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Surface layer scintillometry for estimating
the sensible heat flux component of the

surface energy balance

G.0. Odhiambo and M.J. Savage*

The relatively recently developed scintillometry method, with a focus
on the dual-beam surface layer scintillometer (SLS), allows boundary
layer atmospheric turbulence, surface sensible heat and momentum
flux to be estimated in real-time. Much of the previous research using
the scintillometer method has involved the large aperture scintil-
lometer method, with only a few studies using the SLS method. The
SLS method has been mainly used by agrometeorologists, hydrolo-
gists and micrometeorologists for atmospheric stability and surface
energy balance studies to obtain estimates of sensible heat from
which evaporation estimates representing areas of one hectare or
larger are possible. Other applications include the use of the SLS
method in obtaining crucial input parameters for atmospheric disper-
sion and turbulence models. The SLS method relies upon optical
scintillation of a horizontal laser beam between transmitter and
receiver for a separation distance typically between 50 and 250 m
caused by refractive index inhomogeneities in the atmosphere
that arise from turbulence fluctuations in air temperature and to a
much lesser extent the fluctuations in water vapour pressure.
Measurements of SLS beam transmission allow turbulence of the
atmosphere to be determined, from which sub-hourly, real-time and
in situ path-weighted fluxes of sensible heat and momentum may be
calculated by application of the Monin-Obukhov similarity theory.
Unlike the eddy covariance (EC) method for which corrections for
flow distortion and coordinate rotation are applied, no corrections
to the SLS measurements, apart from a correction for water vapour
pressure, are applied. Also, path-weighted SLS estimates over the
propagation path are obtained. The SLS method also offers high
temporal measurement resolution and usually greater spatial
coverage compared to EC, Bowen ratio energy balance, surface
renewal and other sensible heat measurement methods. Applying
the shortened surface energy balance, measurements of net irra-
diance and soil heat as well as SLS estimates of sensible heat
allows path-weighted evaporation from the surface to be estimated.
Research applications involving the use of the SLS method, as well
as the theory on which the method is based, are presented.

Key words: evaporation, scintillometer, eddy covariance, MOST,
atmospheric turbulence

Introduction

Measurements of turbulent fluxes such as sensible heat, latent
energy and momentum flux, are useful to many applications in
agrometeorology, hydrology, micrometeorology, environmental
studies and agriculture and forestry, and the demand for reliable
information of the components of the energy and water balances
of land (and water) surfaces on a large spatial scale, such as water-
shed or river-basin scales, is increasing.'

Increased demand for water, increased human impact on
water resources (both negative and positive) and the potential

Soil-Plant-Atmosphere Continuum Research Unit, School of Environmental Sciences,
University of KwaZulu-Natal, Private Bag X01, Scottsville 3209, South Africa.
*Author for correspondence E-mail: savage @ukzn.ac.za

medium- to long-term natural and anthropogenic impacts of
climate change on water resources, necessitate continued research
on measurement technologies involving not only surface energy
flux exchanges but also evaporation estimation: ‘The 1998
Republic of South Africa National Water Act’ refers to the
possible prescription, by government, of methods for making a
volumetric determination of water for purposes of water alloca-
tion and charges in the case of activities resulting in stream flow
reduction. Given this scenario and the demand on water
resources it is important to consider how evaporation, one of the
main components of the water balance, is to be measured or
estimated with reliable accuracy and precision. Determination
of reliable and representative evaporation data is an important
issue of atmospheric research with respect to applications in
agriculture, catchment hydrology and the environmental sciences,
not only in South Africa. Long-term measurements of evaporation
at different time scales and from different climate regions are not
yet readily available’.**

For an idealised atmospheric boundary layer, which is in equi-
librium, the shortened energy balance at the surface is given by
the (vertical) one-dimensional energy balance equation:®

R, =LE+H+S, @™

where R, is the netirradiance, LE the latent energy flux density,
H the sensible heat flux density and S the soil heat flux den-
sity. All terms are in W m™. In the shortened energy balance,
advection and canopy-stored sensible heat and latent energy,
for example, are neglected. For most relatively short or sparse
canopies, the canopy-stored terms are negligible but for taller
and fully-covered canopies, they may need to be measured and
included in Equation 1. The presence of advection is a difficulty
but can be associated with windy sites with abrupt changes in
roughness and/or management—for example, a change from an
untilled dry area to a crop-irrigated humid area. The correctness
of the energy balance assumption may be checked by measuring
Rnet using net radiometers placed above the surface and by
measuring soil temperature and soil heat flux density at a depth
to obtain S. Alternatively, eddy covariance® (EC) measurements
may be used to obtain H and LE or LE could be measured using
weighing lysimeters. Instead of measuring both LE and H, H
may be measured and LE calculated from the shortened energy
balance (Equation 1). The latter method, essentially a residual
method, is based on the assumption that Equation 1 is valid.
In certain instances, other methods used to estimate LE are
accurate and reliable but some are unsuitable or provide only
rough approximations of LE.*”* Because of the difficulties experi-
enced with the various measurement techniques, most of which
may only represent small areas, alternative methods have been
sought in recent years for the reliable estimation of H and LE.
Direct measurements of turbulent fluxes such as H and LE,
components of the shortened energy balance (Equation 1), are
usually obtained by EC, which is considered the standard for H
and LE measurement and involves the use of measurements
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from EC instruments mounted on an instrumentation mast.

