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Accurate measurements of energy fluxes between land and atmosphere are important for understanding
and modeling climatic patterns. Several methods are available to measure heat fluxes, and scintillometers
are becoming increasingly popular because of their ability to measure sensible (H) and latent (L,E) heat
fluxes over large spatial scales. The main motivation of this study was to test the use of different methods
and technologies to derive surface heat fluxes.

Measurements of H and L,E were carried out with an eddy covariance (EC) system, two different makes
of optical large aperture scintillometers (LAS) and two microwave scintillometers (MWS) with different
frequencies at a pasture site in a semi-arid environment of New South Wales, Australia. We used the EC
measurements as a benchmark. Fluxes derived from the EC system and LAS systems agreed (R >0.94),
whereas the MWS systems measured lower H (bias ~60 W m~2) and larger L,E (bias ~65W m~2) than
EC. When the scintillometers were compared against each other, the two LASs showed good agreement
of H (R?=0.98), while MWS with different frequencies and polarizations led to different results. Combi-
nation of LAS and MWS measurements (i.e., two wavelength method) resulted in performance that fell
in between those estimated using either LAS or MWS alone when compared with the EC system. The
cause for discrepancies between surface heat fluxes derived from the EC system and those from the MWS
systems and the two-wavelength method are possibly related to inaccurate assignment of the struc-
ture parameter of temperature and humidity. Additionally, measurements from MWSs can be associated
with two values of the Bowen ratio, thereby leading to uncertainties in the estimation of the fluxes. While
only one solution has been considered in this study, when L,E was approximately less than 200 W m~2,
the alternate solution may be more accurate. Therefore, for measurements of surface heat fluxes in a
semi-arid or dry environment, the optical scintillometer is recommended, whereas further work will be
required to improve the estimation of surface heat fluxes from microwave systems.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The ability to quantify the energy and mass exchange between
the land surface and the atmosphere is important for improving
models used in water resource management. Field measurements
of sensible heat (H) and latent heat (L,E) are also crucial for the vali-
dation of remote sensing surface heat flux products (Brunsell et al.,
2011; Fritschen et al., 1992; Jung et al., 2009; Kite and Droogers,
2000).
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The most popular approach adopted to measure surface heat
fluxes is based on the eddy-covariance (EC) method (Kaimal and
Finnigan, 1994), with EC systems deployed globally through the
FLUXNET network (Baldocchi et al., 2001; Maayar et al., 2008).
However, as the footprint of EC systems changes with meteorolog-
ical conditions, its representativeness of model grids and satellite
pixels, particularly in a heterogeneous landscape, is debatable
(Ward et al., 2014). Scintillometry presents an alternative method,
as meteorological changes have little impact on its footprint and it
is able to measure path integrated fluxes ranging from a few hun-
dred meters to 10 km (Baghdadi et al., 2007; Beyrich et al., 2002;
Meijninger and De Bruin, 2000; Samain et al., 2011), thereby mak-
ing it more suitable for long-term validation of model simulations
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and remotely sensed surface heat flux products (Hemakumaraetal.,
2003; Hendrickx et al., 2007).

A scintillometer consists of a transmitter that emits electromag-
netic wave signals to a receiver, which records the intensity of this
signal from a distance. As the signal propagates through the atmo-
sphere toward the receiver, it is scattered by turbulent eddies in
the atmosphere. This scattering is detected as fluctuations in the
intensities of the signal recorded by the scintillometer’s receiver
(i.e., scintillations). These eddies are driven by surface forcing,
such as wind shear from frictional drag of winds flowing over the
ground, heat fluxes from the ground caused by solar incident radi-
ation, and turbulent wakes from obstacles like trees (Stull, 1988).
Consequently, by combining theoretical principles of atmospheric
turbulence with the physics of electromagnetic wave propagation,
surface heat fluxes can be derived (e.g., Van Kesteren, 2012).

The turbulence causing scintillations in the atmosphere can
be quantified by the structural parameter of the refractive index,
C2, and are mainly affected by the structural parameters of tem-
perature, CZ, humidity, Cé, and the cross structural parameter

of temperature and humidity, Crg (Kohsiek, 1982). C% is directly
related to H whereas Cé is directly related to L,E. Temperature

fluctuations given by C% are the dominant cause of scintillation
in the optical wavelengths, and therefore optical scintillometers
can be applied to measure H without making measurements of,
or assumptions on, humidity fluctuations. Commercially available
optical scintillometers have been widely used and have shown to
perform similarly to Bowen ratio energy balance (BREB) techniques,
hydrological models, and satellite and EC measurements over dif-
ferent types of landscapes (e.g., Brunsell et al., 2011; Chehbouni
et al., 2000; Ezzahar et al., 2009; Lagouarde et al., 2002; Liu et al.,
2013; McJannet et al., 2011; Meijninger et al., 2002, 2002; Pauwels
et al., 2008; Savage, 2009; Samain et al., 2011, 2011, 2012; Zeweldi
et al., 2010), including open water and urban areas (Samain et al.,
2011; McJannet et al., 2013; Lagouarde et al., 2006; Ward et al.,
2013).

