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ABSTRACT

The estimation of spatial and temporal distributions of sensible (H)
and latent (AET) heat fluxes is a long standing challenge for hydrologic sci-
ence. In this study, we present our experiences with the emerging method
of scintillometry. Large Aperture Scintillometers (LAS) operating at optical
wavelengths are employed to measure the sensible heat flux over irrigated fields,
riparian areas, deserts, lava flows, and mountain highlands in New Mexico. The
LAS transects were used to explore this measurement technique as a potentially

useful tool in hydrological applications.

The main theoretical and technical aspects of the setup, operation,
and analysis of LAS data are discussed. The advantages of a larger footprint,
compared with other standard techniques used for the measurement of H, are
explained, particularly in the context of the calibration and validation of remote
sensing algorithms used for the estimation of turbulent fluxes, and hydrologic
and meteorological models. Although, the measured data was not compared
with remote sensing data, some of the main issues of this comparison are ad-
dressed and will be the objective of future research. Finally, scintilllometer
data were used for the estimation of sensible (averages over 10-min and daily

time intervals) and latent (averages over daily time intervals) heat fluxes. AET



was estimated as the residual of the surface energy balance (SEB), assuming
closure, as a example of the estimation of evapotranspiration rates for hydro-
logic applications at scales of the pixel-size of satellite images or grid cells of

hydrologic and meteorological models (~0.1-10 km?).
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CHAPTER 1

INTRODUCTION

The estimation of the temporal and spatial variability of energy fluxes
has important applications in agriculture, meteorology, hydrology, and water
management. Particularly, in arid and semi-arid watersheds, evapotranspira-
tion (ET) is one of the most critical variables for sustainable management of
water resources (Middle Rio Grande Water Assembly, 1999), not only for the
large percentage of the water budget that it represents, but also for its highly
variable behavior at different spatial and temporal scales, and the uncertainty

associated with its estimation (Goodrich et al., 2000).

During the last two decades, the feasibility of using optical remote
sensing data for the estimation of the regional distributions of sensible and
latent heat fluxes has been explored. As a result, several operational remote
sensing algorithms were developed, such as SEBAL (Surface Energy Balance
Algorithms for Land, Bastiaanssen et al. (1998)), M ET RICT™ (Mapping ET
at high spatial Resolution with Internalized Calibration, Allen et al. (2006)),
ALEXI (Atmosphere-Land Exchange Inverse Model, (Anderson et al., 2004)),
DisALE X (Disaggregated Atmosphere-Land Exchange Inverse Model, (Nor-
man et al., 1995)), NLDAS (North American Land Data Assimilation System )
and LIS (Land Information System, (Peters Lidard et al., 2004)), among oth-

ers.



These algorithms are different in their spatial and temporal scales (30
m to 1/8th degree which is about 13 km in New Mexico, daily to monthly),
producing ET maps on local, regional, or national scales. However, the lack
of ground-truth measurements at scales comparable to the algorithm resolu-
tion (30m for Landsat, 1000m for MODIS, and 4000m for GOES thermal IR
pixels) represents a major difficulty for their calibration and validation. The
algorithms estimate an areally-average sensible or latent heat flux for an area
that: (i) is several orders of magnitude larger than the area represented by the
most common measurement techniques for turbulent fluxes (Eddy Covariance
or Bowen Ratio), and (ii) posses a high spatial variability of of turbulent fluxes.
Therefore, the comparison of almost a point measurement, in a highly variable

space, with an areally-average value, may lead to erroneous conclusions.

Currently, the most common measurement technique for turbulent
fluxes is the eddy covariance method (EC) (e.g. Katul et al. (1999)). An EC
system typically consists of a 3D sonic anemometer-thermometer (SAT) oper-
ated at 10 Hz or higher and a scalar sensor in close proximity (for sensible heat
flux, a finewire thermocouple or virtual temperature from the sonic anemome-
ter; and, for latent heat flux, a krypton hygrometer or infrared gas analyzer).
The sensible heat flux H, and latent heat flux AET, are then computed di-
rectly from covariances of the vertical wind velocity w, air temperature T', and

humidity ¢, as

H = pc,w'T” (1.1)



AET = puw'q (1.2)

where p is the air density, ¢, is the specific heat capacity at constant pressure,
the bar denotes temporal averaging, and w’, 1", and ¢ are the differences
between, respectively, the instantaneous vertical wind speed, air temperature,
specific humidity and their means over 10 to 30 minutes. This approach is based
in the Reynolds decomposition of quantities into their mean and fluctuating
parts. Mean values will be marked with an overbar, fluctuating contributions

by a prime, e.g:

[u,v,w] = [(u+u'), (©+), (W+ w) (1.3)
T=T+T (1.4)
q=q+q (1.5)

However, several non-trivial corrections have to be applied to the
measurements (Van Dijk et al., 2004), and even then the sum of the sensible
and latent turbulent fluxes from EC systems are typically 10-30% smaller than
available energy, i.e. the difference of net radiation (R,e) and soil heat flux
(G), an issue known as energy balance closure which has yet to be resolved (e.g.
Wilson et al. (2002); Culf et al. (2004)). Mahrt (1998) discussed several reasons
for lack of closure of the surface energy budget: (i) lack of coincidence of the

source areas among various flux components measured VEry near a surface such



as evaporation coming from leaves and sensible heat from a hot, dry soil surface;
(i) flux divergence arising from transport that is not one dimensional in the
vertical such as insufficient fetch; (iii) non-stationarity of measured time series
over the typical 30 min averaging periods so that covariance arising from very
low frequency fluctuations is missed; (iv) turbulent dispersive fluxes arising
from organized planetary-boundary-layer circulations that may have preferred
locations so that the mean vertical velocities at an instrument location may be
systematically different from zero giving rise to a vertical advective flux; and (v)
measurement errors related to sensor separation, frequency response, alignment

problems, and interference from tower or instrument-mounting structures.

In addition, the EC method only provides point measurements with
a footprint scale that may be considerably smaller than the estimate obtained
from a remote sensing method. On clear days with unstable atmospheric con-
ditions the EC’s footprint of H and AET is typically on the order of 107! km?,
while a MODIS or GOES image has an area on the order of 1 km?2. Therefore,
it is highly affected by the spatial and temporal variability of the footprint
which mostly depends on atmospheric stability and wind direction (e.g. Hsieh
et al. (2000); Horst and Weil (1992); Schmid and Oke (1990)). To mitigate
these issues, a dense network of stations is needed to obtain areally averaged

fluxes (e.g. Meijninger et al. (2002)).

On the other hand, scintillometry, particularly the Large Aperture
Scintillometer (LAS), has emerged as an alternative method to avoid several
of the complications mentioned above (De Bruin, 2002). In hydrological ap-

plications, scintillometry has several advantages over EC, such as robustness,



because the proper operation can be verified in the field and relatively easy
installation, maintainability, and data analysis. Since LAS is a remote sensor,
instruments can be installed at the border of agriculture fields without disturb-
ing the experimental site or interfering with agricultural operations. Moreover,
the scintillometer footprint is better constrained, defined, and is large enough
to allow the measurement of vertical sensible heat flux averaged over areas com-
parable with several pixels of a satellite image (up to about 40 Landsat thermal
pixels or about 5 MODIS thermal pixels) (see Section 4.5 in this document or
Hendrickx et al. (2007) for further explanation).

Meijninger (2003) presented a systematic study of the LAS perfor-
mance over heterogeneous flat agricultural terrain in the Flevopolder (The
Netherlands). The conclusion of this study is that LAS can accurately derive
area-averaged sensible heat fluxes over heterogeneous areas. Also, previous
studies have shown the potential of scintillometers as a tool for the estimation
of latent heat fluxes in irrigated areas. Hoedjes et al. (2002) evaluated the
potential of scintillometers over an irrigated wheat field in a semi-arid region
in northwest Mexico, and Hartogensis and De Bruin (2006) used optical scin-
tillometers for the estimation of fluxes at field-scale over agricultural areas in

Idaho, obtaining promising results in both cases.

The aim of this thesis is to discuss the fundamentals and demonstrate
the potential of LAS for hydrological applications, based on the experiences of
a continuously operating network of large aperture scintillometers and some
related experiments. Chapter 2 gives a description of the theory and instru-

mentation behind a LAS. Chapter 3 describes the experimental set-ups used



in this study. Chapter 4 reviews some important aspects of the scintillometer
measurements and data analysis. Chapter 5 presents the LAS measurements of
sensible heat fluxes at 10 minutes and daily scales as well as the daily estimates
of latent heat fluxes as the residual of the energy balance equation. Chapter 6
gives some lessons learned and conclusions. Finally, the appendices contain a

list of symbols used in the document.



CHAPTER 2

SCINTILLOMETRY

2.1 Theory

A large aperture scintillometer (LAS) is an instrument that consists
of a transmitter and a receiver (Fig. 2.1). The receiver measures intensity
fluctuations in the radiation emitted by the transmitter caused by refractive
scattering due to turbulent eddies in the LAS path. For the LAS, the observed
intensity fluctuations are a measure of the structure parameter of the refractive
index of air, C2. At optical wavelengths, the contribution of temperature fluc-
tuations dominates, i.e., the structure parameter of temperature, C%, can be
deduced from C2. For radio wavelengths (> 1 mm), on the other hand, water
vapor fluctuations contribute most to the scintillometer signal fluctuation, i.e.
the structure parameter of water vapor C’g can be deduced from C?. Using
the Monin-Obukov similarity theory in the atmospheric surface layer, surface
fluxes of sensible heat H, latent heat AET, and momentum can be determined
from C2, C2, Bowen ratio (Bo = H/AET), and supplemental meteorological
measurements such as wind speed and direction, air temperature, air pressure,

roughness length.

It is important to note that in order to estimate H, a measure of the
mechanically induced turbulence is needed since it contributes to the transport

of sensible heat, but is not measured by the LAS. Flux profile relationships are
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Figure 2.1: Layout of scintillometer system and integration of refractances of
turbulent structures (Wageningen Agricultural University, 2002).

applied using wind speed measurement at one height and roughness length to
estimate the friction velocity (u.), which is related to the momentum trans-
port. This limitation of LASs plays an important role in stable atmospheric
conditions, where mechanically generated turbulence is the only turbulence
generating transport mechanism (Hartogensis and De Bruin, 2006), leading to

higher uncertainty in the estimated fluxes under this condition.

