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A B S T R A C T

Knowledge of soil–vegetation–atmosphere energy exchange processes is essential for examining the response of
agriculture to changes in climate in both the short and long term. However, there are relatively few sites where
all the flux measurements necessary for evaluating these responses are available; where they exist, data are often
incomplete and/or of limited duration. At the same time, there is often an extensive observation network
available that has gathered key meteorological data (sunshine, wind, rainfall, etc.) over decades. Simulating the
terms of the surface energy balance (SEB) using available meteorological, soil and vegetation data can improve
our understanding of how agricultural systems respond to climate and how this response will vary spatially.
Here, we employ a physically-based scheme to simulate the SEB fluxes over a mid-latitude, maritime temperate
environment using routine weather observations. The latent heat flux is a critical SEB term as it incorporates the
response of the plant to environmental conditions including available energy and soil water. This response is
represented in modeling schemes through surface resistance (rs), which is usually expressed as a function of near-
surface water vapor alone. In this study, we simulate the SEB over two grassland sites, where eddy flux ob-
servations are available, representing imperfectly- and poorly- drained soils. We employ three different for-
mulations of rs, representing varying degrees of sophistication, to estimate the surface fluxes. Due to differences
in soil moisture characteristics between the sites, we ultimately focused our attention on an rs formulation that
accounted for soil water retention capacity, based on the Jarvis conductance model; the results at both hourly
and daily intervals are in good agreement, with RMSE values of ≈ 40 W m−2 for sensible and latent heat fluxes
at both sites. The findings show the potential value of using routine weather observations to generate the SEB
where flux observations are not available and the importance of soil properties in estimating surface fluxes.
These findings could contribute to the assessment of past and future climate change on grassland ecosystems.

1. Introduction

Information on the exchange of heat and moisture at the Earth's
surface is needed to evaluate the performance of climate models in si-
mulating land-atmosphere interactions (e.g. Knist et al., 2017) and for
applications in a number of areas, such as agricultural productivity, soil
moisture and hydrology, boundary-layer development, etc. (de Bruin
et al., 1993; van den Hurk et al., 2000; Chen and Dudhia, 2001;
Jung et al., 2010; Lathuilliere et al., 2012; van de Boer et al., 2013,
2014b). Typically, these exchanges are expressed in terms of the surface
energy balance (SEB, see Appendix 1) which stipulates that net

radiation (QN) is expended as sensible heat flux by conduction with the
soil (QG) and as sensible (QH) and latent (QE) heat fluxes by turbulence
with the overlying atmosphere. However, measurements of these flux
densities are not routine practice, partly due to the complexity of tur-
bulence measurement and the relative cost of instrumentation
(Haymann et al., 2019). To overcome this challenge, past and recent
studies have developed physically-based schemes to simulate these
exchanges based on routine meteorological observations (de Bruin and
Holtslag, 1982; Holtslag and van Ulden, 1983; Holtslag and de
Bruin, 1988; Viterbo and Beljaars, 1995; Chen et al., 1996; Beljaars and
Bosveld, 1997; Mohan and Siddiqui, 1998; de Rooy and Holtslag, 1999;
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van de Boer et al., 2014a; Lu et al., 2014). Although the choice of
scheme is dependent on the availability of input meteorological para-
meters, the analytic context is usually based on the Monin–Obukhov
Similarity Theory (MOST), which uses vertical profiles of air tempera-
ture, humidity and wind to simulate the fluxes of heat, vapor and
momentum, respectively, within the atmospheric surface layer (Ap-
pendix 1). However, issues remain with these schemes. For example,
Chen et al. (1997) found large discrepancies between schemes that have
been partly attributed to the dependence on empirical constants de-
rived from site specific data.

de Rooy and Holtslag (1999) proposed and evaluated a scheme for
estimating SEB fluxes using a minimal number of input parameters
derived from single-level routine weather observations. The metho-
dology was developed based on observations made over short grass in
Cabauw, the Netherlands, and has not been evaluated elsewhere. More
recently, van de Boer et al. (2014a) proposed a modified version of this
scheme which was evaluated at two locations over different land cover
types. This modified scheme accounts for the dependency of each flux
on air, rather than surface, temperature as in de Rooy and
Holtslag (1999). In addition, it employs a modified formulation for
surface resistance (rs) a key parameter in the estimation of QE as it ac-
counts for soil moisture content and the transfer of soil water to the
atmosphere by evapotranspiration. There are different methods of
parameterizing rs (Kim and Verma, 1991; Jacobs, 1994) but one of the
most widely used is that of Jarvis (1976), which incorporates en-
vironmental controls, including atmospheric (radiation, temperature,
vapor pressure deficit, CO2 concentration), vegetation (Leaf Area Index)
and soil (soil water) factors (e.g. Stewart, 1988; Beljaars and
Bosveld, 1997; Niyogi and Raman, 1997; de Rooy and Holtslag, 1999;
van de Boer et al., 2014a). Where it is assumed that there is no moisture
stress, the dependence of rs on soil water content has either been ex-
cluded (van de Boer et al., 2014a) or assumed to be negligible (de Rooy
and Holtslag, 1999). However, under conditions of increasing soil

moisture stress, water availability acts to regulate rs (Russell, 1980;
Sherratt and Wheater, 1984) and consequently plays a prominent role
in modulating heat and moisture fluxes (Sherratt and Wheater, 1984;
Betts and Ball, 1995; 1998; Senevirante et al., 2010). Increased rs due to
limited water availability affects evapotranspiration and is a major
factor controlling the productivity of terrestrial ecosystems (Ciais et al.,
2005; De Boeck et al., 2011; Reichstein et al., 2007; Teuling et al.,
2006; Zhang et al., 2012). The parameterization of rs has also been
identified as playing a significant role in contributing to model un-
certainties in estimating QE and gross primary production (GPP) in land
surface models (Li et al., 2016).

In this study we examine the influence of available soil moisture on
the simulation of energy fluxes using the de Rooy and Holtslag (1999)
scheme. We identify two grassland sites in Ireland that have the same
precipitation regime but are distinguished by their soil characteristics
and are defined as imperfectly- and poorly- drained soils. Our primary
objectives are to; (1) examine whether the de Rooy and Holtslag (1999)
scheme is transferrable to Irish sites; (2) evaluate if meteorological data
from one location can be employed to estimate the measured surface
fluxes at a nearby location and; (3) evaluate the response of surface
fluxes to three different parameterizations of surface resistance (rs).

The study seeks to extend the value of flux estimates to places where
such observations are not available and contribute to the improvement
and applicability of land surface schemes over grassland ecosystems.

2. Data and methods

2.1. Background climate

The climate of Ireland is dominated by westerly airflow off the
North Atlantic and consequently exhibits a maritime temperate climate
(Peel et al., 2007). Based on the long term averages over the period
from 1981 to 2010, Ireland typically experiences cool summers with

Nomenclature

Ag soil heat transfer coefficient (W m−2 K−1)
cp specific heat capacity of air (J kg−1 K−1)
csoil soil moisture coefficient (m3 m−3).
e vapor pressure (kPa)
FM soil moisture stress function
FS solar radiation stress function
FΔq air moisture deficit function
FT near-surface temperature function
fr an empirical site-specific constant
g acceleration due to gravity (m s−2)
hs moisture deficit coefficient (kg kg−1)
k von Kàrmàn constant
L Obukhov length (m)
LAI leaf area index (m2 m−2)
N cloud amount (oktas)
P mean sea level pressure (kPa)
QE latent heat flux (W m−2)
QG soil heat flux (W m−2)
QH sensible heat flux (W m−2)
QN net radiation (W m−2)
QL↓ incoming longwave radiation (W m−2)
QL↑ outgoing longwave radiation (W m−2)
QS↓ global solar radiation (W m−2)
QS↑ outgoing shortwave radiation (W m−2)
QΔS soil heat storage (W m−2)
RH relative humidity (%)
Rd specific gas constant for dry air (J kg−1 K−1)
Rv specific gas constant for water vapor (J kg−1 K−1)