Conversely, no wavelengths have been identified in which Cé is

most dominant. Therefore, to derive C2, the microwave (or millime-
ter wave) scintillometer (MWS), which is sensitive to both humidity
and temperature fluctuations, can be used in combination with an
LAS by making assumptions on the value of rrq (e.g., Evans, 2009;
Meijninger et al., 2002) or measuring rrg based on the bichromatic
correlation method (Beyrich et al., 2005; Liidi et al., 2005; Ward
etal.,2015,2015). The combined use of MWS and LAS is commonly
referred to as the two-wavelength method. As for MWS systems,
they were not used independently until Kohsiek and Herben (1983)
derived surface heat fluxes using a standalone MWS (frequency,
f=30GHz) by making assumptions regarding ryq and the Bowen
ratio (pB). Leijnse etal.(2007) showed that by introducing the energy
budget constraint to derive the surface heat fluxes, the standalone
MWS (f=27 GHz) can be used to measure H and L,E in relatively
moist environments. Given the success of LAS in measuring area-
averaged H, the possibility of using a standalone MWS in the same
way to measure area-averaged L,E is undeniably attractive. How-
ever, to this date, no studies using the two-wavelength method or
a standalone MWS have been carried out in a semi-arid environ-
ment. Due to differences in the frequencies used in different studies,
it is also of value to understand the effect this might have on the
measurements.

Consequently, the aim of this study is to test the application
of scintillometers to measure H and L,E in a semi-arid environ-
ment. Here, the results from comparing an EC system with two
different LAS manufacturers, Kipp and Zonen (LAS) and Scintec (BLS
900) (herein referred to as Kipp and Scintec, respectively), two
MWSs with f of 26 GHz and 38 GHz (herein referred to as MW26
and MW38, respectively) and two polarizations (horizontal, h and

vertical, v), and different combinations of LAS and MWS in the
two-wavelength method, are presented.

2. Methods

2.1. Site description

The site of this intercomparison is located in the Yanco Study
Area (contained between 34.56° S and 35.17° S, and 145.83° E and
146.4°E) (Fig. 1), which is situated within the western plains of
the Murrumbidgee River catchment, in New South Wales, Australia
(Smith et al., 2012). According to data from 1981 to 2010 (Bureau of
Meteorology station ID. 074037), the daily mean temperatures vary
significantly from 34.0°C in January to 14.2 °C in July. Mean annual
rainfall is 418.5 mm and is distributed relatively evenly across all
months. The dominant wind directions are from the south-west
and north-east. The site consists of a homogeneous flat grassland
that is used for the grazing of cattle; the grassland is dominated by
perennial tussock grasses, such as kangaroo and wallaby grasses
(Natural Resources Advisory Council, 2010). The soil type is sand
over clay (loamy sand) and typical porosity of this soil type is about
0.30 m3 m~3 (Hornbuckle and Christen, 1999; Smith et al., 2012).

2.2. Measurement description

The EC system was mounted on a 20 m tower (located at 34.99° S
and 146.30°E) at 6 m above the ground, and has been in opera-
tion since May 2012. The EC system consists of a CSAT3 3-D sonic
anemometer (Campbell Scientific, Inc.) and a LI-7500 open path
infrared gas analyzer (IRGA) (LI-COR Inc., U.S.) with a sampling fre-
quency of 10 Hz following the general approach of Beringer et al.
(2007) and Hutley et al. (2005).

In November 2012, the two LAS systems, Kipp and Scintec, were
deployed along a 1km path (L) (Fig. 1). The receivers were situ-
ated about 1km west of the EC tower and the transmitters were
installed approximately 10 m from the foot of the EC tower (Fig. 1).
Due to complexity of setting up multiple towers within a flat and
remote open area, both LAS systems were set up with an effective
beam height, z;, of 2.50 m. Despite the seemingly low height, due to
the success of other studies in using scintillometers below blend-
ing height (e.g., Ezzahar et al., 2007; Meijninger et al., 2002), and
the homogeneity and low vegetation height (<0.30 m) at the site,
this is deemed to be acceptable. To avoid interference, the two LAS
transmitters were installed approximately 250 m apart. The 1-min
values of C2, computed internally by the LAS systems provided by
the manufacturers, were used to derive H and L,E.

The two MWS systems, MW26 and MW38, were deployed in
November 2013 between the two LAS systems. Both MWS systems
also have an effective beam height of 2.50 m. The MWS transmitters
transmit signals rotated from the horizontal plane by 45° to allow
splitting by an ortho-mode transducer on the receiver antenna into
identical h and v polarization receiver channels. The raw voltages
measured at 10 Hz frequency by the MWS receivers were converted
to intensities, I, as provided by the manufacturer of the MWS sys-
tem. To avoid absorption effects, the lower cut-off frequency for
the MWS was 0.03 Hz respectively (Green et al., 2001). Values of C?
every minute were calculated from the intensities as

oo 214/3[‘(7/3)COS(7T/12)k_7/6
n 7v/37I(8/3)

where ['(-) is the gamma function and k=2 /A is the wave number
of the electromagnetic wave and its wavelength, A (Leijnse et al.,
2007).