This work focuses on scintillometry, surface layer scintil-
lometry in particular, for the estimation of H from which LE may
also be estimated. A scintillometer is an optical instrument that
consists of a radiation source (transmitter) and a receiver which
consists of a highly-sensitive detector and a data acquisition
system that can register the intensity of fluctuations of the radia-
tion after propagation through a turbulent medium, to deduce
various meteorological parameters.”® A beam of radiation is
transmitted over a path and the fluctuations in the radiation
intensity at the receiver are analysed to give the variations in the
refractive index along the path and, as a result, the turbulent
characteristics of the atmosphere.

Interest in using optical propagation measurements to infer
turbulence information is more recent than the many other
methods used for measuring H and LE, with Wesley" being one
of the first to attempt to derive estimates of H using an optical
method, although the first scintillometer measurements were
made earlier by Tatarskii.”” Much of the appeal of optical techniques
is derived from the opportunity for spatial averaging and the
requirement of only very short averaging periods of the order of
a minute or longer to give statistically-reliable measurements.”

Numerous methods, including the dual-beam surface layer
scintillometer (SLS) operating over hundreds of metres, the
large aperture scintillometer (LAS) and extra-large aperture
scintillometer (XLAS) methods, the latter two operating over
kilometres, for estimating or measuring turbulent kinetic flux
densities H, and momentum 7 (Pa) (Table 1 in the online Supple-
ment), from which LE may also be estimated using Equation 1,
have been developed and tested over many decades.” Table 1 in
the online Supplement summarises the various meteorological
parameters estimated or required by the scintillometer method.

The SLS, LAS and XLAS measurements of H allow for the
estimation of spatial evaporation LE from a surface if R, and S
are also measured (Equation 1). Besides some of the technical
limitations related to the required horizontal homogeneity of
the surface layer, measurement methods for determining H such
as EC, Bowen ratio energy balance (BREB),”*'* surface renewal
(SR),"™ and others are also very expensive if used at multiple
points or locations for wider areas since that would require a
number of such units.""*

The scintillometer method has been applied and tested by
several authors"***'°** and studies carried outin the past have
revealed that the scintillometer method is an attractive alternative
to the commonly-used measurement methods, such as EC, for
the estimation of H and 7. In most of these studies, the
scintillometer measurements of H showed good agreement with
H obtained using the EC method.

Many of the methods for estimating H also allow estimates of
other fluxes and meteorological parameters. Table 2in the online
Supplement lists some of the meteorological parameters, and
other parameters, determined using the various measurement
methods already mentioned.

There has been extensive attention devoted to EC and BREB
methods with much less attention devoted to the more recent SR
and scintillometer methods. For the three scintillometer methods,
more attention hasbeen devoted to the LAS method with signifi-
cantly less attention devoted to the SLS method. The progress of
optical scintillation has been reviewed by Hill;” Andreas,” who
collected papers on turbulence in a refractive medium; and
Green,” who provided a review of the scintillation method
‘from a pragmatic perspective.” Aside from these reviews,
which concentrate on the LAS method, little attention has been
devoted to SLS.

South African Journal of Science 105, May/June 2009

209

Scintillometry and the role of the refractive index
structure constant

The refractive index structure constant,C> (m ), pioneered by
Tatarskii” and others, is a parameter used to describe the strength
of atmospheric turbulence and is central to optical scintillometry.
Related to C? is the structure parameter for air temperature
C2 (K*m™?) (Table 1, online Supplement). The parameters C2 and
C? arekey in scintillometry for characterising the intensity of the
turbulent fluctuations of the atmospheric refractive index and of
air temperature, respectively. The refractive index fluctuations
cause scattering of radiation due to inhomogeneities of the
refractive index of air, the latter caused by turbulent fluctuations
of air temperature and, to a lesser extent, atmospheric humidity.”"

When electromagnetic radiation propagates through the
atmosphere, it is distorted by a number of processes that can
influence its characteristics, for example its intensity (or ampli-
tude), polarisation and phase. The constituent gases and particles
in the atmosphere cause scattering and absorption of the radiation
beam, attenuating it and reducing its energy.

Atmospheric turbulence produces small fluctuations in the
refractive index of air through the influence of associated
changes in air temperature. Although the magnitude of the
individual fluctuations is very small, the cumulative effect in
propagation along an atmospheric path may be very signifi-
cant.” The turbulence-induced fluctuations in the refractive
index produce a phase distortion of the wave front.” The move-
ment of small eddies through the path of a beam therefore
causes random deflections and interference between different
portions of the beam wave front.” This causes the beam spot to
constantly change pattern like the boiling effect of water. A small
detector would measure intensity fluctuations or scintillations.

Scintillation in science is usually treated as a disturbance, espe-
cially in optical communications and astronomical observations
(Tatarskii” cited by Tatarskii’*), but it has also been recognised
that scintillation can be used to characterise atmospheric turbu-
lence” and to measure cross-wind.”

An important mechanism that influences the propagation of
electromagnetic radiation, as mentioned above, is due to the
small fluctuations of the refractive index of air stemming from air
temperature-induced fluctuations. These turbulent refractive
index fluctuations of the atmosphere lead, for example, to trans-
mitted beam intensity fluctuations and are known as scintillations.’
Some examples that clearly show the distortion of wave propa-
gation by the turbulent atmosphere, which can be seen regularly,
are the twinkling of stars, image dancing and image blurring
above hot surfaces as seen in a mirage. The refractive index of air
is a function of air temperature and to a lesser degree the water
vapour pressure of air. As eddies transport both H and LE, their
refractive index fluctuates and this results in scintillations.’