ra aerodynamic resistance (s m−1)
rs the surface resistance (s m−1)
rs, min minimum stomatal resistance (s m−1)
s slope of saturated vapor pressure curves (kPa K−1)
Sr global radiation coefficient (W m−2)
Ta air temperature at za (K)
Ts surface temperature (K)
T24 24-h moving average of Ta (K)
u wind speed at 10 m (m s−1)
u* friction velocity (m s−1)
za observation height, 2 m.
zoH surface roughness length for heat (m)
zom surface roughness length for momentum (m)
α surface albedo
γ psychrometric constant (kPa K−1)
Γd dry adiabatic lapse rate (K m−1)
Δqa specific humidity deficit at za (kg kg−1).
Δqs specific humidity deficit at the surface (kg kg−1)
ɛ surface emissivity
ɛa atmospheric emissivity
θ volumetric soil moisture in the root zone (m3 m−3)
θCT critical soil moisture (m3 m−3)
θFC field capacity (m3 m−3)
θST saturation point (m3 m−3)
θWP wilting point (m3 m−3)
θ* temperature scale (K)
ρ density of dry air (kg m−3)
σ stefan Boltzmann's constant (W m−2 K−1)
ψH dimensionless stability term for heat
ψM dimensionless stability term for momentum
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daily maximum ranging from 18 to 20 °C and mild winters (8 °C);
minimum temperatures fall below 0 °C on approximately 40 (10) days
per year at inland (coastal) areas. Annual average rainfall is just over
1200 mm, which is distributed nearly evenly throughout the year. The
highest rainfall is typically recorded in upland regions on the west
coast. Rainfall amounts decline moving eastwards, associated with
airflow interactions with topography. However, topographic variations
across the island are relatively small – the average elevation is 118 m
a.s.l. and the highest peak is just over 1000 m a.s.l. A summary de-
scription of the climatology of the region is reported in Walsh (2012).

The climate in Ireland provides conditions suitable for the year-
round grass growth, particularly along coastal margins in the south of
the country which records a median grass growing season length of 330
days (Keane and Collins, 2004). Consequently, grassland land-cover is
the most important crop and accounts for more than 90% of the land
under agricultural production (McEniry et al., 2013) and 56% of the
total land area (EUROSTAT, 2015). Due to the year-round precipitation,
excessive soil moisture is generally more problematic for grass pro-
duction than water deficits (McDonnell et al., 2018), particularly on
poorly drained soils. However, soil moisture deficits are periodically
experienced during the summer months, typically in the east and south
east of the country (Dwyer and Walsh, 2012), associated with the

location of well drained soils (Fig. 1). In terms of soil characteristics, the
General Soil Map of Ireland classifies the south-east as mostly free-
draining sandy soils, with limestone-rich soils in the south and mid-
lands, and acid and peat soils on mountains, hills and the western
seaboard (Gardiner and Radford, 1980). More detailed soil properties
combining previous and existing soil survey information for Ireland is
available from Creamer et al. (2014).

2.2. Site descriptions

Two sites are employed in this study representing imperfectly
drained (Johnstown Castle, Co. Wexford) and poorly drained (Dripsey,
Co. Cork) soil characteristics; Table 1 provides summary information on
each site and Fig. 1 shows the site locations. Both sites have available
eddy covariance (EC) flux tower measurements.

Details on the vegetation and soil characteristics associated with the
flux tower footprints are as follows:

i) Johnstown Castle: Two main types of soil (Gleys and Brown Earths),
have been reported within the flux site footprint (Peichl et al.,
2012). The soil within the flux footprint (< 150 m) is moderately to
imperfectly drained Gley (FAO classification: Gleyic Cambisol). The

Fig 1. Map of soil drainage classes of Ireland (Irish Soil Information System by Teagasc for EPA, Creamer et al., 2014), showing the locations of test sites.
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soils transition to moderately or well drained Brown Earths (Cam-
bisol) at the outer edge of the flux footprint. The soil class in this
area therefore varies from moderately to imperfectly drained, and
the land cover is grass.

ii) Dripsey: The EC footprint is over grass cover on a soil type that
impedes water movement and can become waterlogged (Kiely et al.,
2018) and is classed as a poorly drained Gley soil.

More detailed descriptions on the soil properties, climatology and
EC footprints at Dripsey and Johnstown Castle are reported in
Kiely et al. (2018) and Peichl et al. (2012), respectively.

Detailed information on vegetation height and leaf area index (LAI)
are not available for the periods corresponding with flux measurements
made at Dripsey, but Kiely et al. (2018) reported LAI values ranging
from ≈ 2 m2 m−2 in winter to ≈ 6 m2 m−2 in summer. At Johnstown
Castle, LAI is estimated from measurements of grass dry matter yield
concurrent with the EC observations and an allometric relationship
established with leaf area index meter readings. Modeled LAI values
range between 0.1 (winter) and 6.8 m2 m−2 (summer) for this site, with
an average LAI of 2.2 m2 m−2.

2.3. Data

We employ available routine weather observations to parameterize
surface fluxes of heat and moisture over the two grassland sites de-
scribed above. In the following sections, the observed flux data avail-
able for each site is discussed followed by a description of the available
meteorological and soil water data. A summary of the Eddy-covariance
and meteorological parameters used as input to, and evaluation of, the
scheme employed is presented in Table 2.

2.3.1. Eddy-covariance measurements
Sensible and latent heat fluxes: Half-hourly EC flux measurements

ofQH and QE are available from the European Fluxes Database Cluster
(http://www.europe-fluxdata.eu/) (Papale et al., 2006) for Dripsey
(Kiely et al., 2018) for the period 2010. In order to avoid any potential

bias, we only employed non gap-filled data (Level 2 data). Half-hourly
EC flux measurements of QH and QE were also obtained for Johnstown
Castle for 2013 (Unpublished results). The instrumentation at both sites
consists of an open–path infra-red gas analyser (IRGA) for measuring
H2O density and CO2 concentration, in combination with a 3D sonic
anemometer. The EC data were logged at 10 Hz and averaged over 30-
minutes intervals (see Table 2 for a list of instruments at each site).

Data processing procedures at both sites were similar and are
documented elsewhere: Sottocornola and Kiely (2010a, 2010b) for
Dripsey; and Ní Choncubhair et al. (2017) for Johnstown Castle. These
procedures include spike removal (Vickers and Mahrt, 1997), the
Webb–Pearman–Leuning correction (Webb et al., 1980; Moncrieff et al.,
1997a), sonic anemometer tilt correction using the double rotation
method (Kaimal and Finnigan, 1994) and spectral attenuation correc-
tions after Moncrieff et al. (1997b). Some data filtering procedures,
which differ from the above approaches, were applied to Dripsey and
are described in Kiely et al. (2018). Here, poor quality data based on
quality control flags (QC = 2) were removed and flux observations
recorded when precipitation exceeded 1 mm were removed as these are
likely to generate errors in QE measurements using open-path sensors
(e.g. Ma et al., 2015). A statistical examination of the processed data for
all sites showed typical ranges of −100–400 W m−2 for QH and QE;
individual observations outside of these ranges were excluded from
further analysis (following Ma et al., 2015).

Following these pre-processing steps, a significant percent (original
plus filtered) of flux data at each site was classed as missing: 24% and
32% of QH and QE, respectively at Johnstown Castle and 28% and 31%
of QH and QE at Dripsey. While the proportion of data gaps from
Johnstown Castle mainly arose from the quality control procedures, the
higher proportion of missing data from Dripsey was due to a combi-
nation of both the number of missing values in the original data and the
quality control processes, outlined above. After the filtering processes,
the proportion of nighttime data slightly exceeded the daytime data at
both sites. At Johnstown Castle, approximately 51% (2941 h) and 49%
(2939 h) ofQE data remained for nighttime and daytime (08:00–18:00)
hours, respectively. Similarly, 53% (3188 h) and 47% (2851 h) of data

Table 1
Descriptions of grassland eddy covariance flux and synoptic stations used in this study. Meteorological data from Cork Airport (51.84°N, 8.48°W) at an elevation of
155 m were used for Dripsey. Johnstown Castle has a co-located weather station. The soil moisture properties are field capacity (θFC), saturation level (θST) and
wilting point (θWP), in order.

Station Lat/Long (°) Elevation (m) Soil description Moisture properties (θFC, θST,
θWP)

Drainage class Time period

Johnstown Castle 52.29°N, 6.49°W 58 A combination of gley, brown earths and free draining fine
siliceous loam soils.