Net radiation (R;) was derived from incoming and outgo-
ing short- and long-wave radiation measured using two CMP-21

~11/6 .2
L /alnm, (1)
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Fig. 1. Layout of the experimental site. Dotted lines indicate the propagation paths of the transmitters’ signal to the receivers which are located close to the EC tower. Left
inset: Location of the study area within the Murrumbidgee River catchment. Right inset: Plan view of the EC system site with locations of the CSAT and IRGA on the tower,
scintillometer receivers, frame mounted radiometers, soil measurement plot, and other ancillary measurements.

Pyranometers and two CRG-4 Pyrgeometers (Kipp and Zonen),
which were installed in a standalone configuration approxi-
mately 13 m north-east of the EC system and 2m above the
soil surface (Fig. 1). Ground heat flux (G) was determined by
combining measurements from soil heat flux plates (Hukseflux
HFPO1) buried at a depth of 7 cm, and soil temperature (PT-100
Soil Temperature Sensor) and moisture probes (TRIME-PICO 32)
at 3cm and 10cm depth. Soil volumetric heat capacity, Cs, was
calculated using a site specific linear regression (Lukowski, per-
sonal communication) derived from in-situ measurements which
reads,

Cs = 0.060 +1.21, 2)

where 6 is the soil volumetric content. Eq. (2) was derived using
measurements of Cs, soil temperature and soil moisture from
95 samples across the Murrumbidgee catchment. Additionally, a
weather station, which measured wind speed (1) and direction (2 m
above ground, z,), air temperature (T), pressure (P), humidity (Q)
and precipitation, was installed next to the Scintec. Averages of
these measurements were recorded every 10-min as well as the
rainfall totals. These data were transformed into 30-min averages
and rainfall totals to be combined with data from the scintillome-
ters and calculate H and L,E. The campaign period for this study
was from the 23rd of November 2013 to the 18th of February
2014 (end of spring to summer in the southern hemisphere). The
roughness length, zp, and the displacement height, dy, were cal-
culated as shown in Eq. (A.9) using a vegetation height value, hy,
of 0.3 m.

2.3. Data analysis

Only daytime data (i.e., unstable conditions) were used in the
analysis. Stable and unstable conditions were determined based
on Monin-Obukhov length (Lp, [m]) derived from the EC sys-
tem. During a rainfall event, measurements taken between 30-min
before and after the event were not considered. The time-window
was selected to account for the distance between the scintil-
lometers and the rain gauge, which can generate lags between
times of precipitation at the locations of the rain gauge and
scintillometers.

The surface heat fluxes derived from all sensors were averaged
to 30-min. To compare H and L,E derived from different sensors,
a orthogonal regression was performed for each pair of sensors to
derive the slope and intercept of the line. Additionally, Root Mean
Square Difference (RMSD), coefficient of determination (R?) and
bias (X —y) were also computed. The sensor specific processing
steps that have been carried out are summarized in the following
sections.

2.3.1. Eddy covariance

These data were processed using the software EddyPro (ver-
sion 5.2.1) to calculate average fluxes at 30-min intervals. The
corrections implemented in the analysis included spike detec-
tion and removal, lag correction relative to the vertical wind
component based on covariance maximization method, linear
detrending, sonic virtual temperature correction, coordinate rota-
tion using the double rotation method, spectral corrections for
low and high pass filtering effects (Moncrieff et al., 2005) and the
Webb-Pearman-Leuning correction (Webb et al., 1980).
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2.3.2. Scintillometers

The method used to convert the scintillometer measurements
to surface heat fluxes follows that of Leijnse et al. (2007) and is
summarized in Appendix A. MWS systems are sensitive to both
temperature and humidity fluctuations; the same measurement of
C? can lead to two different values of 8, and thus H and L,E (Leijnse
et al., 2007; Ward et al., 2015). For common atmospheric condi-
tions in temperate climates, one solution, 81, is typically below 2.5
whereas the other, 8, is larger than 2.5. The smaller 8 solution
will be referred to as 1, and the larger as 8,. Only the surface heat
fluxes derived from 8; are shown in the results as, for the majority
of the time, B, was unrealistically large. However, it is important
to be aware of the existence of 8, as this will be referred to in the
discussion section.

As Evans (2009) and Ward et al. (2015) observed under and
over-closure of energy balance based on measurements from the
two-wavelength method, to ensure closure of the energy balance,
B derived from the scintillation measurements were used to scale
scintillometer derived fluxes proportionally up or down to meet
the total available energy, R, — G. Analysis carried out by varying rrgq
between 0.8 and 1 showed that the performance of the scintillome-
ters did not change substantially. For this reason, ryq was assumed
to be 1 here. Details of the procedure used to derive H and L,E from
the two-wavelength method can also be found in Appendix A.

In addition to the two LAS and four MWS outputs, in the two-
wavelength method, eight possible combinations of LAS and MWS
outputs have been used to derive surface heat fluxes, thereby yield-
ing a total of 14 derived H and L,E estimates from scintillometers
at 30-min time-steps. To differentiate the results, subscripts are
used to denote the scintillometer used to derive H or L,E from
standalone scintillometers according to ‘K’ (Kipp) or ‘S’ (Scintec) or
frequency such as ‘26’ (26 MHz) or ‘38’ (38 MHz) followed by polar-
ization ‘h’ (horizontal) and ‘v’ (vertical) for the MWS. For example,
H derived from Kipp is annotated as Hy, and L,E derived from
the h-polarization of MW?26 is referred to as L,Eg. For the two-
wavelength method, the optical scintillometer used is denoted as
the subscript and the MWS used as the superscript (e.g., L,,EI3<8").