The smallest diameter of the spectrum of eddy sizes in the SLS
beam pathis denoted I, (mm) (Table 1, online Supplement). If the
parameters C>and [, are measured and the level of the line of
sight above ground and beam path length are approximately
known, then H and 7 can be determined using the Monin-
Obukhov similarity theory (MOST)” discussed briefly in the
online Supplement.

Types of scintillometers

The estimation of H and 7 over large and heterogeneous
surfaces usually cannot be fulfilled without deploying a network
of several surface flux measurement systems."” The SLS may be
used to estimate sensible heat H and momentum 7 flux densities
(Table 1, online Supplement) over a path distance. The SLS
system consists of two laser beams and either two or four detec-
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tors."” The typical wavelength of the SLS beams is 670 nm with a
small displacement of 2.7 mm. The recommended path length of
the SLS is typically between 50 and 250 m although distances up
to 350 m have been used.” The LAS and XLAS units are designed
for measuring only C>over horizontal path lengths typically
from 0.25 to 4.5 km (LAS) and 1 to 8 km (XLAS) and employ a
near infrared beam wavelength with additional horizontal
wind-speed measurements required for the estimation of H and
T using an iterative procedure and MOST. The signal processing
unit of the SLS measures C (Table 1, online Supplement) and
using MOST,” allows H and 7 to be estimated without the need
for wind-speed measurements. The beam height fora SLS unitis
typically 1 m, for a homogeneous surface, and depending on the
atmospheric turbulence, the typical path length is 100 m. As
is the case for LAS and XLAS units, an iterative procedure is
required for the estimation of H for both stable and unstable
atmospheric conditions. The SLS unit, due to the use of two
beams, also allows 7 to be estimated. This is also the case for the
multiple-beam LAS unit but not the case for the LAS and XLAS
single-beam units.

The scintillometer method depends on MOST to link measure-
ments in the dissipation or inertial sub-range of turbulent
frequencies to the entire range of eddy sizes contributing to
turbulent transport.** Large eddies adjust only slowly to
changing surface conditions and therefore reflect terrain and
surface features well upstream of the measurement position.**

For the different types of scintillometers, besides the path
length and beam wavelength differences, there are differences
in the aperture size of the receiver compared to the Fresnel zone
E defined by F=,/AxL,,,., where 4 is the wavelength of the
transmitter beam and L,,,, the beam path length. The most
optically-active eddies have sizes of the order of the Fresnel
zone." The SLS is dual-beam and has a receiver aperture size less
than E whereas the LAS units have a receiver with an aperture
size greater than F' The XLAS units have a much larger receiver
aperture size, nearly twice that of LAS, and are used for surface-
layer turbulence measurements over longer distances of up to
10 km.* The C? measurements obtained with the LAS or XLAS
units, beam height and beam path length and standard meteoro-
logical observations (air temperature, horizontal wind speed
and atmospheric pressure) are used to derive H,* although with
multiple-beam LAS measurements, C2and cross-wind are also
obtained directly by the instrument.** Multiple-beam LAS
units, such as the so-called boundary layer scintillometer,”
unlike single-beam LAS units, optically measure atmospheric
turbulence H and cross-wind over spatial scales up to 5 km and
give time series outputs of C 2,C2, H, 7 and cross-wind.

With the SLS method, a transmitter emits two highly parallel
and differentially polarised laser beams over a known distance
and beam height."**” The radiation from the laser is scattered by
refractive index inhomogeneities in the air which are caused by
turbulent fluctuations in air temperature. At the receiver, the two
beams reach two separate detectors. From the magnitude and
the correlation of the intensity modulations, C2and the inner
scale length of refractive index fluctuation [/, are derived."” The
idea behind the use of the SLS method is based on consideration
thatC?, measured directly by the scintillometer can be related to
C % , which is then used to derive H and the friction velocity u., a
wind speed scaling parameter from which the momentum flux
density 7 is estimated (Table 1, online Supplement).