2.1.1 Derivation of the Sensible Heat Flux

To describe spatial variability of a variable in a random field, turbu-
lence theory uses the structure parameter. For instance, let X be any variable
(e.g. Temperature (T"), Velocity (U), Specific humidity (¢), or refraction in-
dex (n)) that undergo irregular random fluctuations in a turbulent atmosphere
(random processes that vary in space and time). The structure parameter of

X is defined as:



IR (DER(D); o)

where C% is the structure parameter of the variable X, X(r;) and X (ry) are
the values at locations 71 and rq, respectively, and ry o = |r; — 72| is the distance

between locations.

Eq. (2.1) assumes that the random field is statistically homogeneous
(it has constant mean and C% is unaffected by a simultaneous translation
of 1 and ry in the same direction by the same amount) and isotropic (C%
only depends on 712 and not the direction), and X is mainly influenced by
inhomogeneities in the random field, that are smaller than r; 5. The distance

r1,2 lies in the inertial range of turbulence.

Taking into account the turbulent nature of the atmospheric bound-
ary layer (ABL), it can be described by a wide range of three-dimensional
whorls, usually called eddies. The largest eddies are caused by wind shear and
convection and have sizes on the order of the boundary layer depth. These
eddies are unstable and break down into smaller and smaller eddies (cascade
process), introducing energy into the system until they reach the size Ly, called
the outer scale of turbulence (it scales with a length and is on the order of half
the height above the surface). For eddies smaller than Ly only the inertial
transfer of energy is important, until they reach the size [y, called the inner
scale of turbulence (approximately equal to 1 mm), in which the kinetic en-
ergy is dissipated into heat at the smallest molecular length scales. The energy

spectrum of turbulence, relates the the distribution of kinetic energy (¢, ) with
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the wave number (k = 27/l), where [ is the size of the eddies. Based in this

definition, the inertial range is defined as the interval [27/Lg, 27 /ly).

The statistics of propagation of electromagnetic (EM) radiation through
the turbulent atmosphere allows the estimation of C2. EM radiation propagat-
ing through the atmosphere is mainly affected by scattering, absorption, and
fluctuations in the refractive index of air (n), the last being usually the most
important in clear air. Those processes will change the main characteristics of
the EM wave, such as intensity or amplitude, polarization, and phase. Wang
et al. (1978) derived the following expression relating the variance of the log-
arithm of the intensity fluctuations for an electromagnetic wave propagating
through the atmosphere, an( 1), to C2, under the assumption of weak-scattering

conditions and for a statistically homogeneous and isotropic refractivity field:

1
o2 = / C2 ()W (o) da’ (2.2)
0

where W (2') is a weighting function that describes the contribution of each
point along the path to the total LAS signal. W (z') is a bell-shaped function
with maximum values toward the middle of the path and zero at the receiver

and transmitter.

W(a') = 1672 KL / " k() <2J1<“’1)2J1(x2)> sin’ (M) dk

0 T1X2

where 2’ = x/L is the dimensionless coordinate along a propagation path of

length L, K = 27 /) is the optical wavenumber, k is the spatial wave number,
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Figure 2.2: LAS normalized weighting function, G(2’), along the normalized
path /.

¢n (k) is the three-dimensional spectrum of refractive index fluctuations for the
atmosphere in the inertial range (¢,(k) = 0.033C2(2')k~'/3) (Kolmogorov,
1941), and Ji(z1) and Jy(x2) are Bessel functions of the first kind with x; =
kEDx'/2 and xo = [kD(1 — 2')]/2, where D is the aperture diameter.

Fig. 2.2 shows the normalized weighting function G(z') (G(2') =
Wi(z")/ fol W (x")dz") for a LAS, evidencing the high sensibility of the LAS in
the middle of the path.

The aperture diameter determines the sensitivity of a scintillometer to
certain eddy sizes. For the Small Aperture Scintillometer (SAS), these eddies
are in the order of the inner scale of turbulence (I,). Then the exact form of
¢(k) in the dissipation range of turbulence in the atmosphere is critical for the
device performance. However, the large aperture scintillometer (LAS) is more

sensitive to eddy sizes on the order of the aperture diameter (D), and therefore
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less sensitive to ¢ (k).

Substituting equation Eq. (2.3) into Eq. (2.2) and integrating numer-
ically, Wang et al. (1978) obtained the path-average for the structure parameter

of the refraction index of air.

C? =1.1207,, DL, (2.4)

C? can be expressed as a function of the structure parameters of

temperature (C%) and specific humidity (CqQ), assuming a negligible effect due
to pressure variations (i.e. C? is small compared to C7 and C7), as (Hill et al.,

1980):

c? Ea (2.5)
T2 Tq q?
with
_ D.n-6
Ar = —0.78%.10 (2.6)
T
A, = —57.22¢107° (2.7)

where p is the atmospheric pressure [Pal, T is the temperature [K|, ¢ is the spe-
cific humidity [KgKg¢~'], and Cr, is the structure parameter for the covariant

temperature and humidity fluctuations.

At the wavelength of the LAS (Apas = 0.88um), the contribution

of C7 to C? is much less important than the contribution of C%. Therefore,
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Eq. (2.5) can be rewritten into an expression for C%, with a correction term
depending on the Bowen ratio, Bo, to represent the contribution of qu . Bois

equal to the ratio H/AET. Then, for a LAS (Hill, 1997)

. -2
c: T 0.03
C2 = | “leas” |\ [ 14— . 2.8
T (A%“LAS]_?2> ( + BO ( )

Therefore, the importance of the correction by humidity fluctuations
depends on the meteorological conditions and surface properties, including soil
moisture. Fig. 2.3 shows the percentage of the correction to C% when humidity
fluctuations are neglected and a climatic discretization based on inter-annual
averages of the Bowen ratio (Bo is time-variable and fluctuate at shorter time
scales). Since the correction tends to be small in semi-arid regions (recall that

Bo is time-variable) Eq. (2.8) may be approximated as:

cz T
C% =~ (ﬁ) (2.9)

TLASp

Once C% is known, the sensible heat flux can be obtained according to
the Monin-Obukhov Similarity Theory (MOST), iteratively from the following

system of equations:

= fr(C) (2.10)

0, = (2.11)
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Rk AR
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Bo = H/\ ET [-]

Correction by Humidity Fluctuations
[%]
w

Figure 2.3: Correction to C% by humidity fluctuations in different climates. (a)
Tropical rain forest, where high annual rainfall keeps soils wet year-round (1.97
-5.74%), (b) temperate forest and grasslands, where less rainfall causes drier
soils (0.75-1.48 %), (c) semi-arid regions with dry soils (0.10-0.30 %), and (d)
deserts (less than 0.06 %). Typical Bowen ratios for each climate where taken
from Bonan (2002).

u?T
L == 2.12
wo=T 212)

where Z;4¢ is the LAS height, f7(¢) = c1(1 — ¢¢)™%3 and fr(¢) = c1(1 —
c3¢?/?), with ¢ = (Zpas — d)/Lo, are the universal stability function for
unstable (Lyo < 0) and stable (Ly;o > 0) conditions, respectively (Wyngaard
et al., 1971; Andreas, 1988; De Bruin et al., 1993). 6, is a temperature scale
(virtual temperature), Lo is the Obukhov length, k = 0.4 is the von Karman

constant and ¢; = 4.9, ¢ = 6.1, c3 = 2.2.

The friction velocity u, can be derived from wind speed data, u, mea-
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sured at height z, and estimates of the roughness length, zy, zero displacement
height, d, and stability correction functions introduced by Panofsky and Dut-
ton (1984) (see Eq. (2.13)). There VU, is the integrated stability function
(Businger-Dyer correction) which takes into account the effect of thermally
produced turbulence on momentum transport which generates non-adiabatic

conditions.

RU

zu—d Zu—d 2

For unstable conditions (day-time):

2 1+ 1+ 22 T
v =21 1 -2 — 2.14
m<LMO) n ( 5 ) + n( 5 ) arctan(z) + 5 (2.14)

with = (1 — 162/L0)"/*. And for stable conditions (night-time):

w, = (2.13)

VA zZ
v, | — | =-5 2.15
(LMO> Lo (2.15)

2.2 Instrumentation

Kipp & Zonen manufactures the Large Aperture Scintillometer (LAS)
and eXtra Large Aperture Scintillometer (XLAS). They are designed for mea-
suring the path-averaged structure parameter of the refractive index of air (C?)

over horizontal path lengths from 250 m to 4.5 km (LAS) and 1 km to 8 km
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(XLAS). The light source of the LAS and XLAS transmitter operates at a near-
infrared wavelength of 880 nm. At this wavelength, the observed scintillations
are primarily caused by turbulent temperature fluctuations. Therefore, C?
measurements obtained with the LAS or XLAS can be related to the sensible
heat flux.

The LAS and XLAS feature heated transmitter and receiver windows
and internal temperature monitoring, providing a mechanism to eliminate con-
densation problems. Modulation of the signal eliminates the background fluc-
tuations in signal strength due to sunlight. Unlike mirror-based scintillometers,
the Fresnel lense collimates and collects the light avoiding obstruction of the
beam by the transmitting LED or the receiving detector. On-board calibration
and reference signals at the receiver electronics allow rapid on-site confirmation

of operation.

The instrument is eye-safe, operates on 12V DC power, and has built-
in pan and tilt adjuster for easier alignment. The geometric aperture diameter
is 0.152 m (as is the focal length), but the effective aperture diameter is 0.145
m for the receiver and 0.148 m for the transmitter. The power consumption
of the transmitter varies from 2W at 1 km distance to 6W at 4.5 km distance,

while the receiver draws 2.5 W.