3. Results and discussion

In general, Hgc was the dominant surface heat flux, whereas
LyEgc remained lower than 200 W m~2 for most of the study period.
Low soil water availability during the study period was likely the
cause of this (<0.10 m3 m~3 for most of the period). Moreover, veg-
etation at the site was visibly suffering water stress and soils were
beginning to crack. Bowenratio averaged approximately 4 through-
out the study period based on measurements from the EC system,
2 based on LAS systems, varying from 0.4 to 1.5 based on 8; and
5.5 to 20 for B, of MWS systems. In semi-arid environments, 8 is
around 4 and can increase to around 15 (Beringer et al., 2007).

3.1. Energy balance closure of EC system

Consistent with the energy balance closure observed in many
studies, the orthogonal regression for the energy balance of the
EC system, calculated using 30-min averages, was found to have
a slope of 0.79 and an intercept of 11.15Wm~2, with an RMSD of
93.60 Wm~2 (Fig. 2). Possible causes for this may be attributed to
errors in measurements of R, and G, and in turbulent fluxes from
the sonic anemometer, energy losses unaccounted for during stable
conditions, advection and inadequate accounting of other storage
terms (Foken, 2008; Leuning et al., 2012; Wilson et al., 2002). Addi-
tionally, as the soil moisture and soil parameters used to derive
soil heat storage were from a single point, the estimated soil heat
storage may not be representative of the study area. Errors in the
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Fig. 2. Energy balance closure of EC station. Solid black line: 1:1 line. Solid red
line: fitted line from orthogonal regression. Dotted black lines: mean of (R, — G)
and (L,Egc + Hgce). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

computation of available energy will also affect the magnitude of
surface heat fluxes derived from scintillometry.

3.2. Comparison between EC and scintillometers

3.2.1. Sensible heat

Hvalues derived from the scintillometers were compared to Hgc.
The results are given in Fig. 3 and Table 1. While H from the LAS
systems were very similar to Hgc, especially for lower values of
H, a wider scatter was observed when H was larger than approxi-
mately 350 Wm~2. Regarding the MWS systems, this wider scatter
as Hincreases is also apparent. Moreover, results from MW38 were
closer to the EC system than MW26. Due to site restrictions, the
measurement height of MW26 and MW38 were not much smaller
than their Fresnel zones; approximately 2.8 m and 3.4 m respec-
tively. As aresult, a portion of turbulent fluctuations may have been
missed due to outer scale effects thereby underestimating C2 by
up to 5-10%. The performance of MWS improved when using the
two-wavelength method.

Similarity theory adopted by scintillometry to enable the deriva-
tion of surface heat fluxes assumes that the turbulent transport of
heat and water vapour is similar. However, the diffusivity of heat
has been shown to be typically higher than water vapour in a semi-
arid grassland (Alfieri et al., 2009). Furthermore, it is assumed in
this paper that the structure parameter of temperature and humid-
ity are perfectly correlated (rrq=1, in Eq. (A.13)), but lower values
have been used in some studies (Liidi et al., 2005). Ward et al.
(2015) have also shown that the choice of similarity function can
alter daily ET by more than 15-20%, possibly leading to an under-
estimation of H from the LAS systems compared to that from the
EC system. Moreover, studies have shown that uncertainty in hg
can lead to inaccuracy in the derived fluxes (Evans and De Bruin,
2011; Hartogensis et al., 2003). In this study, hy was assumed to
be constant. While the study area was flat, an inaccurate assign-
ment of hy could impact the estimation of the heat fluxes, since
(zs —dg) determines the scaling, and therefore the magnitude, of
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Fig. 3. Comparison of H derived from (a) Scintec, (b) Kipp, (c) MW38v, and (d) MW?S" with H measured by the EC system. Solid black line: 1:1 line. Solid red line: fitted
line from orthogonal regression. Dotted black lines: mean H of each corresponding system. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

H and L,E (Egs. (A.10) and (A.12)). The above uncertainties likely
explain systematic differences in Fig. 3.

3.2.2. Latent heat

Comparison between L,Egc and L,E from the scintillometers
showed very low correlations (R2 between 0.37 and 0.53) (Fig. 4, left
side). The derived slopes ranged from 3.19 to 4.44, thereby indicat-
ing that L,E from the scintillometers were significantly higher than
LyEgc. Since H between the EC system and scintillometers agreed
well, the discrepancy between L,Egc and L,E from the scintillome-
ters can be partly attributed to underestimation of L,Egc as also
observed by Ward et al. (2015).

Since the non-turbulent portion of the energy balance can be
measured with higher accuracy, the quality of the turbulent fluxes
measured by the EC system and scintillometers can be improved if
the energy budget is forced to close. This can be done in two ways:
the ‘residual-LE closure’ method or ‘§ closure’ method (Twine et al.,
2000).