32%
59%
17%

Imperfect 2013

Dripsey 51.98°N, 8.75°W 186 Gley water-logged soils. 32%
45%
12%

Poor 2010

Table 2
Descriptions of meteorology and eddy-covariance parameters used as forcings and for validation. respectively.

Variables Usage Instrumentation
Forcing Validation

QN x NR-Lite (Johnstown) and CNR1 (Dripsey) (Kipp & Zonen,Delft, The Netherlands)
QS↓ x
Ta x
u x
P x
RH x
Precipitation

Sunshine hours
QH, QE x IRGA gas analyzers,

LI-7500 (LI-COR, Lincoln, NE) at 6 m for Dripsey and; 2.28 m (1st Jan. – 26th Feb.), 2.72 m (26th Feb. – 23rd Oct.), 2.85 m (23rd Oct. –
31st Dec.) for Johnstown.

θ x CS616 (Johnstown) and CS615 (Dripsey) (Campbell Scientific, Shepherd, UK)
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for Dripsey were available for analysis.
Net radiation: Half-hourly measurements of QN from Dripsey for

2010 are available from the European Fluxes Database Cluster
(Papale et al., 2006). For Johnstown Castle, QNmeasurements for 2013
are available from previously unpublished research (see Section 2.3.1).
Hourly values of QN in the range −100 and 700 W m−2 were selected
for the subsequent analysis (following Shi and Liang, 2014).

The energy budget closure is an efficient approach to evaluate the
consistency of scalar flux densities measured by EC systems
(Twine et al., 2000). The approach relates available energy (QN - QG) to
turbulent fluxes (QH + QE) in order to determine the magnitude of non-
closure of measured fluxes by EC systems. EC measurements are known
to underestimate the turbulent fluxes (QH and QE) and overestimate QN

resulting in non-closure of the energy balance (EBC) (Wilson et al.,
2002; Foken, 2008; Franssen et al., 2010; Stoy et al., 2013). Other
potential reasons for non-closure are discussed extensively in the lit-
erature and include; the failure to measure heat storage terms as part of
measurement programmes (e.g. Heusinkveld et al., 2004); large-scale
turbulent circulations over heterogeneous landscapes that are not
captured by EC methods (Mauder et al., 2007; Stoy et al., 2013); the
assumption of no advection and; inaccurate QN measurements (e.g.
Foken, 2008). Over the sites available for the present study, the hourly
energy budget closure (ignoring the QG and QΔS terms) is approximately
69 % at Johnstown Castle and 60% at Dripsey (Fig. 2). These closure
values are comparable with previously reported values, which lie
within 53 – 99 % (e.g. Wilson et al., 2002).

2.3.2. Meteorological data
On-site hourly meteorological observations for the same period of

EC measurements are available for Johnstown Castle but at Dripsey
these data are only available at Cork Airport (155 m a.s.l), which is
approximately 25 km from the site. Both meteorological stations con-
form to World Meteorological Organization (WMO) guidelines and re-
port on global solar radiation (Qs↓, W m−2) or sun duration (hours), air
temperature (°C), relative humidity (%), pressure (kPa), wind speed (m
s−1) and precipitation (mm). As cloud amount (oktas) was only avail-
able from Cork Airport, it was excluded from the subsequent analysis;
this value was set ≈ 0 in the calculation of QL↓. Global solar radiation
was not available from Cork Airport, therefore hourly Qs↓data was es-
timated for this site based on observations of sunshine duration fol-
lowing Allen et al. (1998) and Ishola et al. (2018). The hourly me-
teorological observations correspond with the periods for which the
flux data are available at the two sites.

2.3.3. Soil water data
Soil water content, measured as the volumetric water content (θ,

m3 m−3) in the upper 20 cm of the soil, was measured at both sites at
half-hourly intervals using CS615/CS616 time domain reflectometers
(Table 2). At Johnstown Castle, these measurements are con-
temporaneous with the available EC flux measurements. At Dripsey,

measurements are only available for 2004 and 2005, which coincides
with periods when flux measurements are either not available or gap-
filled (European Fluxes Database Cluster Level 3 and 4 data). While the
general meteorological conditions at Dripsey during 2004 and 2005
were wetter than those experienced in 2010 (1174 mm; 1183 mm and
974 mm, respectively), the cumulative precipitation during 2005 was
very similar in profile to 2010, up to October, after which the soils
would have been close to or at field capacity.

2.4. Methods

2.4.1. Surface flux estimation
The scheme to estimate the fluxes of heat, moisture and momentum

from limited routine weather data was adapted from de Rooy and
Holtslag (1999). The scheme was originally developed over a grassland
ecosystem using extensive and well-documented datasets from Cabauw,
the Netherlands, and covering a variety of weather conditions. The
scheme computes the turbulent fluxes (QH and QE) through a set of
sequential calculations (Fig. 3). The required inputs are: air tempera-
ture Ta (K) at observation height za (2 m), relative humidity RH (%),
wind speed u (m s−1) at 10 m, mean sea level pressure P (kPa), global
solar radiation Qs↓ (W m−2) and cloud amount N (oktas).

In the initial step, the variables that can be obtained directly from
the inputs, such as the 24-h mean of 2-m temperature, T24 (K), vapor
pressure, e (kPa), specific humidity deficit, Δqa(g kg−1), psychrometric
constant, γ (kPa K−1), and the slope of the saturated vapor pressure
curve, s (kPa K−1), are estimated. An iterative procedure then estimates
the following parameters: friction velocity, u* (m s−1), aerodynamic
resistance, ra (s−1 m), QH (W m−2), and subsequently temperature scale
θ* (K) and Obukhov length L (m), using flux profile relations
(Paulson, 1970). The profile method adopts the MOST to describe the
profile relationships of important scaling quantities, u*, θ* and L; ra is
also expressed in terms of a flux-profile relationship. In this study, the
empirical stability correction functions used in the profile method are
based on those derived for unstable surface layer by Paulson (1970) and
Dyer (1974), which relate the fluxes of heat and momentum to their
non-dimensional vertical gradients.

The friction velocity, u*, aerodynamic resistance ra and sensible
heat, QH are calculated as follows:

=
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Fig 2. The hourly Surface energy balance closure at both sites.
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where

⎜ ⎟= + ⎡
⎣⎢

+ ⎛
⎝

+ ⎞
⎠

⎤
⎦⎥

X s γ s γ r
r

( ) 1 ,s

a (3a)

= +Y s s γ( ), (3b)

= − + + +↓ ↓A α Q Q εσT A T(1 ) 3 ,s L a g
4

24 (3c)

= + +B εσT A T z(4 )( Γ ),a g a a d
3 (3d)

= − +C s γ( ), (3e)

= +Z εσT A r ρc(4 )( / ),a g a p
3 (3f)

where, ψH and ψm are the dimensionless stability correction terms for
heat and momentum, respectively (Beljaars and Holtslag, 1991). The
specified dimensionless constants include the surface albedo, α = 0.23,
and surface emissivity, ɛ = 0.94. We employed the following empirical
values: Ag= 9.0 W m−2 K−1, Stefan Boltzmann's constant
(σ) = 5.67 × 10-8 W m−2 K−1, observation height za= 2 m, dry
adiabatic lapse rate Γd= 0.01 K m−1, air density ρ= 1.225 kg m−3,
specific heat capacity of air cp = 1005 J kg− K−1, von Kármán con-
stant k = 0.41, surface roughness length for heat zoH= 0.001 m and
momentum zom = 0.01 m (Table 3). The incoming longwave radiation
QL↓ (W m-2) is estimated using the formulations described in the Ap-
pendix.