Proper operation of the LAS requires setting the path length po-
tentiometer which amplifies the voltage output for the proper gain. C? can
then be easily obtained from the voltage output Uc: of the receiver using
2 =107 The raw signal can also be saved using the demod differential

n

voltage output which is proportional to the intensity of the signal I.
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For data processing, the WINLAS software (Kipp & Zonen, 2007) is
supplied to read in the LAS output data together with complementary me-
teorological data (wind speed and temperature) to obtain the sensible heat
flux. The required parameters are wind speed measurement height, roughness

length, displacement height, beam height, and Bowen ratio.

Scintec offers the BLS450, BLS900, and BLS2000. The BLS450 and
BLS2000 are designed for applications with similar path lengths to the Kipp
& Zonen LAS and XLAS, respectively. The BLS900 expands on the BLS450
and LAS by providing a dual beam setup. Transmitters 1 and 2 have different

modulation frequencies allowing distinction of the beams by the receiver.

Unlike the LAS which has a Fresnel lens, with the BLS450 and BLS900
the beam is collimated by a plane convex lens (D=145 mm, focal length = 450
mm) onto 2 Si photodiodes with different sensitive areas. The BLS2000 uses
a Fresnel lense of 265 mm diameter and a focal length of 495 mm. The main
photodiode detector on the optical axis is used for sensing the turbulence-
induced fluctuations of the received modulated pulses. After demodulation,
the signals X and Y are available for the user during alignment. The auxiliary

detector is used as an alignment aid. It provides the modulated signal Z.

The main advantage of the Scintec transmitters compared to the LAS
transmitter is the larger emission angle. The BLS450 (LAS) has an emission
half angle of 16° (0.6°) resulting in a beam width for a transect length of 1000 m
of 287 m (10 m). This simplifies setup and alignment and improves the accuracy
of C? during misalignment when the gradient in signal strength of the beam

at the receiver in connection with scintillation (i.e. beam wandering) increases
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the variance of the signal strength. It also makes the setup less sensitive to
transmitter or tower vibrations. Moreover, the emission is more homogeneous
due to a large number of radiation sources. The transmission can be pulsed at
1Hz - 125Hz providing the opportunity to select an optimum between power

use of the transmitter (1-110W) and measurement accuracy.

Setup of a Scintec scintillometer transect can be accomplished by
one person as the transmitter alignment can be done solely based on visual
reference, while for the LAS a person standing at the LAS receiver has to
radio the received beam intensity to the person aligning the transmitter. The
Scintec BLS systems include a signal processing unit (SPU) which makes it
a stand-alone package. The SPU does all the data processing and analysis,
and provides basic error alerts. This simplifies the use of the scintillometer to
obtain sensible heat fluxes, but it limits the options for modification to experts
as no continuous raw data is provided. The LAS can easily be connected to
any analog datalogger (supplied by the user) which allows easy integration
of the complementary meteorological measurements (temperature, pressure,
wind speed). Temperature and pressure sensors are sold as optional items by
Scintec. The Scintec algorithm computes C? assuming free convective scaling
for which no wind speed measurements are necessary. However, this assumption
is often not justified. A rule of thumb is to not accept this assumption when
Zras/Lyo > —0.3. In that case, wind speed measurements are necessary to

derive H using the approach used by the LAS.

Scintec uses the Clifford et al. (1974) algorithm to correct for satu-

ration, which has been shown to yield accurate results (Kohsiek et al., 2006).
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Output of both the corrected and uncorrected C? and H is provided, so that
other corrections can be applied by the user. Kipp & Zonen suggests no satu-
ration correction, but the manual suggests limits for the pathlength given heat

flux and beam height.

Scintec’s double beam scintillometers (BLS900 and BLS2000) have
the advantage of a correction for absorption fluctuations, which cause changes
of the received intensity due to changes of the transmissivity over the prop-
agation path, for example, due to dust or light fog. This is different from
changes of the received intensity due to scintillation caused by interference
(focusing and defocusing) at temperature inhomogeneities. Absorption fluctu-
ations may be falsely interpreted as scintillations, hence artificially increasing
the derived measured heat flux. Because absorption fluctuations are caused by
inhomogeneities which have a spatial scale on the order of the path length, the
changes of the intensity due to absorption will be nearly identical and highly
correlated over the two adjacent paths. Therefore, the magnitude of absorption
fluctuations contributing to the log amplitude variances B11, B22 and B12 is
nearly identical, and absorption fluctuations are eliminated by computing the
corrected average log amplitude variance as oy = (B11 + B22)/2 — B12.
However, in rain or dense fog the strong beam attenuation will result in no
received intensity and not permit scintillometer measurements. The double
beam set up can also be exploited for the measurements of average crosswind
speeds, but at the price of high power consumption of 60W at the maximum

pulse setting of 125 Hz.

Apart from the need for 2 persons for the alignment, in practice the



20

Kipp & Zonen system is somewhat more intuitive to use as the lay-out of the
alignment system is better and the analog signal meter on the back of the
receiver gives a better indication of proper functionality. Both manufacturers
are still optimizing their instrument. For example, Kipp & Zonen had problems
with placing the LED in the focal of the lense in 2006. Scintec had issues
with transmitter windows cracking due to improperly designed o-rings in 2007.
These problems have been solved now but given the recent market entry for
the scintillometers, more problems are likely to appear for both manufacturers

in the near future.



CHAPTER 3

MATERIALS AND METHODS

3.1 New Mexico Scintillometer Network (NM-LASNet)

The scintillometer network in New Mexico (hereafter, NM-LASNet)
is located within and around the Middle Rio Grande Basin. It consists of
seven Kipp & Zonen Large Aperture Scintillometer (LAS) transects at different
locations representing a range of elevations (1448 - 2658 m) and land surfaces.
For the purpose of this thesis the five most representative sites will be used: (i)
San Acacia Alfalfa (SAA) which is a homogeneous irrigated alfalfa field, (ii) San
Acacia Riparian (SAR) which is a heterogeneous moist riparian area, (iii) El
Malpais National Monument (EMNM) which is a homogeneous basalt outcrop,
(iv) Sevilleta National Wildlife Refuge (SNWR) which is a dry homogeneous
shrubland, and (v) Valles Caldera National Preserve (VCNP) which is a moist
homogeneous grassland. Figs. 3.1 and 3.2 show the location and photographs of
the transects used in the study, Fig. 3.3 shows the topography of the transects.
Terrain elevation changes are used to raise the beam height, leading to slanted
and irregular surfaces. Finally, Table 3.1 has a description of each transect and

the main parameters and sensors used in the estimation of sensible heat fluxes.

Before the set-ups were in their current locations, Kleissl et al. (2008)
conducted an intercomparison study to quantify the accuracy of sensible heat

flux measurements from LAS by comparing data from one EC system and up

21
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to five adjacent scintillometer transects over homogeneous grassland areas in
SNWR and VCNP. By varying the effective beam height, transect distance, and
averaging time, the effect of these parameters on measurement accuracy was
examined. The data showed agreement to typically 9% between the sensible

heat fluxes measured with different LASs.

The two principal objectives for our current scintillometer network
are: (1) Develop efficient operating procedures and wireless infrastructure for
the operation of scintillometers over a large region; and (2) Develop procedures
for the use of sensible heat flux measurements by scintillometers for the cali-
bration and validation of remote sensing algorithms. Only after these protocols
and procedures have been developed, can we install a more permanent network

for operational purposes in New Mexico.

A permanent network of scintillometers will provide H ground-truth
data around the state. This data, in an operational basis, has important ap-
plications: (i) validation and calibration of regional remote sensing estimations

of turbulent heat fluxes and (ii) hydrologic prediction.

This data impose constrains that may be used to obtain better nearly
real-time estimates of evapotranspiration, based on validation procedures, and
estimate the error of the evapotranspiration maps, offering a better product
to the community. The availability of nearly real-time regional maps of evap-
otranspiration has important implications for agricultural water management
since they can be used to improve irrigation scheduling and reservoir storage

optimization.

On the other hand, scintillometer data become an important constrain
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Figure 3.1: Locations of LAS transects in New Mexico (the transect consist of
transmitter and receiver). The surface albedo map was generated with SEBAL
in June 16 of 2002.

for lumped and distributed hydrological models that predict the components
of the surface energy balance. In a continuous fashion, it may be used for data
assimilation, improving real-time prediction, or for validation and calibration
purposes. Although this ground-truth data is not available everywhere, maps
of evapotranspiration and sensible heat fluxes, previously validated and cali-

brated, can be used for hydrological modeling.

3.2 Intercomparison Experiment Set-up

As part of the intercomparison experiment conducted by Kleissl et al.
(2008), sensible heat flux, net radiation and ground heat flux were measured at

Sevilleta (SNWR) and Valles Caldera (VCNP), from January 18 to February
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Figure 3.2: LAS setup locations in New Mexico: San Acacia alfalfa crop (SAA),
San Acacia riparian area (SAR), El Malpais basalt outcrops (EMNM), Sevilleta
National Wildlife Refuge (SNWR), and Valles Caldera mountainous grassland
(VCNP).
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8 of 2006 and from June 8 to June 25 of 2006, respectively.

At the SNWR and during the experiment, mean daily maximum and
minimum air temperatures were 14.8 °C' and -3.4 °C', respectively. The network
of weather stations, managed by the Sevilleta Long-Term Ecological Research
Project, detected a small rainfall event of about 1.3 mm on January 25. Dur-
ing the rest of the experiment, no additional rainfall was present. The LAS
transmitter was located on a ridge and the receiver was set up 80 m lower
in the plains at a bearing of ~ 295 degrees from the receiver, resulting in an
slanted path (see figure 3.3). The path length was 2713 m and the topographic
profile and beam height were established with waypoints taken with a GPS
with Wide Area Augmentation System (GPS-WAAS). The absolute accuracy
of GPS-WAAS is ~ 1 m or 6% of the beam height. An eddy covariance tower
was located at the center of the transect and was used to estimate the sensible
heat fluxes (no latent heat flux was measured). Based on the methodology
proposed by Martano (2000), sonic anemometer measurements were used to
estimate the roughness length (zo = 0.026 m) and zero displacement height (d
= 0.01 m).