In the first method, it is assumed that H is accurately measured,
and that the non-closure of the energy balance of the EC system
comes from an underestimation of L,Egc. Therefore, the energy bud-
get was forced to close based on the estimate of L,Egc derived as a
residual from the energy balance (i.e., LE’EES =Ry — G — Hgc) (Fig. 4).
In the second method, assuming that 8 derived from the EC system

is accurately measured, H and L,E are adjusted to close the energy
balance of the EC system using Eqs. (A.1) and (A.2) (herein referred
to as Hggc and LyEggc) (Fig. 5).

In-comparison to Hggc and LyEgec, LERS show better agree-
ment with the scintillometers. Therefore, the non-closure of the
energy balance of the EC system is more likely to come from
underestimation of L,E. When LI,E}:SES was compared with the scin-
tillometers, RMSD reduced to a third and R? quadrupled in some
cases (Fig. 4, right side). However, when L,E was approximately
less than 200 W m~2, the MWS systems resulted in L, E consistently
larger than LUEggS. As mentioned earlier, the sensitivity of scintil-
lometers reduce when 8 is above 2.5. Also, there are two possible
solutions for § when solving for the standalone MWS systems. It
was assumed in this study that 8; was the correct solution. How-
ever, as B approaches 2.5 it becomes increasingly uncertain as to
which B is more reliable. Moreover, the value of the two solu-
tions get closer to each other as 1 increases, thereby leading to
the large scatter observed at low magnitudes of L,E (higher g). In
addition, rro determines the relationship between C2 and B (Eq.
(A.13)). Therefore, the accuracy of the § solutions also depend on
the accuracy of rrg. An inaccurate assumption of rrq would fur-
ther contribute to the mismatch between heat fluxes derived from
the EC system and standalone MWS systems. These field obser-
vations agree with the deductions made by Leijnse et al. (2007)
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Table 1
Statistics derived from orthogonal regression of H.

Sensor 1 (x) Sensor 2 (y) Slope Intercept RMSD R? Bias

Hs Hg 1.20 -6.55 49.06 0.98 -37.80
Hsg, 0.99 -43.83 76.76 0.79 45.10
Hsgp 0.99 -39.01 73.77 0.81 42.61
Haey 1.08 —48.70 67.52 0.82 29.42
Haen 1.03 —68.68 91.03 0.70 61.18
H3® 0.96 -26.09 57.75 0.91 33.87
H;S“ 0.96 -23.62 55.68 0.92 31.63
HZ® 1.02 -28.47 55.06 0.91 23.94
HSZG“ 0.96 -38.16 71.26 0.89 47.95
HEY 0.99 -25.43 54.24 0.92 27.27
H38h 0.99 -22.98 52.36 0.92 25.11
HZ 1.04 -27.41 52.96 0.91 18.42
Hffh 0.98 -37.51 66.76 0.90 41.19

Hssg, Hsgp 0.99 5.51 12.11 0.99 -3.43
Haey 1.08 7.41 36.29 0.96 -23.74
Haen 1.06 —28.96 38.36 0.91 14.31
Hgk 1.28 22.20 105.36 0.82 -82.56
H3 0.96 24.01 23.40 0.98 —15.42
HZh 0.96 25.90 26.83 0.98 -17.32
HZ5 1.06 19.19 42.26 0.96 -30.53
HZ5h 1.02 -0.52 31.32 0.95 -3.49
HB 0.98 26.22 29.69 0.98 -22.87
Hffh 0.98 28.04 32.53 0.98 -24.67
HZY 1.08 21.48 47.49 0.96 -36.85
HZ5h 1.05 2.29 33.39 0.95 -11.42

H3Y H;S’I 1.00 1.60 6.88 1.00 -1.97
HZ® 1.07 0.28 22.25 0.99 -11.14
HSZS’I 0.99 -8.16 24.29 0.98 9.03
HE 1.03 1.01 7.72 1.00 -5.38
H3%h 1.03 2.58 10.96 1.00 -7.28
HZe 1.10 1.47 25.92 0.99 -15.77
HZ5h 1.03 -7.05 22.60 0.98 3.40

Hgc Hs 0.86 17.91 41.31 0.96 13.67
Hg 1.04 11.45 51.14 0.94 -20.38
Hssgy 0.82 -14.91 90.11 0.82 61.92
Hagp 0.82 —13.44 86.61 0.84 58.61
Haey 0.90 -23.64 81.97 0.83 50.02
Haen 0.79 -23.61 109.84 0.74 83.52
HE 0.84 —13.55 70.78 0.92 44.84
H?S“ 0.84 -12.05 69.05 0.93 42.90
HZ® 0.88 -14.70 67.21 0.92 38.72
HSZGh 0.80 -19.91 84.43 0.91 58.70
H®Y 0.86 -13.35 67.02 0.92 39.46
H8h 0.87 -11.85 65.39 0.93 37.59
HZ 0.90 -14.22 64.34 0.92 34.19
HZ5h 0.83 -19.66 79.91 0.91 53.18

regarding the effect that assumptions of rrg will have towards
derived surface heat fluxes. To enable the use of a standalone MWS
in semi-arid environments, further studies will need to be carried
out.