Initially, the iterative procedure makes a first guess of u*, ra and
subsequently QH, assuming neutral stability conditions (1/L = 0). Using
this initial estimate of QH, the parameters θ* and L are calculated (see
Appendix 3). This procedure is repeated until the QH values from one
iteration to the next change by ≤ 10−5 W m−2, achieved through the
stability correction terms and based on the level of agreement between
the estimated and measured values. The estimated QH (W m−2) is then
used to sequentially derive surface temperature Ts (K), which in turn is
used to estimate QG (W m−2) and QN (W m−2), as follows:

= + +T T Q r
ρc

z Γ ,s a
H a

p
a d

(4)

= −Q A T T( ),G g s 24 (5)

= − + − − −↓Q α Q ε ε σT εσT T T[(1 ) ( 1)( )] [4 ( )],N s a a a a s a
4 3 (6)

where ɛa is the apparent atmospheric emissivity (see Appendix).
Finally, QE (W m−2) is computed using the Penman Monteith for-

mulation (Monteith, 1981), as follows,

=
− + −

+ +
Q

r s Q Q ρc e e
s γ r γr

( ) ( )
( )E

a N G p s a

a s (7)

The turbulent fluxes (QH and QE) both rely on surface resistance (rs)
which represents the role of environmental factors, such as plant
growth and soil moisture availability in regulating the surface-air ex-
change of water vapor.

2.4.2. . Surface resistance (rs)
There are several formulations in the literature for estimating ap-

propriate values for rs for different land-cover and environmental
conditions. The simplest of these is the FAO value which is constant and
based on a grass reference crop height of 0.12 m (Allen et al., 1998),
that is

Fig 3. Schematic diagram of surface energy balance estimates. The dotted line denotes the iteration process using MOST, while the dashed lines show the input and
output variables and parameterization workflow.

Table 3
Surface input parameters and corresponding values used at the selected sta-
tions.

Surface parameter Value

Emissivity, ɛ 0.94
Albedo,α 0.23
Soil heat transfer coefficient, Ag 9 W m−2 K−1

Roughness length for heat, zoH 0.001 m
Roughness length for momentum, zom 0.01 m
Surface resistance, rs with approximations
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= −r 70 s ms
1 (8)

A more physically-based formulation was proposed by de Rooy and
Holtslag (1999) based on a statistical relationship between rs and the
vapor density deficit (Δq) in the overlying air,

= + − =r a b e e
p

R
R

q10 Δ ,s
s a d

v (9)

where, a (0 s m−1) and b (10 s kg m−1 g−1) are empirical constants and
p is pressure such that −e e

p
s a is dimensionless. The remaining terms are

constants, Rd is specific gas constant for dry air (287 J kg−1 K−1) and Rv

is specific gas constant for water vapor (462 J kg−1 k−1).
Jarvis (1976) proposed a formulation for stomatal conductance, the

inverse of surface resistance, that accounts for plant growth through the
inclusion of environmental factors and a minimum surface resistance
(rs, min), specific to plant type and leaf area index (LAI),

=r
r
LAI

F F F F ,s
s min

S q T M
,

Δ (10)

where rs, min represents the optimum conditions for evapotranspiration
as a function of solar radiation (FS), water vapor (FΔq), air temperature
(FT) and soil moisture (FM) (Jarvis, 1976; Stewart, 1988). For short
grass, the value of rs, min is 110 s m−1. Although the LAI of short grass
changes seasonally (van den Hurk et al., 2000), a fixed value of
2 m2 m−2 is commonly used (e.g. Beljaars and Bosveld, 1997; de Rooy
and Holtslag, 1999; van den Hurk et al., 2000; 2003; van de Boer et al.,
2014a).

Beljaars and Bosveld (1997) modified the Jarvis–Stewart approx-
imation by removing the air temperature term (FT), due to its correla-
tion with radiation, and included a scaling factor (fr), to adjust rs to a
particular surface (van de Boer et al., 2014a), as follows, (Beljaars and
Bosveld, 1997).

= − − −r f
r
LAI

F F Fs r
s min

s q M
, 1

Δ
1 1

(11)

Based on observations over the Cabauw grassland site which has
poorly drained soils, Beljaars and Bosveld (1997) derived an optimized
value for fr of 0.47. Values for rs, min and LAI are as stated above.

The response function FS to Qs↓ is described (following Beljaars and
Bosveld, 1997; van de Boer et al., 2014a) as:

=
−

+ −
↓

↓ ↓
F

Q S S
S Q S S Q

( )
( 2 )

,S
s rm r

rm s r rm s (11a)

where the empirical coefficients Srm and Sr are given as 1000 W m−2

and 230 W m−2, respectively.
The response function FΔq to atmospheric moisture deficit is calcu-

lated as,

=
+

F
h q

1
(1 Δ )

,q
s

Δ
(11b)

where Δq is the difference between the water vapor deficit at the

reference height (2 m) and surface (Chen and Dudhia, 2001). Following
Beljaars and Bosveld (1997) and van de Boer et al. (2014a) we adopt a
fixed value of 3 g kg−1 for the vapor deficit at the surface. Different
values of hs have been adopted in the literature (e.g. Stewart and Gay;
1989; Chen et al., 1996; van den Hurk et al., 2000; Chen and
Dudhia, 2001, Ronda et al., 2001), however, 0.16 kg g−1 is employed
here as it has previously been used over grassland land cover
(Beljaars and Bosveld, 1997; van de Boer et al., 2014a).

FM is a soil moisture response function and is given as,

= >F θ θ1 for ,M FC (11c)

= + − <F c θ θ θ θ1 ( ) for ,M soil FC FC (11d)

where θ (m3 m−3) is the volumetric soil moisture in the root zone and
θFC (m3 m−3) is the volumetric water content at field capacity specific
to soil type (Table 1). We initially employ a value of 6.3 m3 m−3 for csoil
(following Beljaars and Bosveld, 1997); this parameter alters the re-
lationship (i.e. slope) between conductance and soil moisture and
consequently the sensitivity of FM to changes in soil moisture.

2.4.3. Simulating fluxes at the test sites
To address our three primary objectives, here we evaluate the

de Rooy and Holtslag (1999) scheme against the measured fluxes at the
Johnstown Castle and Dripsey grassland sites. In particular, we focus on
the different formulations for surface resistance (rs) and their ability to
estimate surface fluxes at i) a site that exhibits similar soil moisture
properties to the Cabauw site, over which the scheme was originally
developed, and ii) a site with differing soil moisture properties.

In the following section we use abbreviations to represent the dif-
ferent formulations used to obtain rs:

1 FAO to identify rsobtained using Eq. (8)
2 dRH99 to identify rs obtained using Eq. (9) and,
3 BB97 to identify rs obtained using Eq. (11)

The analysis is carried out for daytime only (Qs↓ > 10Wm−2) when
the majority of evapotranspiration takes place. At Johnstown Castle, we
employ data from the nearby meteorological station and θ from the
Eddy-covariance flux site as input to the scheme. At Dripsey, we employ
data from Cork Airport, which is 25 km distant and is the closest sui-
table meteorological station. Due to the absence of soil moisture mea-
surements for the period of study, we employ soil moisture data from
2005 as a surrogate to test the BB97 formulation in estimating rs and QE

at this site. We justify this on the basis that the cumulative precipitation
during 2005, when the volumetric water content measurements are
available, and 2010, when the flux measurements were obtained, dis-
play a similar profile during the period when soil moisture is likely to be
most influential. Section 3.1 presents the results of the analysis.

Beljaars and Bosveld (1997) derived values for the fr, Sr, hs and csoil
coefficients employed in BB97 based on their model fit to the measured

Fig 4. Relationship between daytime hourly measured (QNm) and estimated (QNe) net radiation flux over both sites.
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data at Cabauw. To assess the influence of these specified values on rs
and consequently QE at both sites, we undertook a local sensitivity
analysis, employing a one-at-a-time technique. For each coefficient
value altered, the remaining values are held at their original, specified
values. We initially perturbed the values of fr, Sr, hs and csoil at Johns-
town Castle, where all the required measured input variables are
available. For consistency and robustness of model evaluation, we
conducted a similar sensitivity analysis for the Dripsey site, employing
soil moisture data from 2005. Finally, we employ the optimized values
derived from the sensitivity analysis to derive estimated QH and QE at
Johnstown Castle, where the default values for BB97 failed to replicate
the measured fluxes; results from the sensitivity analysis are presented
in Section 3.2

3. Results

The de Rooy and Holtslag (1999) scheme is used, with different
approximations of rs, to simulate hourly radiation and turbulent fluxes
at each observation site. The estimated hourly QN, QH and QE and daily
averaged QH and QE fluxes were compared with the observed fluxes at
each site using a number of statistical measures including root mean
square error (RMSE), bias, standard deviation (sd) and correlation
coefficient (r), and results are presented below.