At the VCNP and during the experiment, mean daily maximum and
minimum air temperatures were 23.6 °C' and 4.4 °C', respectively. Only 1.5 mm
of rain was recorded between May 19 and June 6, 2006. June was relatively
dry with the only rainfall occurring between June 6 and June 9 (16 mm) and
between June 24 and June 28 (25.2 mm). The monsoon season started in July,
after the end of the experiment. The LAS was elevated on two slopes which

overlook relatively flat grassland (see Fig. 3.3). The path length was 2019 m
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and the topographic profile and beam height were established with two hundred
waypoints taken with a GPS-WAAS. The absolute accuracy of GPS-WAAS is
~ 1 m or 2% of the beam height. Also, special care was taken to accurately
determine the relative height of the transmitter and receiver with a differential
GPS (DGPS). Finally, an eddy covariance tower was located 1.3 km south
of the transect over homogeneous grassland (grass height 0.3-0.5 m) similar
to the vegetation in the footprint of the LAS. From this station, sensible and
latent heat fluxes were estimated, however the latent heat fluxes were corrupted
due to malfunctioning on the system. Based on the methodology proposed by
Martano (2000), sonic anemometer measurements were used to estimate the
roughness length (zp = 0.014 m) and zero displacement height (d = 0.01 m).
All instrumentation used during the intercomparison experiment is in Table

3.2.

3.3 Saturation Experiment Set-up

If turbulence becomes too intense, the measured intensity fluctuations
of the scintillations afn( 1) increase above a certain level, and they are no longer
proportional to C? (see Eq. (2.4)) which results in an underestimation of H

(Clifford et al., 1974). This phenomenon is known saturation.

To study saturation of the LAS signal, the University of Wageningen
and New Mexico Tech conducted an experiment during the summer of 2007. It
consisted of a set-up of two LASs (Kipp & Zonen), one XLAS (Kipp & Zonen),
one BLS450 (Scintec), and one EC station. The aperture of the XLAS is twice
that of the LAS, enabling use over distances of up to 10 km (Kohsiek et al.,

2002), being more resistant to saturation. In one of the experimental set-up,
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Figure 3.4: Sketch of the saturation set-up. T stands for transmitter and R for
receiver.

one LAS (LAS 1) and one XLAS were located in a homogeneous and almost flat
surface with a path length of 1054 m and a height of 1.5 m; the other LAS (LAS
2) was on the same place (close enough to avoid signal cross-contamination)
and at the same height, but with a path length of 500 m. A sketch of the set-up

is showed in Fig. 3.4.

The purpose of this experiment was to observe saturation in the LAS
1, while the XLAS and LAS 2 were operating properly. The data collected will
be used to test available methods for the correction of saturation (Kohsiek et
al., 2006) and the development of new ones. This work will be part of a coming

publication.



CHAPTER 4

SCINTILLOMETER MEASUREMENTS AND DATA
ANALYSIS

4.1 Instrument Set-up and Operation

The optimal transect for a LAS is placed perpendicular to the predom-
inant wind direction to have maximum source area (Meijninger et al., 2002)
and parallel to the earth’s surface (i.e. horizontal). It should also follow a
north-south orientation to avoid exposure and possible damage of the optical
parts by direct sunlight under low sun angles (Kipp & Zonen, 2007). The ideal
height of the beam above the land surface depends on the depth of the constant
flux layer where the Monin-Obukhov Similarity Theory (MOST') can be applied
which is needed for derivation of H from C% (Egs. (2.5)-(2.13)). The constant
flux layer overlays the roughness sub-layer which is influenced by the structure
of the roughness elements on the land surface (e.g. plants, trees, buildings,
etc.). The top of the roughness sub-layer corresponds with the lower level of
the constant flux layer; it is the minimum height above the land surface for the
scintillometer beam and is estimated as three times the height of the obstacles
on the land surface (Oke, 1987). Thus, the minimum height for a LAS is 1.5 m
over grassland and shallow shrubs but it will be considerably higher for trees
(Kipp & Zonen, 2007). The maximum height is the top of the constant flux
layer, which is on the order of 200 m in daytime, and 10s of meters at night

(Stull, 1988).

31



32

The minimum height is not only determined by the height of the
roughness sub-layer, but also by the phenomenon of saturation which is ex-

plained in section 4.4.

Another challenge is to find a LAS transect where the laser beam
is horizontal to the land surface, especially when one needs measurements on
the scale of a MODIS (250 m) or AVHRR (30 m) pixel, i.e. transects much
larger than both MODIS/AVHRR. The construction of towers with a height
exceeding 10 or 20 m is an option and indeed is a common approach for eddy
covariance measurements above forests (Schellekens et al., 2000). However,
towers for LASs need to be stiff since any vibration in the tower generated by
wind will be interpreted by the scintillometer as an increase in scintillations.
Therefore, LAS towers will be more expensive than the towers often used for
meteorological measurements. An alternative is to search for two hills a few kms
apart or to measure over valleys (Hafeez et al., 2007; Meijninger and De Bruin,
2000). Where such landscape features cannot be found, an alternative is to put
the scintillometers over a slanted path (Fig. 3.3). This is a common situation
for many hydrological studies and results in scintillometer beam heights that
vary along the path. This also means that the scintillometer measurements not
only represent a horizontal but also a vertical average of C% (see section 4.3).
In this case, the average height of transmitter and receiver does not represent
the height of the vertically averaged CZ, because CZ does not vary linearly
with height, and the scintillometer signal is weighted towards the middle of the
path.

The obvious advantage of the slanted paths is a substantial reduction
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in costs for each transect since the construction of stiff towers is expensive.
Another advantage is that it allows establishing rather long transects from
2000 to 3000 m at effective heights of 30 to 60 m that avoid saturation. The
disadvantage is a larger uncertainty in the derived sensible heat fluxes H (see
section 4.3). While uncertainty in the physical height of the beam over the
transect can be eliminated by careful elevation measurements using differential
GPS, the uncertainty caused by different methods for determining the effective
height remains. This issue may also affect the onset of saturation and requires

more research (Hartogensis et al., 2003).

4.2 Stable and Unstable Atmospheric Conditions

As discussed before (see chapter 2), the turbulent behavior of the at-
mospheric boundary layer (ABL) can be envisioned as a collection of eddies of
different sizes, where large eddies progressively break down into smaller eddies
(cascade process) and, at the same time, transfer kinetic energy from larger to
smaller eddies. Much of the energy necessary to generate this turbulent flow
comes from forcings at the ground, for example, solar heating of the ground
causes thermals of warmer air to rise, generating large eddies (thermally in-
duced turbulence - T'IT) or frictional drag on the air flowing over the ground
causes wind shears to develop, which frequently become turbulence (mechan-
ically induced turbulence - M IT'). Turbulence is several orders of magnitude
more effective at transporting quantities that molecular diffusion (e.g. H, AET,

CO,, etc.), and usually TIT is stronger than MIT.

The transport of energy within the earth-atmosphere system is pos-

sible in three modes: conduction (for ), radiation (for R, ), and convection
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(for H and AET). Particularly, convection can be classified as free (caused
by TIT), forced (caused by MIT), or mixed (cause by both MIT and TIT).
When the surface is heated by solar radiation (temperature decreases with el-
evation), parcels of air close to the surface tend to raise, then free convection
is enhanced and the atmosphere is said to be unstable (H > 0 and Lo < 0).
On the other hand, if the soil is colder than the surrounding air, parcels of air
tend to sink, then free convection is inhibited, and the atmosphere is said to
be stable (H < 0 and Lo < 0). If there is not tendency of the air parcels to
rise or sink (environmental lapse rate is equal to adiabatic lapse rate (see (Oke,

1987) for a definition)), the atmosphere is in neutral conditions.

Usually, the atmosphere is stable during the night (approximately be-
tween sunset and sunrise) and unstable during the day, when solar radiation
heats the surface (approximately between sunrise and sunset). However, over-
cast conditions or advection of heat from the surroundings may decrease H
during the day, and even suppress the TIT, causing stable conditions (H < 0).
Between the change from stable to unstable and unstable to stable conditions,

the atmosphere experiences neutral conditions.

The LAS relates the variability of scintillations in the turbulent at-
mosphere with the strength of the mixed convection, but does not measure the
temperature gradient. Therefore, it cannot infer the direction of the heat flux.
At first one stable and one unstable solution are derived for each time interval
using the MOST, however, the atmospheric conditions are necessary in order

to decide which solution to use.

A distinct minima in C? can be used to infer the location of neutral
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conditions and stable-unstable and unstable-stable transitions (see Fig. 4.1).
The tracking of neutral conditions, for a sunny and calm day (as in Fig. 4.1),
can be easily implemented in an algorithm, but it may not be possible in other
cases. As a result, a careful analysis of the diurnal cycle of C? has to be done
each day in order to choose an adequate solution. A more accurate approach is
to have measurements of air temperature at two heights (e.g. z; = 0.1 m and
29 = 2 m), then using the temperature gradient (AT /Az = (T1 —T3)/(z1 — 22))
as a proxy for flux direction. In this case positive values of the gradient will
mean negative H and stable atmospheric conditions.

AT is recommended where irrigated fields or riparian areas will be exposed to

advective lateral energy fluxes.

The measurement of

35 Stable A Unstable Conditions

Stable

Conditions

Conditions

Time [hour]

Figure 4.1: Example of diurnal cycle of C? obtained with a LAS for a sunny day
at the Sevilleta National Wildlife Refuge LAS transect on February 3, 2006.
Note the steep drop in C? when atmospheric stability changes from stable to

unstable and back to stable.
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4.3 The Effective Beam Height

The scintillation method (Egs. (2.5)-(2.13)) is based on a unique
value of Zp45. However, in practical applications, the LAS beam height often
varies along the path due to sloping terrain, difference of installation heights of
transmitter and receiver, or even variations of the Earth’s curvature. Fig. 3.3
shows five particular cases where the absence of ideal terrain conditions leads

to set-ups over irregular surfaces and slanted paths.