When additional information is provided to the system of
equations, B is no longer a non-unique solution. In this case,
scintillometer derived L,E resulted in more similar to LVEEES with
correlations increasing to between 0.77 and 0.82 and slopes of 0.92
to 1.04 (Table 2). A comparison of § derived from the scintillome-
ters and the EC system also showed a diminishing correlation as
B approached 2.5 for the MWS systems, whereas correlations with
the LAS systems were significantly higher (not shown here). Finally,
it cannot be dismissed that the accuracy of the derived surface heat
fluxes from the scintillometers are highly dependent on the accu-
racy of measurements of R, and G, as the remaining available energy
is partitioned into H and L, E based on 8 derived from scintillometer
measurements.

In this study, while the two-wavelength method performed
comparably well, it can be said that the standalone LAS still per-
forms the best when compared with EC for both L,E and H without
the MWS.

3.3. Scintillometer inter-comparison

Here we compare (i) H from standalone LAS from different man-
ufacturers, (ii) L,E from standalone MWS of the same frequencies
but different polarization, (iii) MWS of two different frequencies,
and (iv) both H and L,E from the standalone methods with the
two-wavelength method.

It can be seen in Fig. 6 that the correlation between H derived
from the two LAS systems was high, 0.98, with an RMSD of
49,06 Wm~2. However, Hs was approximately 20% lower than Hy
(bias of —37.80 W m~2), which is consistent with results from pre-
vious studies (e.g., Kleissl et al., 2009; Solignac et al., 2012; Van
Kesteren et al., 2015). They attributed these differences to absorp-
tion, and electronic and optical problems of the scintillometers.
To reduce the effect of absorption, as in Solignac et al. (2012), the
BLS900 from Scintec is recommended due to its ability to correct
for absorption based on its dual beam configuration (two differ-
ent pulse coding frequencies are used). On the other hand, Van
Kesteren et al. (2015) found that the equations applied by Scintec
to determine (1) the variance of the logarithmically transformed
I, olznu), and (2) covariance of I from a time series, resulted in an
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Table 2
Statistics derived from orthogonal regression of L,E.
Sensor 1 (x) Sensor 2 (y) Slope Intercept RMSD R? Bias
L,Es L,Ex 0.88 -20.60 49.06 0.93 37.80
LyE3gy 0.89 69.83 88.83 0.65 —53.77
LyEsgp 0.90 65.61 85.46 0.67 -50.86
LyEzy 0.75 69.97 76.60 0.64 —35.78
LyExen 0.86 96.79 109.38 0.50 —74.97
LEZ® 0.88 50.24 57.75 0.85 —33.87
LVEgs" 0.87 48.47 55.68 0.86 -31.63
LyEZ% 0.80 49.68 55.06 0.83 -23.94
LVESZG“ 0.93 57.28 71.26 0.81 —47.95
LE® 0.84 48.29 54.24 0.85 -27.27
LESh 0.84 46.71 52.36 0.86 -25.11
LE 0.77 47.91 52.96 0.83 -18.42
LVEf(G“ 0.89 55.34 66.76 0.81 -41.19
LyEssy LyEsgn 0.99 -3.76 18.54 0.98 4.99
LyEoey 0.81 11.26 47.00 0.87 26.11
LyExen 0.95 28.99 51.78 0.78 -17.86
L,Ex 0.84 —55.93 113.38 0.56 87.12
LEZ 0.91 -5.77 38.82 0.92 22.83
L,Eh 0.91 -7.57 41.43 0.91 24.97
LEZ® 0.77 6.56 55.91 0.87 38.10
L,EZo" 0.90 7.91 43.38 0.86 12.09
LES 0.87 -5.18 43.71 0.92 29.98
LVEf(S“ 0.87 —-6.55 46.57 091 32.04
LEZ® 0.74 7.11 60.86 0.87 44.22
LEZS 0.86 8.25 46.40 0.86 19.64
LEZ® LVEgs’I 0.99 -0.92 6.88 1.00 1.97
L,EZ% 091 1.48 22.25 0.98 11.14
LVESZG“ 1.04 3.52 24.29 0.97 -9.03
LE® 0.96 -0.32 7.72 1.00 5.38
LESh 0.96 -1.09 10.96 1.00 7.28
LES 0.88 1.00 25.92 0.98 15.77
L,E2h 1.00 3.09 22.60 0.97 -3.40
LVEESS LyEs 1.15 —5.22 40.70 0.90 —-12.94
L,Ex 1.00 -21.82 50.58 0.83 22.09
LyEssy 1.07 57.85 96.28 0.62 -66.92
LyEsgp 1.08 53.59 93.68 0.64 —63.89
LyE26y 0.89 65.56 86.55 0.57 —52.75
LyExen 1.10 80.02 122.27 0.44 -92.92
LEZ® 1.04 38.50 66.29 0.82 —43.42
LVE§8“ 1.04 37.05 64.40 0.82 -41.25
LyEZ% 0.96 41.54 63.49 0.78 —36.59
LVE§6“ 1.13 45.59 82.94 0.77 —59.61
LE® 1.00 37.25 61.81 0.82 -37.11
LESh 0.99 35.99 60.03 0.82 —35.02
LEZ® 0.92 40.26 60.12 0.78 -31.26
LyE25h 1.08 44.31 77.69 0.76 —53.12

underestimation when saturation occurred. A comparison of C?
derived from both Kipp and Scintec on a linear scale showed
an increasing deviation between the two scintillometers as C?
increased (similar to Fig. 1 of Van Kesteren et al., 2015). Corre-
spondingly, the bias between Hs and Hg or Hgc was also seen to
increase with increasing H (Figs. 3 and 6).