3.1. Evaluation of radiation and estimated surface fluxes

3.1.1. Net radiation
Fig. 4 shows the relationship between estimated and measured

(daytime) hourly QN values for both sites. The estimated (measured) QN

values are: between −90 and 600 W m−2 (−100 and 635 W m−2) at
Johnstown Castle and; between −66 and 553 W m−2 (−100 and
600 W m−2) at Dripsey. At Johnstown Castle, the model tended to
overestimate negative values of QN and underestimate large positive
values. At Dripsey, the underestimation of QN is likely attributable to its
reliance on QS↓ which was derived based on hourly sun duration ob-
tained from a distant meteorological site. Overall model performance at
the two sites indicates: a RMSE = 69.7 W m−2 (sd = 158 and
153 W m−2 for the estimated and measured values, respectively) at
Johnstown Castle and; a RMSE = 91.6 W m−2 (sd = 144 and
149 W m−2 for the estimated and measured values) at Dripsey. These
results are broadly comparable with other similar studies. For example,
Holtslag and van Ulden (1983) derived a linear relationship between
QS↓, solar elevation and total cloud cover, in combination with other
components of the surface radiation budget, to estimate QN under both
clear and cloudy sky conditions at Cabauw and obtained a RMSE of
63 W m−2 for QN under all conditions.

3.1.2. Sensible heat fluxes
Table 4 shows the performance metrics for the estimated hourly QH

for both sites using the three formulations for rs outlined above. Of
these, dRH99 was found to perform the best across all metrics and both
sites, but particularly at Johnstown Castle, displaying the lowest RMSE
and bias and highest r values. BB97 performs the poorest at Johnstown
Castle, displaying the highest RMSE and bias compared to the other two
methods. In contrast, at Dripsey, BB97 produces metrics that are very
similar to dRH99.

Figs. 5 and 6 display the scatterplots of measured and estimated
hourly QH, using the three formulations of rs, at Johnstown Castle and
Dripsey, respectively; they also show the daily cycle of QH, during
daylight hours, averaged for the month of July for the respective year of
observation. At Johnstown Castle, BB97 significantly overestimates QH

(which is evident in the July graph) while both dRH99 and FAO match
the measured values more closely (Fig. 5). In general, large positive
hourly values of QH are underestimated at Dripsey but daytime values
during July are very close (Fig. 6). Of the three rs methods, dRH99, at
both sites, and BB97, at Dripsey, produced results that are most

comparable with Holtslag and van Ulden (1983) who employed a
modified Priestly-Taylor approach to estimate QH and QE above a short-
grass covered surface at Cabauw; they reported a RMSE of 34 W m−2

between measured and estimated QH.

3.1.3. Latent heat fluxes
Table 5 shows the statistics for the estimated and measured QE va-

lues for both sites. Although the FAO method employs a constant rs
value, it produced the best fit at Johnstown Castle
(RMSE = 34.9 W m−2, bias = -6.7 W m−2 and r= 0.85) (Table 5),
followed by dRH99 (RMSE = 43.1 W m−2, bias = 11.7 W m−2 and
r = 0.84). Employing the default Beljaars and Bosveld (1997) values,
BB97 performed very poorly at this site (RMSE = 56.1 W m−2, bias = -
29.9 W m−2 and r = 0.62). At Dripsey, FAO produced the best fit in
terms of RMSE and r value (RMSE = 38.9 W m−2 and r = 0.84), but
displayed the highest bias (bias = -11.8 W m−2) of the three methods.
dRH99 performed the poorest at this site, with the highest RMSE and
lowest r value (RMSE= 48.7 W m−2 and r = 0.78) relative to the other
two methods. BB97 resulted in the lowest bias value of all methods
(bias = -2.1 W m−2), and an RMSE and r value comparable to FAO
(RMSE = 41.2 W m−2 and r = 0.83).

Figs. 7 and 8 show scatterplots of hourly measured and estimated
QE, based on the different rs formulations, for Johnstown Castle and
Dripsey, respectively; they also shows the daily cycle of QE for daylight
hours, averaged for the month of July. While FAO produced the lowest
RMSE and bias values at Johnstown Castle (Table 5), both FAO and
dRH99 are shown to overestimate QE, evident during the mid-day hours
in July, when radiation is most intense; BB97 significantly under-
estimates QE, evident during July (Fig. 7). At Dripsey, all rs methods
underestimate QE, with the largest underestimates associated with FAO.
Holtslag and van Ulden (1983), in their study over Cabauw, report a
RMSE of 56 W m−2 between measured and estimated QE; results for all
rs methods used here are consistent with this finding.

3.2. Surface resistance

To explore the difference in performance between the rs formula-
tions, we examined the calculated rs ranges during daytime hours for
both dRH99 and BB97. From Table 6, the range in rs values are larger
for BB97 than for dRH99, at both sites. The large difference in esti-
mated rs values between dRH99 and BB97 result in a marked contrast in
the estimated QE values at Johnstown (Fig. 7). In contrast, the differ-
ence in the range of rs values at Dripsey between methods is smaller;
smaller differences are also apparent in the estimated QE between these
methods at this site. To further examine this, we focus our attention on
BB97 to understand the role of the environmental response factors in
regulating rs and consequently QE at both sites.

3.2.1. Sensitivity of QE to soil and environmental factors
A sensitivity analysis on BB97 was conducted by altering the values

of fr, Sr, hsand csoil, individually, and leaving the remaining coefficients
unchanged.

At Johnstown, the estimated QE was found to be largely insensitive,
within the range of values tested, to alterations in either hs, associated

Table 4
Performance assessment of daytime (QS↓ > 10 W m−2) QH based on different
rs, over both stations. The italicized values show the rsmethod that give the
best agreement between estimated and measured QH. RMSE and Bias (W m−2).

Dripsey Johnstown Castle

rs method RMSE Bias r RMSE Bias r

dRH99 38.2 9.4 0.78 36.1 8.3 0.83
BB97 39.8 11.9 0.77 51.8 23.4 0.83
FAO 44.7 16.7 0.77 43.8 15.9 0.82
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with the atmospheric moisture deficit function (FΔq), or Sr, associated
with the radiation function (FS) (Fig. 9, top) during January or July. In
contrast, during July, rs and consequently QEwas found to be very
sensitive to changes in csoil, associated with the soil moisture function
(FM) (Fig. 9, bottom left). When the default value (6.3 m3 m−3) for csoil
was employed, the average daytime value of rs increased significantly
(≈ 600 s m−1), suppressing the estimated QE values (Fig. 7). When

csoil= 0 m3 m−3, equivalent to setting =F 1,M the estimated
QE increases to near its potential, in response to low daytime rs (<
50 s m−1) values. Setting csoil values within the range of
2.3–4.3 m3 m−3 resulted in QE estimates with the lowest bias, relative
to measured values. A similar response was found for fr; estimated QE

decreased from its potential ( =f 0r ) with increasing fr. A csoil=
4.3 m3 m−3 was ultimately selected, based on the bias value

Fig 5. Relationship between daytime hourly measured (QHm) and estimated (QHe) sensible heat flux applying the Scheme with different rs models over Johnstown
Castle. The line plot is the diurnal cycle of QH, averaged for July, 2013.

Fig 6. Relationship between daytime hourly measured (QHm) and estimated (QHe) sensible heat flux applying the Scheme with different rs models over Dripsey. The
line plot is the diurnal cycle of QH, averaged for July, 2010.
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(0.9 W m−2) for the month of July.
At Dripsey, changes to hs, Sr and csoil had little or no impact on rs and

consequently QE (Fig. 10, top and bottom left), during either January or
July. Similar to the findings at Johnstown, rs was found to increase with
increasing fr so that the corresponding QE decreases, evident during the
mid-day hours in both January and July.