Under these non-ideal circumstances, the LAS measurements repre-
sent both horizontal and vertical averages of the structure parameter of temper-
ature (C2). A simple average height between transmitter and receiver is then
not representative of the average C%, since it varies non-linearly with height
and the scintillometer sensitivity is weighted towards the center of the path
(Wang et al., 1978). Taking into account the cascade process in the turbu-
lent boundary layer, it is expected that the spatial variability of temperature
(quantified by C%) will be a function of the eddy size involved in the trans-
port of kinetic energy; and therefore, of the height. Wyngaard et al. (1971),

demonstrated that, within the mixing layer, CZ can be calculated as:

—2/3 —4/3
o2 =263 2 = 4.1

where ¢ is gravity acceleration, 7T is air temperature, z is height, and w"T" is

the covariance of vertical wind direction and temperature.

Hartogensis et al. (2003) derived Eq. (4.2) to calculate an effective

height (Z.ys) to use in situations where the LAS beam height varies along the
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path. This effective height is used in the derivation of sensible heat fluxes (Eqs.
(2.5)-(2.13)).

Lo Lo

Ze—f2f/3fT<Zeff> :/0 Z(x/)—2/3fT (@) G(x/)da:’ (42)

(4.3)

where fr(¢) = ci(1 — CQC)_Q/S and fr(¢) = c1(1 — 03C2/3)a with ( = (Zpas —
d)/ Lo, are the universal stability function for unstable (Ly;o < 0) and stable
(Lyo > 0) conditions, respectively (Wyngaard et al., 1971; Andreas, 1988; De
Bruin et al., 1993). The effective height Z.;; depends on atmospheric stability
and is solved iteratively in conjunction with #* and v* in order to estimate

H, resulting in a different Z.;; for each averaging interval (Hartogensis et al.,

2003).

The fundamental assumption for Eq. (4.2) is the presence of a con-
stant flux layer which means that C% is in equilibrium with the surface. While
this is always the case for homogeneous and flat surfaces, this assumption also
holds for heterogeneous surfaces as long as the measurements are taken at
a level above the internal boundary layer of the heterogeneous patches - the
blending height - , where the individual patch signatures merge due to turbu-
lent mixing (Meijninger et al., 2002). Accurate determination of the effective
height is critical since a relative error in Z.;r will result in at least half that
relative error in H. Andreas (1989) derived the following expression to estimate

the relative error in H due to a relative error in Z. ;s as a function of stability
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0 Zesp)Zers 2\ 1 — cp2ell

Ze
SH/H 1 (1 - 2@%) 4)
— 7L
where 0H is the error in H, 0Z.ss is the error in Z.ss, and c; is the constant
of the universal function of stability (¢, = 6.1). For free convection conditions
(Zesg/Lymo — 00), a relative error in Z.ss causes an equal relative error in
H. For neutral conditions (Z.ss/Lyo — 0), on the other hand, the relative
error in H due to Z.y is half the relative error in Z.¢;. These are extreme

conditions, then the relative errors for stable and unstable conditions are in

between.

4.4 Saturation

Eq. (2.4) is based on first-order scattering theory (i.e. the wave is
scattered only once), therefore, it is only valid in a weak scattering medium.
If the turbulence becomes too intense (i.e. a strong scattering medium where
scattering occurs more than once), the measured intensity fluctuations of the
scintillations 01211( 1) increase above a certain level, and they are no longer propor-
tional to C? (see Eq. (2.4)) which results in an underestimation of H (Clifford
et al., 1974).

A criterion for saturation-free conditions is C2 < 0.185D>/3\Y/3[=8/3
(Ochs and Hill, 1982). Note that C? is not only a function of path length L, but
also of height of the laser beam above the land surface Z.;; (see Eq. (2.10));
the larger Z ;s the less intense the scintillations. Since aperture diameter D
and wave length A are instrument constants, Z.¢; and L determine whether

saturation occurs (Hartogensis et al., 2003). In general, the longer the path,
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the higher the LAS needs to be installed to avoid saturation. The LAS manual
provides graphics to quickly determine the minimum installation height of the
LAS as a function of path length and for different values of the sensible heat
flux (Kipp & Zonen, 2007). For example, to measure a sensible heat flux of 400
Wm=2 (common in New Mexico) over a path length of 2750 m, the height of
the LAS must be 30 m, whereas a sensible heat flux of 200 Wm 2 would require
a height of 10 m. Consequently, large installation heights must be chosen in

arid and semi-arid regions since sensible heat fluxes are generally high.

Using the configuration of the saturation set-up, described in section
3.3, saturation is expected to occur for large sensible heat flux, and therefore
very strong turbulent conditions will affect the measurements in LAS 1, but not
in XLAS and LAS 2 (less susceptible to saturation due to its short transect).
Fig. 4.2 shows that C? of LAS 1 deviates significantly from XLAS for large C?,
demonstrating the presence of saturation in LAS 1, leading to underestimation

of sensible heat fluxes.

4.5 The Footprint

The footprint of a turbulent flux measurement defines the spatial
extent of the measurement (Schmid, 2002). The flux measured by a turbulent
flux sensor reflects the influence of the underlying surface on the turbulent
exchange. When the instruments are deployed over a homogeneous surface,
the exact location of the instrument is not an issue, because the fluxes from
all parts of the surface are by definition equal. However, if the surface is
heterogeneous (e.g. most natural land covers and urban areas), the measured

signal is dominated by the surface that has the strongest influence on the sensor,



40

-13
x10
9 I I I I -
C2 (XLAS) = C? (LAS) for C2 <2713 m2° 711
= 2 N o Sy O P id —
R?=0.98 o o8 -
L 0.00° &o © . _
7 % O a0, .-t
Pl 6- Saturation 2 K _
NI (non-linear relationship) A
E 3" 1
a o
< _
|
X
o c _
(&)

| |
c? {Las) (m22

Figure 4.2: Comparison of C? for a LAS and XLAS during the saturation
experiment at Sevilleta National Wildlife Refuge (July 14-17, 2007). The C?
(LAS) levels off at large C? indicating saturation.

and thus on the location and size of the footprint matter (Schmid, 2002).

The footprint function describes the relative contribution of each sur-
face source, per unit source strength, per unit element, to the measured scalar

flux. Pasquill and Smith (1983) proposed a formal mathematical expression:

n(r) = /zre Qulr + 1) f(x,¥)dr, (4.5)

where 7 is the measured value at location r, Q,(r +r’) is the distribution of
source (e.g. sensible heat flux release under unstable atmospheric conditions)

or sink (e.g. CO, assimilation by vegetation during the day) strength in the
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surface-vegetation volume, and f(r,r’) is the footprint or transfer function,
depending on r, and on the separation between measurement and forcing, r’.

The integration is performed over the domain R.

One common simplification to Eq. (4.5), which is used by the majority
of current footprint models, is the inverted plume assumption (Pasquill, 1972).
This assumption implies that the footprint function, f, is independent of the
sensor location, r, and therefore of the source or sink strength, @, (r +r’), thus
f(r,r') =~ f(r'). However, this assumption may be invalidated by growth of
internal boundary layers in response to step-changes in the thermal (variations
in bouyancy production) or mechanical (distribution of momentum sinks due

to patchiness) surface forcing.

Nevertheless, the inverted plume assumption is considered valid in
areas where the spatial inhomogeneities are primary due to variations in the
source or sink strength of passive scalars, and any variations in mechanical or
thermal turbulence production are confined to small length scales, compared

to the reference height of footprint considerations (Schmid, 2002).

The footprint estimation has had three main approaches: (i) Eulerian
analytical solutions to the advection-diffusion equation (Horst, 1999; Finn et
al., 1996; Horst and Weil, 1994, 1992; Gash, 1986), (ii) forward and backward
Lagrangian stochastic simulations (Kljun et al., 2002; Reynolds, 1998; Rotach
et al., 1996; Rodean, 1996; Wilson and Sawford, 1996; Flesch et al., 1995), and
(iii) large-eddy simulations (LES) (Leclerc et al., 1997; Hadfield, 1994). All of
them are limited by assumptions in their development, which are usually more

restrictive in the case of the analytical solutions. Schmid (2002) has reviewed
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of the most common methods, assumptions, and limitations.

For the purpose of this paper, we used the model proposed by Hsieh
et al. (2000) (henceforth, the HKC). It is an hybrid approach which uses re-
sults of a Lagrangian footprint model to parameterize an analytical model and
overcome the computational demand of more complex models and limitations
in the assumptions of pure analytic models. Mathematically, flux and footprint

are defined by:

n(x, zm) = /j Qn(x) f(z, 2m)dz, (4.6)

where 7 is the scalar flux [gm~2s71], f [m~!] is the footprint, @, [gm 257!

is the source strength (or termed as surface flux), z,, [m] is the measurement

height, and the mean wind direction is along the horizontal coordinate .

A homogeneous velocity field with scalar source strength is assumed,
however it may be wrong for a heterogeneous surface. The functional form of

the strength source is:

~J0  forx <O,
@nlr) = {So for x > 0. (4.7)

Then, the flux can be estimated by:

T, Zm —1 _
77(5_0) — exp <%025|LM011 P), (4.8)

and the footprint by:
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Ldn(z,2n) 1

f @ zm) = Sy dr Kz

—1

2D25]LM0|1_P exp (Tsz\LMofl_P>,
K2

(4.9)

where D and P are similarity constants estimated from regression analysis be-
tween the dimensionless groups x /L0 and z5/ Lo, with the first one obtained
from the Lagrangian model proposed by Thomson (1987). These constants de-
pend on atmospheric stability: (i) unstable (D = 0.28 and P = 0.59), (ii) near
neutral (|zs/Lyo| < 0.04) and neutral (D = 0.97 and P = 1), and (iii) stable
(D =2.44 and P = 1.33). The variable z is a length scale defined as:

zs—zm<ln (Z—m> —1—1—&). (4.10)
20 Zm

This model analytically relates atmospheric stability (Lo ), measure-
ment height (z,,), and surface roughness length (zp) to flux and footprint in

thermally stratified atmospheric surface layer flows.