Advantages of SLS
Scintillometry, and SLS in particular, offers several advantages
over EC and other more conventional methods of measuring H.
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The advantages include®* the fact that flow distortion effects®
are minimised by scintillometry, due to intensity fluctuations
being path-weighted in a parabolic manner with a maximum
midway between the transmitter and the receiver and tapering
to zero at either end of the optical path." Furthermore, unlike
the EC method, there are no corrections, such as EC coordinate
rotation corrections,” that need to be applied; path-weighted
estimates over the propagation path are obtained, reducing the
averaging period of the SLS method which boosts spatial
representivity of the method."” As a result, the SLS method offers
high temporal resolution and usually greater spatial coverage as
compared to other measurement methods such as EC, BREB
and SR. Source areas for the scintillometer-measured flux are
generally larger than those for the EC method, so that at low
heights over inhomogeneous terrain, the SLS method offers
advantages; as pointed out by Odhiambo and Savage,” there
has been no general agreement for the averaging period for EC
measurements of H. In our work in a mixed grassland community,
using simultaneous SLS and EC measurements of H, we showed
that, when using an averaging period of 2 min, the EC fluxes
tended to be overestimated with the EC 60- and 120-min averages
sometimes differing significantly from the SLS fluxes; depend-
ing on source characteristics and measurement height, path-
averaging up to several hundred metres for the SLS method
offers possibilities for validating remote-sensing estimates of H.
Remote-sensing measurement comparisons with LAS turbulent
fluxes®* and aerodynamic surface temperature estimates* have
already proved promising. Compared to EC and BREB measure-
ments of H, SLS measurements may be obtained at heights closer
to the surface—this would be particularly useful when there is
limited fetch available such as is often the case for riparian strips
or small-area agricultural crops; since the small-scale eddies
adjust quickly to the local terrain, it might appear that the SLS
method may allow some relief from general fetch restrictions on
micrometeorological measurements compared to, for example,
the BREB method, and thus provides averaging over horizon-
tally inhomogeneous terrain. Compared to the other methods,
the SLS method further quantifies the micro-environment through
the following parameters obtained by its use: the dissipation rate
of turbulent kinetic energy parameter ¢, Obukhov length L for
quantifying atmospheric stability and friction velocity u.
(Table 1, online Supplement); the scintillometer method allows
for H and 7 to be estimated in real-time from which real-time
estimates of LE are also possible. This aspect has, however, not
been the focus of the many scintillometer studies conducted
thus far; no absolute instrument calibration is required for the
SLS, LAS and XLAS methods for estimating H whereas sensor
calibration is required for the EC and BREB methods.

In the case of the SLS method, the last-mentioned advantage
arises because the quantity measured is the variance of the
logarithm of the amplitude of the radiation, at the receiver
position, so that any multiplicative calibration factors cancel and
constant terms are removed by band-pass filtering at scintillation
frequencies."

There s, therefore, an innate attractiveness about using optical
scintillation to obtain turbulence information over target specific
scales™ as well as H from which LE may be determined using
Equation 1.

Disadvantages, assumptions and requirements of SLS
Scintillometry has the following disadvantages: MOST, discussed
later, is assumed to apply in order to derive the fluxes” and
the beam height and zero-plane displacement d* (Table 1, online
Supplement) need to be known due to the flux estimates being
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dependent on these heights via MOST.

Another disadvantage is that the direction of H cannot be
determined by any of the scintillometer types and so accurate air
temperature difference measurements corresponding to two
vertical heights are often used to obtain this flux direction. The
SLS equipment, including other scintillometer units, are also
comparatively expensive but have been extremely useful for
comparison purposes with EC, BREB and other estimates of H,**
including determining the most appropriate averaging period
for EC measurements.” A practical disadvantage, particularly
for tall forest canopies, is that two positions/instrument towers
are required“—one for the transmitter unit and one for the
receiver.

By comparison with the SLS method, the EC method, based on
fewer assumptions, requires many quality control corrections,”**
often necessitating calculation of the fluxes after the data-
collection period. While there are more EC corrections for EC
estimates of LE and carbon fluxes, corrections to EC-determined
H and 7 are still required.*"* However, many of these EC correc-
tions have been the debate of recent research**® and besides the
BREB profile method and the SLS, LAS and XLAS methods, there
are few other methods that can be used to check the corrected EC
H and 7 fluxes. It should, however, be re-emphasised that the
single-beam LAS and XLAS units require independent (horizontal)
wind-speed measurements for the estimation of H and 7.

Other necessary assumptions of scintillometry are that the
turbulent field through which the beam passes is isotropic and
that the scintillations are weak.” Due to the assumption that the
SLS beam is weakly scattered, the SLS method suffers from the
problem of saturation when scintillations are not weak and
hence measurements are usually limited to a maximum of 250 m
between the transmitter and receiver units unless the power
supply settings are altered. Corrections for saturation applied
to XLAS measurements gave satisfying comparisons with EC
estimates of H."’

Arequirement of the SLS method is the need to know whether
the SLS beam is in the roughness sub-layer (in which case the
effective height of the sensor is the height above ground level z)
or in the overlying inertial layer (in which case the effective
height is determined as z — d where d is the zero-plane displace-
ment).” The separating height between the roughness sub-layer
and the inertial layer is typically 5h,,,,,,/3™* where h., . is the
canopy height. As mentioned previously, the height specified
directly affects the MOST calculations used for all scintillometer

types.

Application of SLS

Most of the studies carried out using the scintillometer method
for measurement of H have used LAS units with only a few of
these studies involving use of the SLS method. These studies
indicate that scintillometer measurements can be adopted for
reliable routine H and v measurements.”” Once H has been
estimated using the SLS method, LE can be estimated from the
shortened form of the energy balance using Equation 1 as a
residual, aslongas R, and S are also measured. Measurement of
H s therefore very important and the SLS, being an instrument
that can allow larger spatial measurement of H as opposed to EC
(and other methods) measurements of H, is very useful in this
regard.

In spite of the usefulness of scintillometry, the idea of routine
and long-term measurements using scintillometry has in general
notbeen achieved. There are, however, a few exceptions: using a
LAS, Beyrich et al.” reported on results of one-year continuous
measurements over a heterogeneous surface. In Table 1,
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fuller details of the studies involving use of the SLS are shown.
Apart from the work of Savage et al.,*® Savage,* Odhiambo and
Savage® and Nakaya et al.* only short-term studies have been
undertaken using the SLS method. Two SLS studies were con-
ducted above a forest canopy,” two in an urban environ-
ment,®*® one above wheat,” one above snow-covered ice* and
the remaining studies above short vegetation,"” mainly grass-
land ****»#5%06 In all of these studies, the spatially-integrating
nature of the SLS measurements was an important feature of the
work.

