,ir is only greater than either Tyeq or Tjyyt, but not both. This explains the typical sudden
change between extreme positive and negative ET1 estimates observed when T,;, and Tj,;;
converge (Figure 4a—c 15:00 on 17/10/23 and 16:00 on 18/10/23). This high degree of
sensitivity associated with the T;,;; and T,;, components has also been recognised in other
3T studies [14,16]. The Tyee parameter also impacts the ET1 estimates, exhibiting an inverse
linear relationship. The remaining parameters, Qry,veg and Qgy,imt, have the least impact
on ET1 estimates.

3.3. Robustness of the Experimental Study in the Urban Environment Setting

The experimental site was located on a rooftop at The University of Sheffield in
Sheffield city centre. This urban setting created a complex microclimate environment.
Figure 6 presents representative data for a single day taken on 7 October 2023, showing the
diurnal shifts in the measured | Rsw, | Riw, Qru,vegs Toeg, Timt, and Tgjp, at a one-minute
timestep. This day was selected as it had mostly clear and sunny skies as determined from
in-person observations and from | Ry, radiation data.
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Figure 6. Diurnal fluctuations of (a) measured incoming shortwave and longwave radiation and net
radiation and (b) air temperature, vegetated surface temperature, and imitation surface temperature
for 7 October 2023.

A distinction between the night-time and day-time periods was made based on | Rs
(i.e., positive values experienced during day-time), with day-time identified between 07:23
and 18:34 (British Summer Time). During night-time, variations in the surface temperatures
Tt and Tyeq tended to correlate better with the prevailing T;;, (T between 0.42 and 0.79),
whereas day-time responses correlated more closely with | Rg, (T between 0.80 and
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0.89). There was no noticeable influence on the surface temperatures as a result of | Ry,
demonstrating that | Rs has the dominant impact on determining the surface temperatures
during day-time. This relationship is expected in the context of the surface energy balance,
providing confidence in the experimental setup’s ability to capture these dynamics during
continuous monitoring.

While smooth transitions might be expected in an open/rural setting, the complex
urban environment of this study introduces building shadows and intermittent reflections
from adjacent glass windows, in addition to the effects of cloud cover, evident from
photographic records on selected days (see Supplementary Material Section D). The data
shows the effects of cloud cover (time A, indicated by the shaded region in Figure 6) and
building shadows (the period between times B and C in Figure 6a) evident from the drops
in incoming radiation at 13:53-14:01 and 14:11-14:21, also observed in the changes in Tj;;;
and Tyeq (Figure 6b).

In the experimental setup, the imitation surface was located approximately 1.50 m to
the west of the vegetated surface and net radiometer. This resulted in minor temporal lags
observed between T;;,;; and Tyeq in response to incoming radiation, when the sun passed
behind an adjacent building. This is evident in Figure 6 where Tj,,; dropped sharply at
14:43 (time D), whereas Tyeg and | Rsy reflected a similar decrease later at 14:46 (time D)
and 15:00 (time B), respectively. When the sun emerged from the other side of the building,
it struck the imitation surface first at 16:34 (time E;) and then reached the net radiometer at
16:38 (time C).

Furthermore, the drop in surface temperature at the onset of the building shadow
over the vegetated surface was also more gradual compared to the imitation surface, as
shown immediately after times D; and D5,. This was for two reasons. Firstly, the area of
the vegetated surface under observation was comparably larger than the imitation surface
(~=640% larger) and, therefore, the building shadow had relatively more surface area under
observation to progress over. Secondly, Ty, was noticeably lower compared to the imitation
surface by ~11 °C and, therefore, had less of a drop in surface temperature during this
time period.

Figure 6 also shows a noticeable difference in the rates of change between T;,,; and
Tveg in response to changes in | Rs, and Ty, (i-e., energy inputs to the surfaces). Between
13:29 and 13:53, Tj;;; increased from 20.8 °C to 30.3 °C (45.7% change), whereas Tyeq only
increased from 15.6 °C to 19.2 °C (23.1% change). In the event of cloud cover, between 13:53
to 14:01 and 14:11 to 14:21, the resulting decrease in | Rsy led Tjy; and Tyeg to decrease
from 30.3 °C to 22.0 °C (27.4% change) and 19.2 °C to 15.6 °C (18.8% change), respectively.
Whilst both surfaces responded to the changes in energy inputs between these times, they
responded at different rates. This can be explained by the fact that the two surfaces have
different material compositions and, by extension, different specific heat capacities.

For the remainder of daylight hours not affected by the building shadows (i.e., between
07:23 and 14:42), the vegetated and imitation surfaces appeared to respond very well to
changes in | Rsy and Ty;,. In the middle of the day, when the solar altitude angle was at
or near its highest, there was negligible influence of spatial error introduced between the
two surfaces.