Since the HKC model is describing the footprint along the mean wind
direction (i.e. two-dimensional in the z-x axis), a lateral dispersion model is
necessary in order to get a three-dimensional representation. In this study,
the model proposed by Gryning et al. (1987) is used. This approach describes
the lateral dispersion as a process caused exclusively by turbulence of the air,
neglecting the effects of shear in the wind direction which may become more
important under very unstable conditions. Assuming the lateral plume profile
has a Gaussian distribution, the transfer function can be calculated at the

surface at any point using:



44

fsp(@,y, 2m) = Mexp (— v ) (4.11)

(2m)20, 27(5
where y is the crosswind distance [m| and o, is the crosswind spread of the

plume [m]. The crosswind spread of the plume is estimated as (Gryning et al.,

1987)

oy = oyt fy (%) (4.12)

where o, is the standard deviation of the lateral wind fluctuations, f, is a em-
pirical function of the dimensionless travel time /7, and T} is the Lagrangian
time scale for the lateral dispersion. Weber (1998) has a detailed description
of the different methods for the estimation of ¢,. In this study, we used the
simple linear approximation (small-angle approximation) showed in Eq. (4.13),
relating the standard deviation oy (in radians) of horizontal wind direction with

the the mean longitudinal wind speed @ (the vector mean).

Oy R Uoy. (413)

It is important to take into account the difference between the value
reported by a cup anemometer (u), which is the scalar mean wind speed and

the value @ in Eq. (4.13). However, the approximation u ~ u is used.

The function f, can be estimated according to Draxler (1976) as:

2T,

/. (i> - S (4.14)
T, <1+< . >1/2>
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Figure 4.3: Example of a one-dimensional footprint with the HKC-model (left)
and the lateral dispersion in the cross-wind direction (right). Assuming a nor-
mal distribution (see Eq. (4.11)), 99.8% of the lateral fluxes are between 30,,.

where t = 2/ (for @ constant in space and time) and 7, = 600 s for elevated
sources or T, = 200 s for ground level sources. Then, from the practical point
of view, u can be estimated from a cup anemometer and oy is usually mea-
sured and stored, but it can also be estimated using the Yamartino algorithm

(Yamartino, 1984) (not showed).

Fig. 4.3 shows an example of the HKC-model shape on the downwind
direction (x) and the lateral dispersion component in the cross-wind direction
(Eq. (4.12)). The combination of both processes leads the three-dimensional

footprint model.
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4.5.1 Footprint for Scintillometer Measurements

In general, footprint models determine the source area for measure-
ments carried out at a single point in space. However, the scintillometer is a
line measurement which requires a superposition technique in order to estimate

the transfer function of a measurement.

The superposition is based in a discretization of the transect as a
series of points where the measurement height for a point located at z’, in
the normalized path (2’ € [0,1]), is given by the scintillometer beam height
Z(z'"). Then, the footprint of this point, for the atmospheric conditions, will
be weighted by the normalized LAS weighting function, G(z'), in order to take
into account the different contribution (bell-shaped) of each point along the

path to the total LAS signal (see Egs. (2.3) and (4.3)).

The procedure can be summarized by the following expression

N

fsp-ras(@,y) =D G(w) - fsn(z,y, Z(w)) (4.15)

i=1

where the path is discretized into N points of location u;, i = 1,2, ..., N.

Fig. 4.4 shows the footprint calculated for the Valles Caldera National
Preserve transect of the NM-LASNet (with a transect length of 2003 m) with
wind direction perpendicular and parallel to the path. At the bottom is the
footprint for an imaginary EC station located at the center of the transect and
measuring at 3 m height. The top figures are the footprint estimated for the
current transect ((a) parallel wind direction and (b) perpendicular wind direc-

tion). The domain for both maps is the same, showing qualitatively the large
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difference between the footprint of the LAS and the EC, which is potentially
useful for catchment scale studies, depending on the catchment size, and re-
mote sensing algorithms validation and calibration. Also, from the quantitative
point of view, the area that represents 95% of the footprint is 2.3 km? (per-
pendicular wind direction) and 1.3 km? (parallel wind direction) for the LAS

and 0.09 km? for the EC, which is a difference of three orders of magnitude.

Meijninger et al. (2002) presents an interesting exercise to demon-
strate the close relationship between the total size and position of the footprint
and the wind direction and path orientation. When the wind blows perpendic-
ular to the path, a broad transfer function is obtained, with the width mostly
dependent on the path length. On the other hand, if the wind is blows par-
allel to the transect, the width of the footprint is much smaller and mostly
dependent on the standard deviation of the crosswind component, but still

considerably larger than a typical EC footprint.

In order to show that during changes in wind direction, the footprint
of the LAS is more stable and better constrain than the footprint of the EC, a
series of simulations were done for a fictitious LAS (Z.f f = 10 m and L = 2000
m) and EC (Z = 10 m). The atmospheric conditions were defined by o, = 1

m/s and Ly;o = —50 m.

Fig. 4.5 shows the simulations for the LAS. The wind direction affects
the size of the footprint, but the larger values remain in the same area, almost
independent on the wind direction. This is advantageous, because the LAS is
basically measuring average fluxes around the same area for all the simulated

scenarios. On the other hand, Fig. 4.6 shows the same simulations for an EC
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system. The footprint follows the wind direction, and given its small size, it

will be highly affected by heterogeneities at this scale.

Finally, Fig. 4.7 compares the footprint’s peak variability for both
instruments. In this figure is evident that the fluxes measured by the LAS
remain in the same area all the time, but the EC is measuring fluxes from

different source areas depending on the wind direction.

4.5.2 Limitations of Footprint Models and its Use for Val-
idation and Calibration of Remote Sensing Algorithms

Footprint estimation and validation of existing footprint models is still
an open question in micrometeorology. With the increase of our measurement
capabilities and infrastructure during the last decade, there is an interest in the
scientific community to comprehend the representativeness of micrometeorolog-
ical measurements. However it is not an easy task, due to the complexity of the
problem. This complexity is evident when we take into account that (Foken
and Leclerc, 2004): (i) the individual sources and sinks within the footprint
are highly variable in time and space, (ii) the landscapes containing natural
surfaces are intrinsically inhomogeneous in their bio-geochemical source prop-
erties, (iii) the vegetation has a specific response to environmental variables
such as water stress, local cloud formation and sun angle, (iv) the gaseous ex-
change is species-dependent, (v) the properties up-wind and wind direction lead
to considerable within-footprint spatial variability, (vi) the non-local advection
is not easily separated from the within-footprint surface-atmosphere turbulent

exchange data.

A few validation experiments of the models for fetch region estima-
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Figure 4.7: Variability of the footprint function with respect to the wind di-
rection (azimuth) for an EC (Fig. 4.6) and LAS (Fig. 4.5). The red dots
correspond to the peaks of the footprint for the wind direction used in Figs.
4.5 and 4.6. The black line corresponds to the LAS transect and the black
circle to the EC. For the simulations: ¢, = 1 m/s, Lyjo = —50 m, and Z = 10
m.
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tion have been conducted (Marcolla and Cescatti, 2005; Gockede et al., 2005;
Cooper et al.; 2003; Finn et al., 1996; Leclerc et al., 1997, 2003a,b) and, to our
knowledge, there are no detailed experiments addressing this question for the
particular case of LAS. There are three common methods to validate these al-
gorithms: (i) the use of artificial tracer gases such as sulfur hexafluoride (SFg)
(Leclerc et al., 2003a) or CO, (Leclerc et al., 1988), (ii) the use of natural
sources of scalars such as water vapor (Cooper et al., 2003), CO, (Rannik et
al., 2000) or sensible heat (Gockede et al., 2005), and (iii) the use of Large
Eddy Simulation (LES) (Leclerc et al., 1997). Even though LES is a model, it
can describe with great detail some simple situations, and therefore serve as a

validation tool.

The validation and calibration of remote sensing algorithms with flux
measurements on the ground is very sensitive on the footprint estimation. Hong
et al. (2008) proposed to use a weighting factor for each pixel W; within the
footprint area to calculate an equivalent flux value from the derived image
(latent or sensible heat flux). The weighting factor, which is valid for a scintil-
lometer or EC, is shown in Eq. (4.16). Also, the equivalent fluxes are expressed
in Egs. (4.17) and (4.18), where H; and AET; are the pixel-scale H and AET

estimated from the remote sensing algorithm.

f3D<CL’, Y, Zm)i

TSN 416
> im Jap (2, Y, 2m); (4.16)
Hep = ) _(WiH) (4.17)

Jj=1
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N
AETpp =Y (WAET,) (4.18)

j=1

Two of the main problems with this approach are the presence of
mixed pixels (just part of the pixel is within the footprint), especially for coarse
resolution images (MODIS or GOES satellites) and the estimation of a repre-
sentative daily footprint for a comparison with daily estimates of H and AET
at daily scales, since the fetch is highly variable during the day. Obviously,
footprint estimation and adequate comparison techniques play an important

role in ground-truthing with the LAS and EC.

4.6 Effects of High Wind Speeds and Tower Vibrations

Fig. 4.8 shows sensible heat fluxes and net radiation measured in
the Sevilleta National Wildlife Refuge during the intercomparison study done
by Kleissl et al. (2008) on December 7, 2005. Four LAS and one EC system,
located at the center of the transects, are compared during this windy day (see
Fig. 4.8). The LAS overestimates H, measuring values even higher than the
available energy, R,,, during unstable conditions before noon and during stable
conditions at night. It is important to notice that the Obukhov length (Ly;0)
was around 1400 m during the evening of 12/7 when the large differences in

Hgco and Hp g were observed. This indicates near neutral conditions.

We suspect, given the high wind speeds, that the overestimation could
be explained by two reasons (i) blowing dust causes differences in beam ab-
sorption and scattering, which is interpreted as variance increase in the signal

strength and (ii) tripod vibrations are confused with intensity fluctuations.
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Figure 4.8: Top: Intercomparison of sensible heat flux measurements from
four LASs (symbols), EC (purple line), and net radiation (black line) at the
Sevilleta National Wildlife Refuge (SNWR) site (table 3.1) in December 7-8,
2005. Bottom: Wind speed at SNWR for the same days.

The second case could be tested and corrected, if high frequency data were
stored, since this behavior can be observed in the demod power spectrum (Von

Randow et al., 2008).