3.2.2. Estimation of surface fluxes using adjusted coefficients
Fig. 11 (top) shows the hourly measured and estimated fluxes of QE

and QH and averaged hourly day time values for July (Fig. 11, bottom).
The use of adjusted values (Table 7) at Johnstown improves the RMSE
and bias for QE (RMSE = 37.8 W m−2, bias = -9.7 W m−2) and QH

(RMSE = 41.7 W m−2, bias = 15.3 W m−2) and the r value for QE

(r = 0.82). The diurnal cycle (Fig. 11, bottom) shows clearly that QE is
significantly improved, matching more closely with the measured va-
lues during July. Overall, the magnitudes of daytime hourly estimated
(measured) QH were within the range −60 and 320 W m−2 (−100 and
220 W m−2), while that of QEwere within −100 and 350 W m−2 (−20
and 310 W m−2). At Dripsey, using the original BB97 values which
proved to be optimum for this site, the surface fluxes were estimated
within the range -68 and 235 W m−2 for QH and within −11 and
330 W m−2 for QE.

Averaged daily QH were estimated between −50 W m−2 and
170 W m−2 at both sites; daily QE values ranged between −15 W m−2

and 190 W m−2 at both sites (Fig. 12, top). While both sites showed
similar exchanges of QH, at both hourly and daily time scales QE was
higher than QH. This indicates that the surface conditions at these sites
were wet, in general, resulting in lower Δqa and rs and consequently,
higher QE. The broader pattern shows the seasonal variation in the
fluxes, which are low in winter and peak in summer (Fig.12, bottom).

4. Discussion

4.1. Physical control of parameterized surface resistance and surface fluxes

In this study, we evaluated the land surface parameterization
scheme of de Rooy and Holtslag (1999) as a means of deriving surface
energy fluxes using routine meteorological data. Although the scheme
was developed using observations made over short grass grown on
poorly drained soil, they suggested it could be adjusted for use else-
where if the surface parameters, particularly surface resistance (rs), are
modified to local conditions by using appropriate parameterization
schemes. Beljaars and Bosveld (1997) indicate that rs can vary owing to
a range of environmental factors, including soil moisture, photo-
synthetically active radiation (PAR) and near-surface moisture deficit.
Here, we focus on three different methods (namely FAO, dRH99 and
BB97) of representing rs, representing varying levels of sophistication,
within the scheme.

The FAO method requires no information on atmospheric and site
conditions and assigns a fixed value for rs. Estimates using this method
performed relatively well in estimating QE but poorly in estimating QH

at both sites. The dRH99 method incorporates the near-surface moisture
deficit but did not perform as well as FAO for QE, but did better than
FAO for QH at both sites. The most sophisticated method (BB97), using
the standard values for the environmental response factors (i.e. fr, Sr, hs
and csoil), provided a good fit to both QH and QE at Dripsey but per-
formed poorest of all methods at Johnstown.

These results may seem counterintuitive, as the FAO method with
the least information performs well, relative to the other methods with
regard to QE. In part this can be explained by the constrained nature of

Table 5
Performance assessment of daytime (QS↓ > 10 Wm−2) QE based on different rs,
over both stations. The italicized values show the rs method that give the best
agreement between estimated and measured QE. RMSE and Bias (Wm−2).

Dripsey Johnstown Castle

rs method RMSE Bias r RMSE Bias r

dRH99 48.7 5.6 0.78 43.1 11.7 0.84
BB97 41.2 -2.1 0.83 56.1 -29.9 0.62
FAO 38.9 -11.8 0.84 34.9 -6.7 0.85

Fig 7. Relationship between daytime hourly measured (QEm) and estimated (QEe) latent heat flux applying the Scheme with different rs models over Johnstown
Castle. The line plot is the diurnal cycle of QE, averaged for July, 2013.
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the energy budget, which allocates the energy available (that is,
−Q QN G) into QH and QE. As FAO underestimates QH, more energy is

channeled into QE. Similarly the improved performance of dRH99 for
QH results in a weaker result for QE. However, the intriguing result is for
the most sophisticated method (BB97), which includes many of the
physical controls on rs, performs well at Dripsey using standard values
but poorly at Johnstown for both QH and QE. As both Johnstown Castle
and Dripsey experience similar meteorological conditions (e.g. Fig. 4),
we hypothesized that this is due to the soil moisture characteristics
(Table 1), which are not considered by dRH99.

Fig. 13 shows the average daily values of soil moisture (θ) of
Dripsey and Johnstown for the years available.
Seneviratne et al. (2010) classified evapotranspiration regimes into
types. A wet regime is defined as energy-limited, and occurs when θ lies
above a critical soil moisture level (θCT). When θ falls below θCT (ty-
pically between 0.5 and 0.8 of θFC) (Seneviratne et al. 2010; after
Shuttleworth, 1993) the regime is classed as moisture-limited and
'transitional'. At Dripsey, daily θ varies between 0.25 to 0.4 m3 m−3

over the two year period and only drops below θFC for short periods;
from the 6th June to the 8th August during 2004 (≈64 days) and from
the 28th June to the 23rd July during 2005 (≈ 26 days). At Johnstown,
θ varies between 0.12 to 0.47 m3 m−3 over the measurement period;

however, θ falls below θCT for an extended period from the 23rd May to
the 30th September during 2013 (≈ 131 days). Consistent with the soil
drainage characteristics, the heavier soils at Dripsey maintain sufficient
moisture throughout the year; this meets the definition of a wet regime
where QE is constrained by the available energy. At Johnstown, in the
absence of precipitation, the soil moves from a wet to a transitional
regime and QE becomes moisture-limited. This suggests that the impact
of the different methods for obtaining rs values will be most evident
during transitional soil moisture regimes. BB97 is the only method that
can incorporate these effects into the calculation of surface resistance
(rs).

The sensitivity analysis identified the csoil coefficient, which acts to
modify the plants ability to access soil moisture below field capacity
(θFC) as a critical variable. A value of csoil ≈ 6.3 m3 m−3 was estimated
by Beljaars and Bosveld (1997) based on observations at a poorly-
drained site (Cabauw), similar to the Dripsey site, which fits the char-
acteristics of an energy-limited evapotranspiration regime. However,
we found that a value of csoil ≈ 4.3 m3 m−3 was better suited to the
imperfectly-drained soils at Johnstown, which often experiences a
transitional regime. The adjusted csoil value reduced the range of rs
values (Table 6) and improved results for both hourly and daily QH and
QE estimates (Figs. 11 and 12). These results indicate that rs depends
very strongly on soil moisture regimes, particularly during a transi-
tional period where θ falls below θCT, so that the use of a constant value
or a linear relation where air moisture response is the only driver of rs
may prove inferior. This supports the conclusion of Beljaars and
Bosveld (1997), who established that all the environmental response
parameters are important for stomatal control during dry periods, in
order to obtain a good flux simulation.

The estimates of surface energy fluxes generated by the de Rooy and
Holtslag (1999) scheme using the BB97 method that adjusts to soil
moisture conditions, generates both hourly (RMSE ≈ 40 W m−2) and
daily (RMSE ≈ 24 W m−2) statistics that are comparable with other
similar studies. For instance, Holtslag and van Ulden (1983), using
calculated QS↓ as an input into their scheme, obtained half-hourly
measures of RMSE ≈ 34 W m−2 for QH during daytime over grassland

Fig 8. Relationship between daytime hourly measured (QEm) and estimated (QEe) latent heat flux applying the Scheme with different rs models over Dripsey. The line
plot is the diurnal cycle of QE, averaged for July, 2010.

Table 6
Range of estimated rs (s m−1) during mid-day time (QS↓ > 10 W m−2 and QS↓

> 100 W m−2) over the selected stations. BB97 is based on the scheme using
the default parameter values (i.e. Beljaars and Bosveld, 1997) for BB97; BB97
(optimized) is based on the updated optimized values for Johnstown Castle,
employed in this study.

rs method Johnstown Castle Dripsey

QS↓ >
10 W m−2

QS↓ >
100 W m−2

QS↓ >
10 W m−2

QS↓ >
100 W m−2

dRH99 0–100 0–100 0–90 0–90
BB97 25–15800 25–2613 25–1300 25–175
BB97 (optimized) 25–2450 20–400 – –
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at Cabauw, the Netherlands. The errors of estimated QE using different
spatial evapotranspiration (ET) models including mapping ET at high
resolution with internalized calibration (METRIC) (Allen et al., 2007),
surface energy balance systems (SEBS) model (Su, 2002), two-source
energy balance (TSEB) model (Norman et al., 1995), triangle model,
and surface energy balance algorithm for land (SEBAL)
(Bastiaanssen et al., 1998) are within the range ≈ 30–80 W m−2

(Long and Singh, 2013), which also correspond to results in this study.