In summary, the data demonstrates that the experimental setup successfully captured
the diurnal cycles and changes in the 3T parameters. The data reflects the complex and
dynamic environment of the surrounding urban setting at a one-minute timestep, including
changes in cloud cover, transitions of building shadows and reflections from surfaces, and
the shift in dominant energy inputs (i.e., | Rsy and T;;,) in determining the surface tempera-
ture of the relevant surfaces. The data also demonstrates the importance of instrumentation
positions relative to each other and their surrounding environment, especially concerning
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building shadows. At the hourly timestep used for the evaluation of the 3T method in this
study, extra care is required when interpreting 3T-ET data during periods of differential
shading caused by urban topology (e.g., object/building shading).

3.4. Comparison of Hourly 3T-ET Estimates and Reference ET

Four variations of the 3T-ET method (i.e., ET1, ET2, ET3, ET4) were compared across
the two preferred periods of monitored data, as shown in Figure 7. As outlined in the
previous sections, the site is subject to building shadows in the afternoon, and the 3T-ET
method is particularly sensitive to changes in the surface and air temperatures (i.e., the
temperature fraction). To avoid experimental errors and unrealistic estimates of 3T-ET
values, the data for the preferred periods were filtered, as denoted by the solid plot lines
shown in Figure 7, based on the following criteria: (i) exclusion of night-time periods
(identified when Qgr, was negative); (ii) exclusion of building shadowing in the afternoon
(identified when | Ry drops rapidly around 15:00); and (iii) exclusion of periods when
Timt and T,;, converge (identified when the absolute temperature fraction is greater than
=£1). This filtering process ensured that only 3T-ET estimates from the middle of the day,
where the ET rates would be at their highest, were considered. The number of valid data
points after each filter application is presented in Table 1.
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Figure 7. Hourly 3T estimates for ET1, ET2, ET3, and ET4 and reference ET between (a) 15-18 October
2023 and (b) 3-6 March 2024.
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Table 1. Number of valid data points after the application of filtering criteria.
Period Duration Criteria (i)  Criteria (ii) Cutoff Criteria (iii)
(hours) Qrn <0 t > Cutoff (hh:mm) |TF| > 1
October 96 31 25 15:00 20
March 96 36 29 16:00 28

Figure 7 and the linear regression statistics (Table 2) show that all 3T-ET ap-
proaches tracked the dynamics of the corresponding reference ET, values reasonably
well (R? > 0.659), indicating a good response from the 3T method to changes in the local
meteorological parameters and environmental setting. However, it is also clear that all
3T-ET approaches tended to overestimate ET relative to the corresponding reference ET,
values, with PBIAS ranging from 24.4 to 81.1% (Table 2).

Table 2. Quality metrics for 3T-ET predictions compared with the reference ET, for the October and
March preferred periods. Visualisations of the simple linear regressions are presented in Supplemen-

tary Material E.
Period Metric ET1 ET2 ET3 ET4
Mean Absolute Error, MAE (mm-h~1) 014 015 015 0.12
Mean Absolute Percentage Error, MAPE (%) 833 847 844 69.0
October Percentage Bias, PBIAS (%) 790 811 804 624
Linear Regression Slope, m (-) 1.84 187 1.86. 1.67
Lin. Reg. Coefficient of Determination, R? (-) 0.668 0.659 0.663 0.663
MAE (mm-h~1) 0.07 006 007 0.05
MAPE (%) 726 668 483 392
March  PBIAS (%) 660 607 382 244
m (-) 1.71 165 142 1.28
R%(-) 0.874 0.856 0.854 0.854

It should be noted that these ET, values are not ‘actual” ET rates, but they serve as a use-
ful benchmark for evaluating the magnitude of 3T-ET estimates. Future research should also
quantify ‘actual’ ET, e.g., via direct measurements using a lysimeter in a similar approach
to Zhang et al. [14], to provide more definitive comparisons to 3T-ET-derived estimates.

In the present study, ET1 and ET2 generally produced the highest estimates, and ET3
and ET4 consistently produced estimates closer to the corresponding ET, values. This is
particularly evident in the March data (Figure 7b, Table 2). ET3 estimates were closer to ET,
values compared to the ET2 estimates, even though both approaches assumed that Qry,veg
and Qgy, it Were the same. This demonstrates that the chosen values of « and € used in
ET1 and ET2 may require refinement if those approaches are to reliably estimate ET. Note
that the 3T-ET1 estimates presented in Figure 7 used the default values of albedo (0.230)
and emissivity (0.900) for short grass to estimate Qg ;- Representative values of albedo
(0.110) and emissivity (0.950) for artificial grass have been provided by Loveday et al. [29]
and Yaghoobian et al. [30], respectively. However, the use of these alternative values led to
very minor changes in the overall performance of 3T-ET1, with the MAPE with respect to
ET, increasing from 83.3 to 88.3% in October and from 72.7 to 74.9% in March. For clarity,
this dataset is not included in Figure 7.