A method to correct the scintillometer signals for the effect of tower
vibration was proposed by Von Randow et al. (2008). This approach compares
the estimated Fourier spectra of the intensity fluctuations at the receiver and
an expected theoretical shape of the spectrum (Clifford, 1971; Nieveen et al.,
1998). Large deviations at frequencies between 1 and 10 Hz are attributed
to tower vibrations and at higher frequencies, the differences are assumed to
be caused by absorption. The correction of vibrations deserves more research,

since they may occur in a broader range of frequencies.
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4.7 Effects of Misalignment

The alignment procedure is a key issue in the accuracy of the LAS
measurements. After the initial alignment, during set-up, special attention to
the signal strength (demod) evolution may avoid overestimations of H due to
misalignment. Fig. 4.9 shows a comparison of the sensible heat fluxes obtained
from an EC and a LAS in SNWR, and the time evolution of the signal strength,
which after the initial alignment (June 15) oscillates around a mean value of -
110 mV, however, after June 25 a increasing trend in the demod value evidences
the misalignment of the LAS. The Kipp & Zonen manual suggests to not use

data with values of the signal strength (demod) higher than -50 mV.

The misalignment may be caused by tower vibrations due to high
wind speeds, tectonic activity on the set-up site, or animal intervention. In this
case, Fig. 4.10 shows the comparison between the period with good alignment
(June 15-25, Hyas = 1.16Hgo + 48.5 [Wm™2]) and the period with misalign-
ment (July 14-24, Hpas = 1.27THge + 81.7 [Wm™2]), that demonstrates how

misalignment can increase the measured sensible heat flux.
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CHAPTER 5

APPLICATIONS

5.1 Estimation of Sensible Heat Fluxes from LAS

Figs. 5.1 and 5.2 show the periods with data availability (red line)
and the daily average sensible heat fluxes (H?*) for each NM-LASNet site,
respectively. There are long periods of time with missing data, mainly due to
power outages. The discontinuity in data do not reflect lack of robustness of
the measurement system, but are caused by the difficult logistics of manpower
and time to run, in a continuous fashion, a network of LASs spread over an
area of 315,110 km? with limited cellular coverage for data transmission. The
access to the sites, especially during winter, and the availability of students

played a major role.

In order to estimate the average sensible heat flux over the day (H??),
an integration scheme following the trapezoidal integration method was used,

ie.,

( Jy H(t)dt> ( > ket 5 (e — tkl)H(tk)>

H =
T T

(5.1)

where H(t) is the variable of interest at time ¢, 7 is the averaging period (24

hours in this case), and n is the number of data values during a particular day.
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Fig. 5.2 shows that the higher daily sensible heat fluxes are in SNWR with an
average value of 100 Wm™2 during the year and high values (approximately
200 Wm™2) around July of 2006 and August of 2007. SAA, SAR, and VCNP

have average H?* values of 25, 50, and 25 Wm =2 during the year, respectively.

However, for this data set, a consistent annual characterization of H
is not possible (inter-annual variability) due to the short measurement period.
Then, in order to characterize the fluxes at each site, an average diurnal cycle
analysis was done for three particular periods (see Fig. 5.3): (i) Spring, (ii)
Fall, and (iii) Winter. These intervals were chosen based on data availability

and are expected to be good proxies for the typical behavior during each season.

Fig. 5.3 shows the average diurnal cycle analysis for (from left to
right) Spring, Fall and Winter. The mean, standard deviation, and coefficient

of variance were calculated for each hour as:

1 n
H=-YH, (5.2)
n
k=1

n 1/2
on = [ ! Z(Hk—m?] (5.3)

vy =21 (5.4)

where n is the number of elements of the sample.

In general, the sensible heat fluxes, during unstable conditions, tend

to be higher in the places with more energy availability (R,). From high to
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low sensible heat fluxes the order is: SNWR, EMNM, SAR, VCNP, SAA. In
an irrigated field, such as SAA, almost all the available energy for turbulent
fluxes generation (R, — () is used for evapotranspiration. However, during
the winter, the irrigation is shut off and evapotranspiration is limited by water
availability leading to an small increase in H. At SAA, H is slightly higher in

winter.

For the other sites, the maximum values of H are during the Spring,
and decrease during Fall and Winter. Particularly, sensible heat fluxes in VCNP

are close to SAA and even lower during some hours in the winter.

The coefficient of variation (CV') is a measure of how much the sen-
sible heat is varying respect to its mean value. Nevertheless, since H is usually
very low under stable conditions, C'V" increases and loses its meaning. Under
unstable conditions, this variability is almost constant for all the sites during
Spring (~ 0.5) and Winter (~ 0.4), but its is quite different in Fall, where
Valles Caldera presents the higher variability. Finally, the fact that all sites
have a similar C'V and almost constant during unstable conditions, allows a
better comparison, since all sites are varying in a similar fashion during unsta-

ble conditions.

5.2 Estimation of Evapotranspiration from LAS and the Energy
Balance

The aim of this calculation is to show the potential of LAS as a tool,
not only for validation and calibration of remote sensing algorithms (recall that
no direct comparison between remote sensing and LAS was done in the study),

but also for the estimation of evapotranspiration at field scale. This approach
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allows to acquire data in a continuous basis.

Latent heat fluxes (AET') are estimated as the residual of the surface
energy balance (SEB) equation, at daily scales, using the sensible heat flux
from the LAS, net radiation from a four component net radiometer, and soil

heat flux from a flux plate and assuming SEB closure.

It is possible to write down an equation representing the inputs, losses,

and storage of energy at the soil surface as (Campbell and Norman, 1998):

R,—G=H+\ET+S,+ 5.+ 8, (5.5)

where R, represents the net radiation absorbed by the surface, G is the rate of
heat loss to the deeper soil, H is the rate of loss of sensible heat flux, AET is the
rate of loss of latent heat flux, S, is the energy flux for photosynthesis, .S, is the
canopy heat storage in biomass and water content, , S is the soil heat storage.
However, in most cases non-local heat advection and heat storage within the
vegetation layer and soil (S,, S. and Ss) are thought to be small and therefore

ignored in the energy balance, simplifying Eq. (5.5)

R,—G=H+\ET (5.6)

Eq. (5.6) is termed as the standard SEB equation. However, there
are certain conditions under which the external advection of heat to the system
plays an important role in the SEB. In areas where the air mass is strongly
modified by arid conditions, the ratio AET/R,, may be close to or even higher
than 1 (De Bruin et al., 2005; Hoedjes et al., 2002). This may be the case in



65

irrigated areas surrounded by desert, such as the San Acacia Alfalfa site (SAA),
that it is likely to have advection from Sevilleta, mainly during the early-mid
growing season and premonsoon-period when the driest conditions are present
in the region. However, no advection was observed with the LAS during the

NM-LASNet measuring period.

The main problem with the advection of heat from up-wind sources
(non-local advection) is that MOST not necessary applies. In the surface layer,
when the non-local advection is of the same magnitude as the fluxes of one of
the scalars generated by surface heating or evaporation, it appears that this
scalar does not obey MOST (constant-flux layer does not exist), implying that
T and q will behave in a non-similar fashion (De Bruin et al., 1999). Also,
even if MOST applies, it is difficult to distinguish between local and non-local
sensible heat measured by a LAS or EC, increasing the uncertainty in the
footprint estimation. In the case of the scintillometer, the advection can be
detected by the presence of a sudden drop in the structure parameter of the
refraction index (C?), during unstable conditions, which indicates a drop in H
and a transition to stable conditions. Then the stable solution is used in the

iterative process mentioned in section 2.1.1.

Theoretically, the SEB requires instantaneous closure, but it also can

be written on a daily basis:

AET? = R% — G* — g (5.7)

where the superscript stands for an average flux over the 24-hour period (daily

values). Then, in order to estimate the average components of the energy
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balance over the day (R2*, H**, G**, AET?*), an integration scheme following

the trapezoidal integration method was used, i.e.,

<foTX(t)dt> (ZL; 5(tepr — tk—l)X(tk))

T T

X7 = (5.8)

where X (t) is the variable of interest at time ¢, 7 is the averaging period (24

hours in this case), and n is the number of data values during a particular day.

A common assumption in Eq. (5.7) is that the ground heat flux is
zero at daily scales (G** ~ (), then the average daily latent heat flux can be

estimated as the difference between daily sensible heat flux and net radiation.

In the past, studies have been done with a similar approach, but
with more data available for validation. Hoedjes et al. (2002) estimated latent
heat fluxes under stable and unstable atmospheric conditions over an irrigated
wheat field in a semi-arid region in northwest Mexico. They found that, using
additional measurements of radiation, soil heat flux and wind speed, areally
averages of both sensible and latent heat fluxes can be reliably predicted by
LAS measurements, as long as the net radiation is greater than zero. Later,
Hemakumara et al. (2003) used sensible heat from a LAS and net radiation
to derive areally averaged actual evapotranspiration for a mixed vegetation
area in Horana, Sri Lanka. Their results were compared with estimations ob-
tained with the remote sensing based surface energy balance algorithm for land
(SEBAL) (Bastiaanssen et al., 1998). The conclusion of this study was that

for 10-days periods and monthly averages, the results from SEBAL and LAS
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compared well. Furthermore, Hartogensis and De Bruin (2006) used optical
scintillometry and net radiation measurements to estimate evapotranspiration
at field-scales in an agricultural area in Idaho, during the RAPID experiment
(De Bruin et al., 2005). They compared the LAS derived turbulent fluxes
against the EC derived turbulent fluxes at 30 minute averages, with encour-
aging results. Finally, Schiittemeyer et al. (2006) examined the seasonal cycle
of the components of the surface energy balance in the Volta basin in West
Africa. They found good agreement between 30 minutes averages of sensible
and latent heat fluxes from LAS and EC. Also, a direct comparison and the
energy balance closure showed that both methods corresponded well during
daytime, but during night time, the LAS seems to perform more realistically

than the EC system.

Fig. 5.4 shows a comparison between the sensible heat fluxes mea-
sured with the LAS and the EC, for both sites. The regression slope is close
to 1. However, the VCNP site presents higher random error, probably due to
the distance between the EC and LAS set-ups.