Estimated daily ET fluxes using an upscaled evaporative fraction (EF)
scheme have also been found to range between 5 and 40 W m−2

(Colaizzi et al., 2006; Sobrino et al., 2007; Tang et al., 2013).

4.2. Uncertainties in surface heat flux simulations

It is important to recognize several potential sources of error in this
work and their likely effect on the findings.

Fig 9. Sensitivity of daytime rs and QE to environmetal factors, averaged for January and July over Johnstown Castle. hs (g kg−1), Sr (W m−2), csoil (m3 m−3) and fr is
dimensionless. The calculated biases for January (≈ −14 W m−2) are similar for all factors. The dashed and solid lines are rs and QE, respectively.

Fig 10. Sensitivity of daytime rs and QE to environmetal factors, averaged for January and July over Dripsey. hs (g kg−1), Sr (W m−2), csoil (m3 m−3) and fr is
dimensionless. The calculated biases for January (≈ -9 W m−2) are similar for all factors. The dashed and solid lines are rs and QE, respectively.
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Energy budget closure: The energy flux estimates generated here
using the de Rooy and Holtslag scheme are evaluated by comparison
with EC measurements made at two sites. It is important to acknowl-
edge that there are likely to be errors in the measured fluxes that can be
assessed as part of energy budget closure (see Section 2.3.1). Here, the
closure is measured as QN - (QH + QE) and the results for both sites
(Fig. 2) are consistent with those reported in the previous studies (e.g.
Wilson et al., 2002). The major reason for the non-closure here is the
absence of substrate heat flux (QG) observations but there are also likely
to be errors associated with the measured terms (Heusinkveld et al.,
2004). EC measurements are known to underestimate the turbulent
sensible (QH) and latent (QE) heat fluxes mainly because they do not
capture the effects of large-scale eddies that are linked to landscape
heterogeneity (Foken, 2008). We do not attempt to evaluate the mag-
nitude of the underestimates in this work but Foken (2008) indicates
that these may be between 10% and 20%. This should be borne in mind
when evaluating the estimated turbulent fluxes using BB97, which
employ adjusted parameters to improve the fit to observations.

Meteorological observations: The de Rooy and Holtslag (1999)
scheme requires inputs on solar radiation, air temperature, humidity,

etc. to estimate fluxes. Ideally, these meteorological observations are
complete and available at the site of study. This was not the case for
Dripsey, where the scheme used data obtained for a site 25 km distant
(Cork Airport) where observations of solar radiation (QS↓) and cloud
cover were not available. The study estimated QS↓ from sunshine hours
using a modified Angstrom-model but could not account for the impact
of clouds on QL↓; as a result, estimated QN is likely to be lowered,
especially at night. This error will affect all surface energy fluxes but,
given the focus on daytime evaporation, the impact is likely to be small.
While the estimated QG values were not evaluated in this study, de Rooy
and Holtslag (1999) also highlighted that, an overestimation of QG may
result in negative bias in −Q QN G that is used to estimate QE.

Finally, we should acknowledge that the need to estimate radiation
components (rather than using observations) will result in errors that
will impact on the turbulent flux estimates produced by the different
methods.

5. Summary and conclusion

This paper applied an existing physically-based scheme for esti-
mating surface energy fluxes over two independent sites with con-
trasting soil moisture characteristics. The radiative and non-radiative
components were parameterized from limited routine weather ob-
servations for daytime conditions over grass-covered surfaces at
Johnstown Castle and Cork Airport in Ireland. The parameterized fluxes
were further evaluated against observed EC flux measurements at
Johnstown Castle and Dripsey (25 km from Cork Airport). Our main
objectives are to test whether the original de Rooy and Holtslag (1999)
scheme, which was derived at a grassland site in the Netherlands (Ca-
bauw) can be transferred to other grassland sites and take into account
different soil characteristics. The study focused in particular on the role
of surface resistance (rs) in regulating the daytime turbulent heat fluxes
of QH and QE. Three methods of varying sophistication (FAO, dRH99
and BB97) were applied to the estimation scheme at the two test sites,
which represent poorly (Dripsey) and imperfectly (Johnstown) drained
soils. While BB97 and dRH99 produced a good fit to observed QE values
at Dripsey (a site that is similar to Cabauw), the fit at Johnstown was

Fig 11. Relationship between daytime hourly measured and estimated QH [left] and QE [right] fluxes for 2013, applying the Scheme with optimized
(csoil = 4.3 m3 m−3) rs over Johnstown Castle.

Table 7
Adapted empirical coefficients of optimized rs for QE estimation under different
surface conditions.

Soil Drainage Variable Optimized Units
Characteristics value

Imperfectly drained fr 0.47 –
(Johnstown Castle) rsmin 110 s m−1

LAI 2 m2 m−2

hs 0.16 g kg−1

csoil 4.3 m3 m−3

Sr 230 W m−2

Poorly drained fr 0.47 –
(Dripsey) rsmin 110 s m−1

LAI 2 m2 m−2

hs 0.16 g kg−1

csoil 6.3 m3 m−3

Sr 230 W m−2
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poor. The differences in results were attributed to soil moisture char-
acteristics and only BB97 accounts for this property. A critical variable
in this method of deriving rsis the soil moisture coefficient (csoil), which
accounts for the water available to plants for evapotranspiration; the

value of csoil used in BB97 (6.6 m3 m−3) was suited to the wet soil
conditions at Dripsey but not at Johnstown. This study finds that csoil ≈
4.3 m3 m−3 resulted in QH and QE values that agree well with the
measured values over imperfectly drained soil.

Fig 12. Relationship between parameterized and measured averaged daily QH and QE over the selected sites. The daily variations of QE and QH in the course of a year
are shown in the middle (c,d) and bottom (e,f) panels, respectively. The shaded portions are the 5th and 95th percentiles of uncertainty bound as calculated by LOESS
regression

Fig 13. Averaged diurnal variations of the measured θ of the
top layer of the soil from 2004 to 2005 at Dripsey and for the
year 2013 at Johnstown Castle. The gaps indicate periods with
missing values. The horizonal dashed line is the threshold of θ
at field capacity [blue] and wilting point [red], and the grey
box is the (upper and lower critical θ at 0.25 m3 m−3 and
0.15 m3 m−3, respectively) bound of transitional soil moisture
regime for both sites (after Shuttleworth, 1993). (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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An additional finding from this work was that the use of off-site
meteorology, similar to the site of interest, can be reliably employed to
estimate the measured surface fluxes at a location; we demonstrated
this at Dripsey, where the nearest suitable meteorological station was
located ≈25 km away. Notwithstanding the uncertainties associated
the estimation of Qs↓ from sun hours and the use of soil water from a
similar precipitation year (i.e. 2005), the estimated fluxes agree well
with the measured values at this site. In the absence of direct soil
moisture measurements and based on the soil drainage characteristics
at Dripsey, the use of FM = 1 in combination with standard optimal
coefficients of BB97 is likely to produce similar results to dRH99.

The surface energy imbalance is always characterized to be partly a
consequence of an underestimation of turbulent heat fluxes by EC
techniques. Given the measures of observed surface energy balance
closure at the test sites which, while they do not account for QG, are
consistent with previous studies, we can conclude that the uncertainty
of the parameterization scheme associated with the systematic bias of
EC measurements of turbulent heat fluxes is relatively smaller.
Notwithstanding the problems of surface energy balance closure of EC
measurements, the estimated fluxes improved significantly through the
adjustment of a csoil adjusted to account for the soil moisture conditions.
Generally, the de Rooy and Holtslag (1999) scheme demonstrated good
performance in replicating the measured fluxes over grass-covered
surfaces exhibiting different soil moisture characteristics and using
routine weather observations for daytime weather conditions at both

sites. On the basis of the analysis conducted here, we therefore conclude
that the land surface scheme is sensitive to soil types that exhibit dif-
ferent drainage characterizes; whether the optimized coefficient for csoil
in this study is more generally applicable, remains to be tested. The
python code for this application is obtainable from the first author.
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Appendix

A.1. Surface energy budget

The SEB is the energy conservation at the earth's surface. It describes the ability to partition the net radiation (QN) into surface sensible (QH) and
latent (QE) heat exchange with the overlying atmosphere, and soil heat with the subsurface (QG) assuming no heat is stored or released within the
canopy. The SEB equation can be written as;

= + +Q Q Q QN H E G (A1)

On a typical day, QN is positive during the day and increases toward mid-day when the sun is highest, at night it becomes negative. Consequently,
the surface is the source of energy to the atmosphere leading to rising air temperature and humidity, and to the subsurface (raising soil temperature),
during the daytime. However, during night-time, the surface serves as a sink as the energy flows in reverse order.