Anandakumar® carried out a study which was designed to
compare the SLS estimates of H over a wheat canopy with
the widely-used EC method to obtain an understanding of the
performance of the SLS method and confirmed the good agree-
ment between H obtained by EC and SLS methods.

A similar study carried out by Green et al.” over grassland for a
period of two months confirmed an improved correlation
between EC and SLS estimates of H observed for wind directions
parallel to the scintillometer beam path compared to when the
prevailing wind direction was traverse to the beam path.

Work by Weiss* showed that the SLS method is applicable to
derive line-averaged H over various types of terrain and for
different atmospheric conditions giving good temporal resolu-
tion. The findings from the same study carried out over different
surfaces, ranging from flat terrain to alpine valley, also show that
an inclined SLS propagation path does not impair the accuracy
of H derived by SLS for all fetch and stability conditions.

Thiermann and Grassl" showed that 10-min averages of H
between 10:00 to 18:00 appear more scattered due to short-term
variations of turbulence along the beam path (Table 1).
Thiermann” carried out a study to compare SLS-determined
H and [, with his model calculations based on wind speed and
solar irradiance measurements using five- and ten-minute aver-
ages of H for a 100-m beam path length at a height of 1.9 m. The
model calculations agreed with the SLS measurements.

Findings by de Bruin et al.,* using the SLS method, indicated
that the friction velocity u. is overestimated when u. is less than
~0.2ms™ (for very stable or unstable cases) and underestimated
at high wind speed (or under near neutral conditions). This
could imply that the SLS measurements of [, a direct measure
for the dissipation rate of turbulent kinetic energy ¢, are biased,
resulting in biased H.

The SLS method has also been used for studying the turbulence
flux above rough urban surfaces. In a study conducted by Kanda
et al.” in a densely built-up residential neighbourhood in Tokyo,
Japan, the EC and SLS methods were employed for the estimation
of H. The SLS measurements of H obtained at a height 3.5 times
the average building height agreed well with those obtained
using the EC method.

Noting that turbulence can limit the angular resolution of
an electro-optical imaging system operating over large dis-
tances, significantly degrading such systems, Hutt* compared
modelled and SLS-measured values of C> and I, over a period
of two months in summer. The night-time comparisons were
poorer compared to those for the day-time unstable periods. The
model, based on that of Thiermann and Grassl,"’ and invoking
MOST, required relatively simple meteorological measurements
and can be used to optimise the performance of electro-optical sys-
tems susceptible to scintillation, beam wander and image distor-
tion caused by optical turbulence. In one of the few cases of the
use of a single-beam SLS, Wasiczko™ performed measurements
in both weak and strong turbulence conditions in order to im-
prove the quality of strong turbulence theory and models.

From SLS measurements above snow-covered seaice, Andreas
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et al.> considered how to average scintillometer measurements
of C2and I, from which H and u. are estimated. They contest the
assumption that H and 7 can be measured using path-averaging
instruments, such as the SLS, with shorter averaging times than
the typical times of 30 to 60 min used for EC measurements. They
claim that short-term flux averages are only possible for
quasi-stationary time series and that assuming that MOST simi-
larity functions are derived from 30- to 60-minute averages is
equally valid, when applied to short time averages, is unjustified.

In South Africa, Savage et al.> and Savage* focused on the SLS
method for estimating H and LE and compared their estimates
with EC, BREB and SR estimates of H. Their studies were con-
ducted over a mixed grassland community for a period of over
30 months and the study by Odhiambo® over 12 months.

Scintillometry theory and determination of H

Since the 1950s many scientists have conducted theoretical
studies to explain the scintillation phenomenon.”*** Several
different theoretical approaches have been proposed to describe
the propagation of electromagnetic radiation in a turbulent
medium. In some approaches, the turbulent eddies are visual-
ised as a collection of concave and convex lenses which focus
and defocus the beam resulting in scintillations.” In others,
diffractional effects are taken into account. In the 1960s, with the
invention of the laser, experimental studies were conducted to
validate the proposed propagation models.”**

Owing to the success of the models that are able to relate the
propagation statistics of electromagnetic radiation with the
turbulent patterns of the atmosphere, it is today possible to
measure and quantify the turbulent characteristics of the atmo-
sphere over large horizontal distances using the scintillometer
method as a ground-based remote-sensing method.* The mini-
mum path length for the SLS method should be 50 m since at
path lengths less than this, the measured /, would often be less
than the recommended value of 3.5 mm for this path length
making the instrument susceptible to measurement errors.*

The algorithm for the SLS method, based on MOST, is summa-
rised in Fig. 1. Transmitted radiation measurements are at a
frequency of 1 kHz with variances of the logarithm of beam
amplitudes, and covariances, for at least one-minute periods
determined. By determining both the variances of the logarithm
of the amplitude of the respective SLS beam radiation, for both
beams, and the covariance, C> and I, may be determined.”"****
At optical wavelengths, compared to water vapour pressure
fluctuations, the influence of air temperature fluctuations on the
radiation measurements at the receiver dominates. The struc-
ture parameter of temperature C} can be deduced from the C’
measurements.”” Assuming little error in the measurement of
atmospheric pressure P (Pa) and air temperature T (K), the
spatially averaged C7 is related to C2:*