In comparing the two different polarization of MW26 and
MW38, H derived from v polarization of both MW26 or MW38
were found to be higher than those of their corresponding h polar-
ization. As the horizontal and vertical components are subjected
to different boundary conditions due to the low measurement
height of the MWS systems, the differences observed in measure-
ments from h and v polarizations may be caused by the outer scale
effect. Turbulent eddies which are longer than the outer scale (often
approximated as the measurement height) are no longer isotropic.
Further studies will be required to explore the cause for these dif-
ferences.

Comparisons of surface heat fluxes derived from the MWS of
different frequencies showed that L,E was the lowest for MW26v,
followed by MW38h, MW38v and MW26h in increasing order
(Fig. 7). Additionally, agreement between derived fluxes from

MW?26v and MW38v was better than that between MW26v and
MW26h. The results are non-conclusive and may be related to
several reasons including MW26 being more prone to absorption
(Nieveen and Green, 1999). The wavelength selection is impor-
tant because of its effect on the estimation of fluxes. The Fresnel
zone, which is a function of wavelength, affects the require-
ments on the minimum measurement height. Moreover, while
scintillometers with longer wavelengths (MW26) may cost less,
they are less sensitive to scintillation (Eq. (1)) and more prone
to water vapour absorption; this would have a greater effect
on the data quality of MW26 than MW38 depending on the
environment.

Comparisons of the resultant surface heat fluxes derived from
the standalone method and the two-wavelength method provided
an insight in the robustness of the iteration and minimization pro-
cedure applied in this study to solve for S of the standalone MWS.
In comparison, the standalone MWS and two-wavelength method
were more comparable, thereby demonstrating that a standalone
MWS combined with the energy balance equation is able to solve
for the same B as the two-wavelength method. However, refer-
ring to Sections 3.2.1 and 3.2.2, the standalone LAS performed
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Fig. 6. Comparison of H derived from (a) Scintec and Kipp; (b) MW26v and MW26h; (c) MW38v and MW26v; (d) Scintec and MW38v; (e) Scintec - MW38v and Scintec; and
(f) Scintec - MW38v and MW38uv. Solid black line: 1:1 line. Solid red line: fitted line from orthogonal regression. Dotted black lines: mean H of each corresponding system.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

better in comparison to the standalone MWS and two-wavelength
method.

Evans et al. (2010) have shown that rrq is important for an
accurate derivation of L,E for the two-wavelength method, while
Wesely (1976) and Leijnse et al. (2007) have shown that uncer-
tainties in rrg can cause large errors in the derived fluxes for
dry conditions. Similarly, it can be observed that differences in H
from a standalone LAS and the two-wavelength method increases

with increasing magnitude of H. Therefore, despite the agreement
between the standalone MWS and the two-wavelength method, a
combination of dry conditions and the adopted value of rrg here
may have contributed to the inaccuracy in the H and L,E derived
from these systems. Although using the bichormatic correlation
method may help to improve the results here, the reduced sen-
sitivity of scintillometers at high 8 may be a bigger issue (Ward
etal., 2015).
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4. Conclusion

This study compared measurements of surface heat fluxes using
an EC system, two LAS systems from two different manufacturers,
and two MWS systems at different frequencies and polarizations
and the two-wavelength method. Based on the results of this study,
differences in Hand L,E may be caused by different theoretical prin-
ciples of the different methods and uncertainty in parameters such
as rrq, zs, and hg. Nevertheless, a standalone LAS combined with
an energy budget constraint has been shown to be sufficient to

derive both H and L,E with an acceptable accuracy in a semi-arid
environment.

In the case of MWS systems and the two-wavelength method,
assumptions made regarding ryq were possibly the main cause for
differences with the EC system. In the case of a standalone MWS,
this uncertainty increased with increasing 8 due to the non-unique
solution in S.

This study also compared the different types of scintillome-
ters against each other. Based on comparisons of two LAS systems
from different manufacturers, the need to correct for absorption



M.S. Yee et al. / Agricultural and Forest Meteorology 213 (2015) 226-239 237

as shown in previous studies was reinforced. Therefore, due to its
in-built ability to correct for absorption, Scintec BLS900 is recom-
mended for use.

The cause for differences between the two MWS of different
frequencies has not been confirmed, but may be attributed to outer
scale effect as a result of low measurement heights.

In conclusion, a standalone LAS is most suitable for appli-
cations in a semi-arid or dry environment as opposed to the
two-wavelength method and standalone MWS method due to dif-
ferences in their sensitivities at different site conditions (Ward
etal, 2015).
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Appendix A. Calculation of fluxes from scintillometers

A brief description of the calculation of H and L,E from C? mea-
sured by the scintillometers is presented here. We refer to Leijnse
et al. (2007) for a comprehensive description of the derivations
required for the calculation of these fluxes.