The non-radiative terms in (A1) are related to vertical gradients of air temperature (QH), humidity (QE) and soil temperature (QG) and the
respective transfer properties. In the atmosphere, transfer is regulated by the near-surface airflow and stability while conductivity controls heat
exchange in the soil. An expanded discussion of these components and application to the study region has been presented in Keane and
Collins (2004).

A.2. Radiation terms

QN is parameterized based on the components of surface radiation as represented in equation A2.

= − − + − −↓ ↑ ↓ ↑Q Q Q Q QN S s L L (A2)

The magnitude of QS↓ depends on the Sun's altitude, clarity of the atmosphere and the latitude. This parameter is basically available by means of
observations or model estimation (Holtslag and van Ulden, 1983; Ishola et al., 2018; for application to the study area). The Qs↑ is a fraction of QS↓

reflected back to the atmosphere and is a function of the surface albedo ( = ↑

↓
α Q

Q
s

S
). A parameterization of surface albedo based on solar elevation has

been investigated (Beljaars and Bosveld, 1997; de Rooy and Holtslag, 1999), but for the purpose of simplicity, the recommended normal surface
albedo value for short grass ( =α 0.23; Oke, 1978) is adopted in this study. The longwave terms in (A2) depend on the air (Ta) and surface (Ts)
temperature and their respective emissivity.

A simple approximation of the incoming longwave radiation in relation to Taat a reference height (1–2 m) has been reported (Swinbank, 1963).
However, this simple empirical relation does not account for the influence of cloud cover thus, the adopted model in this study was that optimized by
Holtslag and van Ulden (1983);

= + ⎛
⎝

⎞
⎠

↓Q ε σT c N
8L a a

4
1 (A3a)

⎜ ⎟= ⎛
⎝

⎞
⎠

ε e
T

1.2a
a

0.143

(A3b)

c1 is an empirical constants (60 W m−2). A number of approximations have been proposed forɛa, relating it to Taand N (Idso, 1981; Holtslag and de
Bruin, 1988), and water vapor pressure (mbar) and Ta (Brutsaert, 1982). Here, we adopted the latter as shown in (A3a) for estimation of ɛa (de Rooy
and Hotlsag, 1999).
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The estimation of QL↑ depends primarily on the surface emissivity (ɛ) and Ts,

= + −↑ ↓Q εσT ε Q(1 )L s L
4 (A3c)

The literature indicates that, ɛ ranges from 0.9 – 0.95 for long to short grass (Oke, 1978) and 0.94 is used here (de Rooy and Hotslag, 1999). The
Ts is critical for estimating QL↑and all of the non-radiative terms in the SEB and is discussed in the next section.

A.3. Surface temperature

Monin–Obukhov Similarity Theory (MOST) describes the profile relationships of scaling quantities, u*, θ* and L (Schayes, 1982; Berkowicz and
Prahm, 1982; Holtslag and van Ulden, 1983; Manju and Sharma, 1987; Mohan and Siddiqui, 1998; de Rooy and Holtslag, 1999; van de Boer et al.,
2014a). The temperature and wind speed profiles are given as,

⎜ ⎟= − = ⎡
⎣⎢

⎛
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⎞
⎠

− ⎛
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⎞
⎠

+ ⎛
⎝

⎞
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⎤
⎦⎥

θ θ θ θ
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ln z
z

ψ z
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ψ z
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Δ *a s
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H

a
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oH

(A4)
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(A5)

In this study, the potential temperature θa is given, by adjusting the air temperature adiabatically for the height above the ground, as;
= +θ Ta a

gz
c

a
p
(de Rooy and Holtslag, 1999). Both zoH and zom (m) lengths are taken such that the downward-extrapolated profiles of (A4) produce

effective temperature at the radiation level and the profiles of (A5) result in zero value for wind speed. de Rooy and Holtslag (1999) noted that for
homogenous surfaces the local zoH and zom depend only on the local surface cover thus, the corresponding lengths used in this study are 0.01 m and
0.001 m for zom and zoH, respectively. ψH and ψm are the stability correction terms for heat and momentum (Beljaars and Holtslag, 1991). Using
Businger-Dyer representations of similarity functions (Businger 1966, Dyer, 1967), Paulson (1970) has derived stability functions. The functions
relate the fluxes of momentum and heat to their non-dimensional vertical gradients. The reader is referred to this paper for information on the
derived stability functions in an unstable surface layer.

The scaling parameters in (A6) and (A7) are related with sensible heat flux QH and Obukhov length L (m) by;

= −θ Q
u ρc*

*

H

p (A6)

=L
u T
kθ g

*
*

a
2

(A7)

The L is a dimensional height above the surface where the turbulence generated by buoyancy (heat production) equals the mechanically (shear)
generated turbulence, describing a layer where stratification influence is negligible (Foken, 2006). Below this layer, shear production dominates over
buoyancy. It is a parameter that helps to characterize the dynamic and thermodynamic processes within the atmospheric boundary layer and, in turn,
the conditions of stability and instability of the surface layer. L is zero for neutral stratification and positive (negative) for stable (unstable) stra-
tifications.

Estimation of scaling parameters requires the determination of the vertical gradients of wind and temperature from measurement at different
levels, which are not available at typical meteorological stations where instruments are at one level (2 m above the earth's surface). Here, MOST is
coupled with the radiative energy terms (described in Section 1) to solve a series of Eqs. ((A5)–(A7) and (A10)) by iteration; details are provided in
de Rooy and Holtslag (1999).

The first step in the iterative procedure assumes neutral stability such that the last two terms on the right side of (A5) become zero and the initial
values of u*, QH and L are estimated. The procedure is repeated but with the inclusion of stability correction terms until the value of QH changes little
(≤ 10−5 W m−2) with each subsequent iteration, which typically occurs after 5–6 steps (Mohan and Siddiqui, 1998). The resulting QH is then used to
estimate surface temperature Ts using the relation in (A8).

− = +T T Q r
ρc

z Γ ,s a
H a

p
a d

(A8)

where ra is the aerodynamic resistance (Section 4) and Γdis the dry adiabatic lapse rate (0.01 K m−1)

A.4. The soil heat flux

A number of relations describing the soil heat flux (QG) have been investigated against measured values in the literature (Nickerson and
Smiley, 1975; Deardorff, 1978; Schayes, 1982; de Rooy and Holtslag, 1999; van de Boer, 2014a). de Rooy and Holtslag (1999) verified the simple
approximation of QG proposed in van Ulden and Holtslag (1985) for short grass (A9) using the daily mean Ta,

= − −Q A T T( )G g s24 (A9)

where T24 is the 24-h mean of 2-m temperature (K), Ts is the estimated surface temperature (K), Ag is an empirical constant for soil heat transfer
(9 W m−2 K−1). This is the approximation used here.

A.5. The sensible and latent heat fluxes

The basic formulation of QH and QEfluxes has been simplified by the Penman–Monteith equation where the parameterized available energy (QN –
QG) was partitioned (Monteith, 1981).
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The Penman–Monteith concept has been widely recommended for estimating QE at different locations (Allen et al., 1998).
The aerodynamic (ra) and surface (rs) resistances capture the atmospheric and canopy controls on the transfer of heat and moisture, respectively.

The canopy can regulate the availability of soil water at the surface via stomates and distinguishes the evaporative term in the SEB. Aerodynamic
resistance can be approximated using M-O similarity theory,
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and is included in the iteration loop described in Section 2.
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