2o (T7) (7. 003)
CT_CH'()/P) [1+ ﬁ J/ (Z)

where y = 7.89 x 107 K Pa™ and 8 = H/LE is the Bowen ratio
which may be incorporated as a humidity correction such that
C? decreases with increasing evaporation rate (Fig. 1), provided
air temperature and atmospheric humidity fluctuations are
strongly correlated” and consistent with MOST. The correction
for § for uncorrelated air temperature and humidity fluctuations
is negligible. As noted by Savage,* the term in Equation 2 involv-
ing f is often ignored with the justification being that for land
studies the fluctuations of refractive index caused by humidity
are one order of magnitude smaller than those caused by air
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Fig. 1. The algorithm Hill*® used for the various estimates obtained using the SLS
method based on weak scattering theory and measurements of the variances of
the logarithm of the amplitude of the transmitted radiation 62 and 3, for Beam 1
and Beam 2, respectively, covariance c%,, inputs of beam height above the
zero-plane displacement height, beam path length L, ., air temperature T and
atmospheric pressure P (based on Weiss™ and modified by Savage et al.’) to
reflect the role of single-detector variances 62 and ¢ and that T. and w are
required to calculate (&) and g(¢).

temperature fluctuations.”® Furthermore, when C2 is used to esti-
mate H, the correction for water vapour pressure fluctuations is
small.”® This conclusion was based on the fact that for small |
the correction for H is large but |H| is small and yet for large
‘ B, the correction is small (with possibly little impact on the esti-
mated energy balance components). A similar humidity correc-
tion applies to EC measurement of H: the relative percentage
error in SLS estimates of H are less than 3/8 compared to 6/8 for
EC estimates of H due to the effect of humidity on the speed of
sound.”

Sensible heat flux H is then determined iteratively from the
Obukhov stability length L (Fig. 1, also refer to the online
Supplement) from which the MOST semi-empirical functions
f(€) and g(C) are calculated which in turn allow the determina-
tion of the temperature scale of turbulence T. (Table 1 of the
online Supplement) and the friction velocity u.. Application of
the energy balance through the use of Equation 1 then allows
evaporation LE to be calculated. Of particular note is the fact that
the algorithm used by SLS for obtaining H and 7 (Fig. 1) applies to
both the unstable and stable cases but that the algorithm does
not allow for the determination of the sign of H. Additional
estimates from the SLS algorithm include the vertical air temper-
ature and refractive index gradients dT/dz and dn/dz, respec-
tively, as well as @, (Fig. 1), the latter corresponding to the

v
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spectrum of refractive index inhomogeneities caused by the
interaction between air temperature and the refractive index of
air (see online Supplement).

Conclusions

Surface layer scintillometers, operating over hundreds of
metres, together with the application of MOST, may be used to
estimate sensible heat H and momentum fluxes 7 in real time.
The method has successfully been used above snow-covered ice,
urban environs, grasslands, agricultural crops and forest canopies.
The scintillometer method is a relatively new method for the
estimation of H and 7 and has recently been applied in agro-
meteorological and hydrological research in South Africa. Large
and extra large aperture scintillometers operate over kilometer
distances. The SLS studies indicate that the scintillometer
measurements can be adopted for reliable routine H and 7
measurements over larger heterogeneous areas.

The scintillometer method has several advantages over other
methods representative of smaller areas: flow distortion effects
are minimised due to intensity fluctuations being path-weighted
in a parabolic manner with a maximum at midway and tapering
to zero at either end of the optical path; averaging over the
propagation path, reducing the averaging period which boosts
spatial representivity of the method; depending on source
characteristics and measurement height, path-averaging is
possible up to several hundred metres, a range which offers
possibilities for validating remote sensing estimates of H; and no
absolute instrument calibration is required. Furthermore, unlike
the EC method, for which many corrections are required, there
are few corrections necessary for the SLS method. However, the
SLS method assumes that MOST is valid.

Increased demand for water, increased human impact on
water resources and the potential medium- and long-term
impacts of climate change on water resources, demands contin-
ued research on measurement technologies involving surface
flux exchanges and, in particular, on evaporation estimation.
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Monin-Obukhov similarity theory (MOST) and application
to surface layer scintillometry

The atmospheric surface layer is also known as the constant
flux layer because, under the assumption of steady-state and
horizontal homogeneous conditions, the vertical turbulent flux
isnearly constant with height, with variations of less than 10%.%

Unlike the EC and BREB methods, which do notinvoke MOST,
empirical MOST relations are used to convert the scintillometer
measurements of the C2and [, into H and 7.” Validity of MOST
and the determination of the effective measurement height
therefore dominate the applicability of flux calculation from
optically-determined C;and [ .

Dissipation rate of the turbulent kinetic energy ¢ (m*s~) can be
deduced from [ and the definition of Kolmogorov” scale #:

(2B (Y s .
n=L|"p, ol @
or
74
e=v’ [] , )
ZU
where f; is the Obukhov-Corrsin constant (= 0.86), Pr the
Prandtl number (= 0.72) and v the kinematic viscosity of air
(mZ sfl):66
y = [1.718 + 0.0049(T - 273.15)] x 10%p , 3)

where T is the air temperature (K) and p the density of air
(kg m™).