Fig. 5.5 shows the daily values of the latent heat flux [Wm 2] and the
other components of the SEB (to the right) and evapotranspiration [mmday ']
(to the left). In this figure, it is evident that the daily ground heat flux for the
SNWR site can deviate from zero, while in the case of VCNP it is possible to

assume G?* ~ 0.

The estimated values seem consistent, however it was not possible to
validate them with the EC data or remote sensing products (e.g. SEBALNM),

For VCNP, the increase in ET during June 10 may be explained by the rainfall
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events from June 6 to 9 (16 mm). On the other hand, for SNWR, the peak
present on January 26 may be explained by the rainfall event on January 25
(approximately 1.3 mm), but the high value of ET on January 31 is an un-
known. One possible explanation is a underestimation of the ground heat flux

due to the lack of correction by storage.
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CHAPTER 6

GENERAL CONCLUSIONS AND LESSONS
LEARNED

The main purpose of this thesis is to summarize the work done dur-
ing the NM-LASNet set-up and related experiments, pointing out the most
relevant experiences to date for evaluation and improvement of our operational
procedures on scintillometry, particularly from a hydrological perspective. In
addition, it is the aim of this research to share our lessons learned with col-

leagues who have an interest to employ the novel technology of scintillometry.

The installation of the New Mexico scintillometer network started in
the fall of 2005 and was completed in September 2006. Thus, at this moment,
there is an important data set of sensible heat flux measurements at each of
the scintillometer transects under a wide range of weather conditions. Also,
two experiments were done before and during the NM-LASNet operation. One
is the intercomparison experiment, which was done with the instruments used
on the network and focused on quantification of LAS accuracy. The second one

focused on the study of saturation under strong turbulent conditions.

The scintillometer intercomparison experiments at the Sevilleta and
in the Valles Caldera demonstrated that sensible heat fluxes measured by dif-
ferent scintillometers have an accuracy of £9% or better (Kleissl et al., 2008).

Some minor deviations are expected since it is not possible to set up two or

71
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more scintillometer transects along exactly the same laser beam path since that
would cause interference among the different instruments. This study was not
described in detail in this thesis, but makes part of the related experiments
and is well documented by Kleissl et al. (2008). The data collected during the
saturation experiment is being processed, and it will be part of a forthcoming

publication dealing with the onset of saturation and correction procedures.

From our practical experience with LAS, we can attest to the fact
that they are much simpler to operate than EC systems. LASs are robust in-
struments and require little maintenance. One site visit every few months is
sufficient to service the instrument. Due to spatial averaging, LASs give reliable
sensible heat fluxes over durations as short as 1-5 minutes (depending on the
transect length). Since the operation of LAS systems is much simpler than that
of EC techniques, they have the potential to become common meteorological
and hydrologic instruments, with a broad range of applications in agriculture,
water management, meteorology, and hydrology, such as the validation and
calibration of remote sensing algorithms for the estimation of evapotranspira-
tion and hydrologic models. Future research may explore the usability of LAS
measurements as data input for real time assimilation in hydrologic models,
which, in principle, could improve the coupling with atmospheric circulations

models.

Although the LAS is a robust technique, several technical issues have
to be taken into account. The length of a scintillometer transect strongly de-
pends on the height of the laser beam above the soil surface and the expected

maximum sensible heat flux. The commonly reported maximum transect length
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of 5000 m for a LAS is overly optimistic. For New Mexico conditions with max-

imum sensible heat fluxes exceeding 400 Wm =2

, a maximum transect length of
3000 m is more realistic if the beam height can be maintained at 30 m; for beam
height 10 m the maximum transect length is about 1700 m. These transect
lengths result in footprint areas which are not significantly larger than MODIS
thermal pixels (one to three). In heterogeneous environments, this makes a
comparison of LAS and satellite measurements difficult. Downscaling MODIS
1000x1000 m thermal pixels using 250x250 m visible and near-infrared pixels
may be required, but this kind of approach will require a deeper understanding

of the underlying processes behind the turbulent transport of energy fluxes and

its behavior at different scales (Hong, 2008).

All the NM-LASNet scintillometers are powered by batteries that are
charged by solar panels. Under ideal conditions of high insolation (SNWR and
SAR transects), this setup works fine. However, where the solar panels are in
the shade of hills (SAA and EMNM transects) or trees, or are covered with
snow during the winter season (VCNP transect) power problems will cause loss

of data. Special attention should be paid to install an adequate power supply.

LAS are easy to maintain but do require regular inspection of the
signal strength that may weaken due to slow misalignment between emitter
and receiver. When temporary towers are used for scintillometer support, we
have found alignment problems to occur after heavy rainfall when the moist soil
gives way causing the tower to settle. Misalignment increases the sensitivity
of the measurements to tower vibrations and can thus introduce additional

variance in the signal strength and overprediction of sensible heat fluxes. The
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best way to prevent unnecessary field visits is to use wireless connections to the
dataloggers that allow continuous real time inspection of the scintillometers.
In our network, we successfully used 802.11 wireless radio (SNWR and SAR)

and cellular (SAA) connections.

Several theoretical aspects have to be taken into account in order
to obtain accurate measurements. In practical applications it is really hard
to have an ideal set-up, because the location of the scintillometer is usually
dictated by topographic restrictions and the necesity of large beam heights to
avoid the effect of non-mixed internal boundary layers and saturation. Then,
after the LAS is installed, a careful correction for non-ideal conditions has to
be conducted, or at least taken into account as a source of uncertainty into the
data. Particularly, the effective beam height has to be estimated as accurate
as possible, especially over sloping terrain. The effect of external forcings, such
as non-local and local advection has to be detected and quantified in order to
be consistent in the choice of unstable or stable solutions for the sensible heat

flux estimation and for the footprint estimation.

The footprint associated to the LAS measurements is typically three
orders of magnitude larger and more stable that the EC footprint. This, allows
to consider a broader range of scales and therefore more models for validation,
calibration, and input of data for assimilation. Consistently, the scales of the
footprint, for standard measurement techniques of the components of the SEB,
are different, leading to an area-point comparison problem, when scintillometry
is used for ET estimation. In the case of a soil heat flux plate, it is on the order

of centimeters (1072m?), for a net radiometer, it depends on the set-up height,
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but in general it is a few square meters (10m?), and for the LAS it is on the
order of several square kilometers (10"m?). Then, there are still inconsistencies
when areally averaged latent heat fluxes are derived from areally averaged
measurements together with point measurements, especially with soil heat flux
which posses a higher spatial variability. Future research has to be oriented to

estimate R, and G at larger scales, potentially from remote sensing data.

Moreover, the footprint of micrometeorological measurements is still
an open question. The complexity of the processes and interactions involved in
the transport of turbulent fluxes, makes this a difficult research field. The sci-
entific community has dedicated much efforts on footprint research, but there is
still considerable uncertainty associated to the fetch estimation. This fact adds
uncertainty to the use of micrometeorological measurements for validation and
calibration of remote sensing algorithms, since the footprint function cannot
be accurately estimated. However, the current methods for the estimation of
the footprint are useful, although subject to its restrictions and assumptions.
The use of analytical models, such as the HKC-model, is a powerful approach,

especially for operational applications.

Following the same idea, the use of LAS sensible heat flux measure-
ments at the pixel scale for validation and calibration of remote sensing algo-
rithms is a challenging question. The SEBAL and METRIC predicted sensible
heat fluxes are biased, since they take care of biases in determination of net ra-
diations and soil heat flux. Other remote sensing algorithms may have similar
issues. The development of procedures to optimally use scintillometer sensi-

ble heat flux measurements for validation of remote sensing algorithm requires
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more research.

Finally, LAS is a powerful measuring instrument which allows the
estimation of sensible heat fluxes at scales comparable with the pixel-size of
satellite images or grid cells of hydrologic and meteorological models. Also,
with additional measurements of net radiation and ground heat flux, evap-
otranspiration rates can be estimated in a robust and continuous basis for

hydrologic applications.



APPENDIX A

LIST OF SYMBOLS

Symbol  Units (SI) Description
Bo — Bowen ratio
C? m~2/3 Structure parameter of the refractive index of air
C? Pa*m=2%? Structure parameter of water vapor
Cp Jg 1K1 Specific heat capacity of air
C? kg*m~%m~2/3  Structure parameter of water vapor
C2 K?m=2/3 Structure parameter of temperature
Cry Kkgm=3m=2/3  Structure parameter of the covariante temperature
and humidity
d m Zero displacement height
D — Aperture diameter of LAS
n gm~2s71 Scalar flux measured by a turbulent flux sensor
(e.g. H, A\ET, CO,)
ET mm Evapotranspiration
AET Wm™2 Latent heat flux
f m~! Footprint of a a turbulent flux sensor
G(2) — Standardized weighting function to describes the
contribution of each point along the path to the total
LAS signal
H Wm™2 Sensible heat flux
K — von Karman constant
L m LAS path length
lo m Inner scale of turbulence
Lo m Outer scale of turbulence
Lyo m Obukhov length
n — Refraction index of air
P Pa Atmospheric pressure
Q, gm~2s71 Source strength or surface flux
n kgkg™! Specific humidity
T K Temperature scale

7



Z1A8
Zefs

rad/m
rad/m
wm

—_

SSSSSSS%

Air temperature

Variance of the logarithm of the intensity
fluctuations for an electromagnetic wave

propagating through the atmosphere

Crosswind spread of the plume for lateral dispersion
Standard deviation of the horizontal wind direction
Weighting function that describes the contribution of
each point along the path to the total LAS signal
Optical wavenumber

Spatial wavenumber

Scintillometer wavelength

Dimensionless coordinate along a propagation path
of length L

Three-dimensional spectrum of refractive index
fluctuations for the atmosphere

Integrated stability function (Businger-Dyer correction)
Lagrangian time scale for the lateral dispersion
Wind speed measured at height z,

Friction velocity

Up-wind distance

Crosswind distance

Roughness length

Turbulent flux sensor height

Length scale for HKC-model

LAS height

LAS effective beam height
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