The fact that ET4 values were noticeably above ET, but consistently lower than any of
the other three approaches, suggests that soil heat flux density loss should not be ignored
at the hourly timestep for the 3-T method.
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The elevated 3T-ET estimates, in comparison to the ET, estimates from FAO-56 PM,
may suggest that the 3T method used in this study has overestimated the Q1 r,eq component
in the surface energy balance for the vegetated surface. There are a number of possible
reasons why the Q[ v, component in the 3T equation for this study may be too high, each
of which may warrant further exploration:

*  The Qg,;;:Qry, ratio used to estimate the Qg,, for the surfaces was too low. Santanello
and Friedl [31] demonstrate that the Qg,;;:Qry, ratio can vary anywhere between
0.3 and —0.2 for sandy soil covered by vegetation between 07:00 and 16:00. Any
Qsoi1:Qry ratio should be justified through actual soil heat flux values measured in
the subsurface;

*  The measured Tj,; values were significantly higher compared to the Ty for the
majority of timesteps during the day-time. Other than the evaporative cooling effect,
the differences in specific heat capacity and material compositions between these
two surfaces could contribute to this temperature difference, impacting both the
temperature fraction and estimation of Qry, ii¢;

*  Anair temperature gradient could have been present where T,;, may change apprecia-
bly at different heights between the vegetation surface and at the observation height
(0.260 or 0.600 m) used in this study. If T;, at the observed height was consistently
warmer compared to the air temperature immediately above the vegetated surface,
this would lead to higher Qg ;.; estimates.

Alternatively, it is possible that the 3T estimates are correct or at least closer to the
actual ET than ET, and that the reference ET, is not a good representation of the actual test
bed ET. While the vegetation type was selected to reflect short-cut grass and was maintained
in a well-watered condition, the small size of the test bed is not representative of the large
homogeneous area assumed in Allen et al. [24]. Instead, it is possible that real microclimate
effects associated with the small footprint of the test bed and its exposed rooftop location
caused actual ET to deviate from ET,. Ouédraogo et al. [32] highlighted actual ET rates (as
measured via a lysimeter) that consistently exceeded ET, in a comparable experimental
setting. Such local microclimate effects could mean that a location factor, K;, analogous
to a crop factor may be required to characterise the expected ET in this specific locational
context. The development of the 3T method, as explored here, should contribute to the
further understanding of how local environmental settings influence actual ET rates in
complex, heterogeneous, urban environments.

4. Conclusions

This study has explored the application of the three-temperatures (3T) method for
evapotranspiration (ET) estimation over a relatively small, homogenous, vegetated surface
located in an urban environment using plastic artificial grass as the imitation surface.

Reasonable 3T-ET hourly estimates were achieved over the experimental period,
to the extent that the hourly 3T-ET estimates responded well to changes in the local
microclimate conditions and tracked trends in the corresponding hourly reference ET
(ET,) values. However, the 3T-ET estimates were very sensitive to changes in imitation
surface temperature (Tj,,;) and air temperature (T,;,), specifically when the values of these
parameters converged, leading to an increasingly high temperature fraction. This is a
key limitation of the 3T method, typically restricting valid 3T-ET estimates to between
mid-morning and late afternoon when there is a clear difference between T;;,,; and Ty;,.

In light of these observations, filtering the data to daylight hours and excluding
periods of building shadows and extreme temperature fraction values led to improved 3T-
ET estimates, where the most of the estimates were within 1 order of magnitude compared
with corresponding ET, values. However, the majority of the 3T-ET hourly estimates were
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greater than ET, (mean absolute error, MAE, of 0.05 to 0.15 mm~h’1). These deviations
were marginally reduced in the ET3 method using monitored net-radiation values (Qr,veg)
(March MAE, 0.05 mm-h~!) rather than estimating imitation surface net radiation (Qry im:)
from T, using values of albedo («) and emissivity (€) from the literature, as per the ET1
and ET2 methods (March MAE, 0.07 and 0.06 mm-h~!, respectively). Further reductions in
error were achieved in ET4 through the incorporation of soil heat flux into the 3T method
(March MAE, 0.03 mm-h~1).

While the preliminary work presented here has demonstrated the potential for a
portable ET measurement system that might be deployed to quantify ET rates from urban
SuDS/GI, the uncertainties highlighted here suggest that more work is required before the
3T-ET method can be recommend as a robust approach for practical deployment.

Future research should be undertaken to repeat elements of this 3T-ET study and
compare the estimates against measured ‘actual’ ET values determined by direct methods
(e.g., by mass loss) over continuous monitoring periods. Away from the equator, these trials
should be undertaken during the summer months when ET rates are expected to be at their
highest, day lengths are longer, and solar inclination angles are larger, thereby reducing
building shadow effects. The quantification of the soil heat flux density component of
the surface energy balance should also be undertaken over a diurnal cycle to rationalise
sub-daily 3T-ET estimates. Further investigation should be directed towards evaluating the
effects of different imitation surfaces in the 3T method. Furthermore, a better understanding
of the vertical air temperature profile above the vegetated surface is required in order to
identify the optimal placement of air temperature instrumentation in the 3T method.
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/ /www.mdpi.com/article/10.3390 /hydrology12120315/s1. Supplementary Material Section A:
Instrument Accuracy and Precision Summary; Supplementary Material Section B: Estimated vs.
Measured Shortwave, Longwave and Net Radiation; Supplementary Material Section C: Three-
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Supplementary Material Section E: Simple Linear Regressions between Reference ET and 3T-ET.
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