The application of MOST to surface layer scintillometer
measurements adopted by Thiermann and Grassl" is followed.
A simultaneous optically-measured inner scale length [ is
related to the dissipation rate of turbulent kinetic energy ¢ and
one assumes that ¢ obeys MOST. A fixed C; and I, then corre-
spond to a set of values for H and 7. According to MOST, for a
constant flux, the structure of turbulence is determined by the
following scaling parameters (Table 1):*

u, =t/p )

L ©)
pe U,
where c, is the specific heat capacity of air at constant pressure

(J kg' K).

According to MOST, C; and ¢ are made dimensionless by
respectively scaling them with the temperature scale T. and
friction velocity u,, and are universal functions of the stability
parameter { = (z—d)/L, with the Obukhovlength L defined by:

T pe

where k is the von Karman constant (0.41) and g is the accelera-
tion due to gravity (9.81 m s7)°.

From MOST:
)= ST Q
and
s(0)=2E20 ®

Various forms for the stability functions, f(¢) and g(€), have
been proposed: Thiermann and Grassl", Hill et al.”, Wyngaard™,
de Bruin ef al.” and others. The functions used for stable and un-
stable conditions, as proposed by Thiermann and Grassl" and
which were used to derive H by the Scintec®® SLSRUN software
developed for the SLS used, were found adequate.*

Thiermann and Grassl” give the following semi-empirical
expressions for f(¢) and g(¢): for { > 0 (stable condition)

f©)=Cl(z=d)"*T* = 4p,(1-75 + 2057 ) ' ©)
and

(&)= ek(z—d;’=(1-4L+165* )" (10)
and for < 0 (unstable condition)

f(©)=Cl(z—d)"*T* = 4,(1-75 +750* )" 1)

8§(8)=ek(z—du’=(1-30)"-¢, (12)

where f; = 0.86 is the Obukhov-Corrsin constant.
Hill et al.,” on the other hand, proposed that for unstable
atmospheric conditions for which { < 0:

f(§)=C3(z—d)**T>=81(1+15¢ )" (13)

Equations 9 and 10 for stable conditions and Equations 11
and 12 for unstable conditions can be solved for H and 7 using a
numerical iterative scheme to obtain u, and T« using the defini-
tion of L (Equation 6). Sensible heat flux H and momentum fluxz
are finally obtained from Equations 4 and 5.

Scintillometry and the role of the refractive index
structure constant

The graph of the refractive index spectrum is shown in Fig. 17,
According to Kolmogorov”, in the inertial sub-range, energy
neither enters the system nor is dissipated. It is merely trans-
ferred at rate e where ¢ is the dissipation rate of turbulent kinetic
energy (m®s”) (Table 1) from smaller wave numbers to larger

A

-5/3

x

In «

Fig. 1. The energy spectrum E(x) associated with turbulence for a range of wave
numbers « for the various boundary layer flows (taken from Kaimal and Finnigan™):
A corresponds to regions of energy production, B to the inertial sub-range of
turbulence and C to the dissipation range where kinetic energy is converted to
internal energy acting to raise the temperature of the fluid. The integral length scale
of turbulence is denoted A and 5 denotes the Kolmogorov™ microscale of length.



Table 1. Summary of meteorological parameters estimated or required by the various measurement methods and MOST.

Parameter Symbol (unit) Description

Refractive index structure parameter C2(m?'%) Spatial statistics used as a measure of the path-averaged strength of refractive
turbulence, or simply a measure of the fluctuations in refractive index of air caused
mainly by air temperature variations.

Momentum flux density 7 (Pa) The turbulent horizontal wind stress in the surface boundary layer.

Bowen ratio B (no unit) The ratio of sensible heat flux to that of latent energy flux.

Structure function parameter of temperature C% (K® mr2’3) A measure of the structure of air temperature fluctuations (determined from C2).

Dissipation rate of turbulent kinetic energy e (m*s™) Refers to the rate of change in turbulent kinetic energy (TKE) per unit mass of fluid, due
to viscous effects.

Fresnel zone F(m) F = \JAX Ly, Where 1 is the wavelength of the transmitter beam and L,,,,, the beam
path length. The most optically-active eddies have sizes of the order of the Fresnel zone.

Inner scale length I, (mm) The smallest diameter of the occurring eddies.

Friction velocity u, (ms™ A basic wind speed scaling parameter equal to the square root of 7/p where p is
the air density.

Obukhov length L (m) The height above the zero-plane displacement height d at which free convection
dominates over forced convection.

Zero-plane displacement height d(m) A height scale in turbulent flow over roughness elements such as vegetation above the
ground at which zero wind speed is achieved as a result of the flow obstacles. It is
generally approximated as 2/3 of the average height of the obstacles. The displacement
height represents the mean height where momentum is absorbed by the canopy.

Temperature scale of turbulence T, (K) A term for the temperature that an air parcel at a height would potentially have if brought

adiabatically (i.e. without thermal contact with the surrounding air) to a given height, i.e.
the effective temperature of an air parcel after removing the heat of the parcel
associated solely with compression.

Table 2. Meteorological parameters determined for selected different methods.