An iterative procedure using two loops was employed to calcu-
late Hand L,E from the available measurements at 30-min intervals.
From an initial guess of Bowen ratio, 8 = H/L,E, H and L,E were
calculated as

H= P (R-0),

1158 (A1)

and

1
LE = W(Rn - G),

where R,; and G were measured or estimated from measured data.
An initial guess of u, was then used to calculate Ly, expressed

(A2)

as

Lop = - oL (A3)
xg [H/(cpT) +0.61(L,E)/Ly]’

where ¢, =1005] kg~! K~ is the specific heat of air at constant pres-
sure, T is the air temperature, and « is the von Karman constant,
assumed to equal 0.4. The density of moist air, p, is

_Pr _
=T 0.610Q, (A4)

with R being the gas constant of dry air equal to 287.04] kg1 K1,
L, is calculated as

L, = 1000 (2501 — 2.361 (T — 273.15)). (A5)

A new value of u, is then calculated from
_ Ku
In((zy — do)/z0) — W((zu — do)/Lop) + ¥(zo/Lob)’

where uis wind speed at the height z, and ¥(-) is the Businger-Dyer
function, expressed as

U, (A.6)

2
lI/(y):Zln(l+X)+ln 1+x —2arctan(x)+£, (A7)
2 2 2
with
x=(1-16y)" (A8)
Roughness length, zg, and dy were calculated as
Zp = %
(A.9)
do = 2o
0="3 -

The value of u, calculated from Eq. (A.6) was compared to the
guessed value; if the two were different, the new u, was used in
Eq. (A.3) and the procedure repeated until the difference between
the initial u, and that calculated with Eq. (A.6) became lower than
10-6. This value of u, was used to calculate the structure parameter
of temperature, C2, with the formula

fob (zs 7d0) )

Loy

N 1
2= ——

P2ch u2(z; — do)?
where z; [m] is the effective beam height. For unstable conditions,
the stability function, fop(.), can be written as
-2/3

(A.10)

Jon(x) = c1(1 = %) (A.11)

with c; =4.9 and ¢, =6.1 (Andreas, 1989). The structure parameter
of moisture, Cé, was calculated as

L,E? 1 zs—d
cz_b f ( s 0). (A12)
T e - )\ Lo
These were used to calculate C2 with the expression
c2 G C
2 _a2°T | 22 °Q TQ
2 _ATﬁ+AQ@+2ATAQﬁ, (A.13)

where the cross-structure parameter of temperature and humidity,
CTQ, is

Crq = rreCrCq, (A.14)

with rrq assumed to equal 1.

The dimensionless sensitivity coefficients of the refractive
index, Ar and Ay, differ for LAS and MWS.

For LAS systems, they read

P
Arys = mi()(F) — Rima(A)Q (A.15)
AQU\S = Rvmz(A)Q,

where R, is the specific gas constant for water vapour
(461.5]K1kg1), my(A)=-0.27 x 10~3 and my(A)=-0.70 x 106

for typical atmospheric conditions (P=10°Pa, T=288K,
Q=0.012kgm~3) (Andreas, 1989).
For the MWS systems, Ar,,,,. and Ag, s are
ATMWS = 7b$ - C%
0 (A.16)
AQuws = CT’

where the constant bis equal to 0.776-10~6 KPa~!, and the constant
cis equal to 1.723Km3 kg~1.
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If the initial guess of 8 were correct, C? calculated from Eq. (A.13)
would equal the measured C?. In the case when the calculated and
measured values of C? were different, a different guess of 8 should
be used and the procedure should be repeated from Eq. (A.1). This
gives a relationship between C2 and g for given atmospheric condi-
tions (measured P, T, Q, Ry, G, u). Using a minimization function, the
B value which minimizes the difference between the scintillometer
derived C2 and C2(B8) is found (i.e., |C2 — C2(B)|). The accuracy
of B was set to 10712,

While the solution of this minimization is unique for LAS, each
measured value of C2 with MWS corresponded to two possible solu-
tions of B (Leijnse et al., 2007). To find these two solutions, the
minimum or turning point of C3(8), which is the lowest C2 value
possible based on the given atmospheric conditions, was first deter-
mined. Its corresponding B, herein referred to as B, acts as a
bound to the two possible 8 solutions; B, was then used to limit
the solver to solve for B for the given C? in the case where B was
lower than Bin(0 < B < Bmin) to derive B1. Similarly, 8, was derived
inthe case where 8 was between S,,,;, and a large value, Bmax, which
was assumed to be 30 (Bmin < B < Bmax)- These solutions were then
used to compute H and L,E.

In the two-wavelength method, the same procedure was fol-
lowed, with C2 and Cé determined as (Hill et al., 1988)

measured

2 2 2 2 2 2
2 ATMWSC"LAS +ATLA5CHMWS + 2119 v/ Ciys Chtias
2 2 2 2 2 2
2 — AQMws Citys +AQLAS Ciws T 271 v/ Ciggys Cias (A17)
P
(Qmy’
M= AluwsAous — Aduus s
TQ ’

where, ryg was assumed to be 1.
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