Meteorological parameters

LE residual =
R.—H-S

Method used for determination of meteorological parameter T LE CO, flux (F,)

LAS or XLAS
SLS or multi-beam LAS
1-Dimensional EC

<
AN

+ o+ o+ +

3-Dimensional EC

CO, sensor and 3-D sonic (EC)

H,O sensor and 3-D sonic (EC)

BR

SR (high frequency air temperature measurements)
SR (high frequency specific humidity measurements)

NSNS SN S
AN NERN
ANERNERN
N+
AN

<

v, Meteorological parameter that can be measured using the method.
—, Meteorological parameter that cannot be measured or determined using the method.
+, Meteorological parameter that can be estimated if net irradiance R, and soil heat flux S are known.

wave numbers, where it is dissipated. As a result, the three-
dimensional spectral density function, @ (), where « is the
wave number k = 27/l associated with the spectrum of eddies of
size I, would depend on the viscous dissipation rate ¢ and the
turbulent spatial wave number « only.

Kolmogorov’s first hypothesis™” applies in the range deter-
mined by the inequality [, << 1 m < u (called the equilibrium
range), where . is called the Kolmogorov microscale (Fig. 1). The
Kolmogorov microscale defines the size of eddies dissipating the
kinetic energy. The second hypothesis is for sufficiently large
Reynolds numbers. The sub-range defined by < 1 m<< A, is
called the inertial sub-range, where A is the outer scale length
and is approximately equal to the scintillometer measurement
height and 7 is the Taylor microscale (which marks where the
viscous effect becomes significant) and is dominated by inertial
forces whose actions redistribute the energy across the turbulent
spectrum (Fig. 1).

Scintillometry theory and determination of H
The energy spectrum of turbulence (Fig. 1), representing the
scale of turbulence from the so-called energy-containing range

through to the inertial sub-range of turbulence to the dissipation
range,” may be defined through the use of a wave number for
turbulence. The turbulent wave number x (m™) range is defined
by the corresponding range in eddy size values experienced in
the atmosphere with the spectrum of wave numbers occurring
due to the numerous eddies of variable size.”” These eddy sizes
are indicative of the turbulence regime of the atmosphere and
may impact on the transmission of electromagnetic radiation.

The variance of the natural logarithm of the intensity incident
at the receiver is related to C> defined as:’

(n(r)-n(n))’
7

5
2

Cr= (14)
where n(r) is the refractive index at location r and r» (m) is a
distance lying between two length scales r; and r, characteristic
of the turbulence.”* The changes in the refractive index of air
caused by air temperature fluctuations are usually random
functions in both time and space. Thus, turbulence intensity of
the refractive index of air n(r, t) can only be determined by the
average of certain quantities, such as C. . Assuming the random



process generating the changes in refractive index is isotropic,
then C; (r)=C-|r|.®7

The distance between the transmitter and the receiver can
range from tens to thousands of metres depending on the type
of instrument. Different types of radiation sources can be used.
The beam wavelength for the different scintillometer types is
also different, with the LAS and XLAS having a beam wavelength
of 930 nm, within 5 nm. The displaced-beam surface layer
scintillometer, the SLS, emits two parallel and differently polarised
laser beams with the separating distance, dg ;. The commercial
SLS unit, the SLS40-A uses a class 3a type laser at a wavelength
A of 670 nm (which is similar to that of an ordinary laser pointer),
a beam displacement distance, dy of 2.7 mm and a detector
diameter, D, of 2.5 mm. With this instrument the beam of one
source is splitinto two parallel, displaced beams with orthogonal
polarisations. By determining both the variances of the logarithm
of the amplitude of the two beams, 07 and o3, and the covariance
of the two beams, 07, , I, and C; can be obtained.” At the receiver,
usually located 50 m to 250 m away from the transmitter, the two
beams reach two separate detectors. The SLS set up is shown
(Fig. 2) with a close-up of the transmitter, receiver, junction box
and signal processing unit of the SLS (Fig. 3).

The covariance of the logarithm of the amplitude of the
received radiation is given by:"

Lpegm oo

| 2 )
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Equation 15 is valid for of, < 0.3, corresponding to weak
scattering. If the scattering is not weak, then the measured o7, is
less than that determined from Equation 15 and saturation is
said to occur® Due to this fact, the maximum path length for the
SLS is usually limited to 250 m. To overcome the saturation
problem, which limits the SLS measurements to a beam path
distance of 250 m, the beam path length should be decreased or
beam height position increased.*” Otherwise a LAS would be

dkdr (15)

the option for obtaining H over longer path lengths, e.g. 5 km to
10 km.”

The functional dependence of the covariance 7, in Equation
15 includes two wave numbers — the optical wave number K
(m™) for the SLS beam, where K = 27/4, and where A = 670 nm
for the SLS and wave number defined as x = 27/], corresponding
to the spectrum of eddy sizes that the beam encounters where /is
eddy size. The functional dependence of Equation 15 also includes
the function ®, (k) corresponding to the three-dimensional spec-
trum of refractive index inhomogeneities caused by the
interaction of changes in air temperature with refractive index,
SLS beam displacement distance dg; 5, two Bessel functions ], and
], of the first kind, r the distance along the beam measured from
the transmitter with L, corresponding to the beam path
length, and Dy ¢ the aperture diameter of the scintillometer
detectors. As presented by Lawrence and Strohbehn”™ and
pointed out by Thiermann and Grassl", substituting dg, ; = 0 m
corresponding to a single beam into Equation 15, provides the
expression for the variances o7 and 03 at each of the single detector
pairs.

Receiver

Fig. 2. The surface layer scintillometer set up showing the transmitter and receiver
as indicated.

Fig. 3. The SLS (a) transmitter, (b) receiver, (c) switch box and (d) signal processing unit.



