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Abgtract

The problems associated with the vdidation of satdllite-derived estimates of the surface
fluxes are discussed and the possibility of using the large aperture scintillometer is investigated.
Simple models are described to derive surface temperature and sensible heat flux from the
Advanced Very High Resolution Radiometer (AVHRR). Data were collected over an extensve
dte of semi-arid grasdand in Northwest Mexico during the summer of 1997 as part of the
Semi-Arid Land- Surface- Atmosphere (SALSA) Program. Comparison of surface temperature
derived from AVHRR with that derived from a ground- based infrared thermometer showed an
RMSE of around 2°C while estimates of sensble heat flux derived from AVHRR compared

well with measurements using elther eddy corrdation or alarge gperture scintillometer.
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1. Introduction

The measurement of surface fluxes of radiation, heat and water vapor requires
sophisticated instrumentation so that these measurements have been mainly confined to intensive
fidld experiments. In recent years, efforts have begun to establish quasi-operationd networksin
Europe, North America and elsawhere. Nevertheless, the cost and expertise involved make it
impossible to set up a dense network of stationsin remote areas in the foreseesble future. Thus,
the use of gpaceborne sensors to estimate these fluxes over large areas remains the only feasible
technique. Since these fluxes have a large diurnd variation and are subject to sgnificant change
from one day to another, a high-frequency repest rate is required and this is only available on
geodtationary satellites or from wide-swath sensors on low earth orbiting satellites. The sensor
which has received the mogt attention for estimating the sengble heet flux isthe Advanced Very
High Resolution Radiometer (AVHRR) which is carried on board the NOAA series of (near)
polar orbiters whose repest rate is 12 hours. Two satellites are operational at any time so that
the same area on the surface can be observed gpproximately every 6 hours. [It cannot be
overstressed that this frequency is only possble in the absence of clouds and that observations
are usualy much less frequent.] The AVHRR sensor has 5 channds, each one having the same
gpatid resolution (with pixels of 1.1 km a nadir) of which two of these are in the therma region
and may used to estimate ground surface temperature and sensible heeat flux. Since the sensor
views each pixel during only afraction of a second, these estimates are essentidly instantaneous.
Furthermore, the images show considerable distortion (and larger pixels) a the edges because

of the wide swath and the earth’s curvature, so that the heat flux estimated for one pixe can



represent an area between 1.2 kn? at nadir and 20 kn¥ or more at the edges. Thus the satellite
edtimates offer instantaneous values which are spatially averaged over severd kn, while ground
data (eg. from eddy corrdation) usudly provide locd spatid vaues which are temporaly
averaged over severd minutes (usualy 30 - 60). This mismatch in both tempord and spatid

sampling makes t very difficult to perform a convincing vdidetion of the satdllite estimates, 0
that a ground based sensor capable of measuring fluxes over large areas with shorter averaging
times would be very useful. It should be noted that these long averaging times areinherent in all

eddy corrdation systems and would not be substantialy improved by new technology.

The technology for scintillometry has been developed over the last 25 years, mainly at
NOAAs Wave Propagation Laboratory (now Environmental Research Laboratory) in Boulder,
CO (Clifford et d., 1974; Hill, 1992). The technique consss of transmitting a beam of
electromagnetic radiation and measuring the intendty variations of the received dgnd. These
variations are related to the movement of heat and moisture in the path between transmitter and
receiver and the relative contributions from heat and moisture depend on the waveength. In the
visgble and near infrared, the sgnd is much more sengtive to heat movement while in the
microwave region it s more sendtive to moisture movement. Prototypes have been built and
tested for different regions of the electromagnetic spectrum and methods have been devel oped
to derive the surface fluxes for heat, humidity and momentum (Kohsiek, 1982; Hill, 1997). The
Large Aperture Scintillometer (LAS), which uses an incoherent beam in the near infrared region
(Ochs and Wilson, 1993) is becoming popular in hydrometeorologicad studies (de Bruin et d.,

1995; McAneney et a., 1995; Lagouarde et d., 1996, Chehbouni et d., 1999a) becauseitisa



relatively chegp, robust instrument which can be used to estimate sensble heat fluxes over
distances of severd kilometers. Furthermore, since it measures a line average over the path
between transmitter and recalver, dable averages for the flux can be obtained over much
shorter times, typicdly 10 minutes. Indeed, as the path length increases the averaging period
required should decrease. These features make the LAS a very atractive choice for the

validation of saelite estimates of sengble heat flux.

The objective of this dudy is to determine he feagbility of usng LAS measurements of
the sensible heat flux from a semiarid grasdand area in northeast Sonora, Mexico to vdidate
estimates obtained using surface temperature obtained from AVHRR. The data was obtained
during 1997 fidd campaign in Mexico. The paper is organized as follows: in section (2), the
basic methodology is discussed for deriving sensble heat flux estimates from the satellite and the
sintillometer; in section (3), the experimenta setup is presented; in section (4) results are
presented, with comparisons between ground-based surface temperatures and hest fluxes and
those derived from AVHRR. Findly, in section (5) the conclusions are presented and the need

for future sudiesis discussed.

2. Materialsand M ethods

2.1 Scintillometer



The LAS usd in this sudy was menufectured a Wageningen Universty in the
Netherlands. The design is based on that of Ochs and Wilson (1993) but with improved
electronics.

The detalled methodology for deriving the sengble heat flux from the scintillometer
measurements is described e sewhere (e.g. Chehbouni et d., thisissue) o only an outline will be
presented here. The output voltage from the scintillometer (V) is rdated directly to the refractive

index structure parameter C,2 by

V =12+log,, C? 1)

Which, for moderately dry surfaces, can be written as a function of the Structure parameter for

temperature C?
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where T, is the ar temperature at a reference height above the surface (K) and P is the
atmospheric pressure (Pa). Monin-Obukhov Smilarity theory is theninvoked to obtain

C2(z- d)?3
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where z is the measurement height (m), d is the displacement height of the surface (m), g- isthe
temperature scde (K) and the right hand side is a dimengonless, empiricd function of the
Sability parameter V= (z — d)/L, where L is the Obukhov length. The sengble hegt flux isthen
obtained usng

H=r C,uq 4



wherer isthe air dengity (kg ni?), C, is the specific hest of ar a congtant pressure (Jkg* K™)
and u- is the friction velocity (m s%). The latter may be obtained in various ways, induding the
use of 2 LAS deployed a different heights (see Lagouarde et d., this issue). The smplest
method is to use measurements of wind speed and roughness length in the dasscd flux-profile
relationship. Then an iterative procedure combining al these equations is used to generate the
sensble heat flux (Lagouarde et a., 1996). This gpproach has been used successfully over
homogeneous and flat terrain and the case of more complex surfaces is currently an important
research area (Lagouarde et a., 1996; Chehbouni et d, thisissue). In this sudy, the vaues for
the digplacement height (d) and roughness length (z) were estimated using the usud rule of
thumb relationship with the vegetation height (h): d = 0.67 h and z = 0.1 h, where dl units are
meters. It should be noted from the above equations that the sensible heat flux depends roughly
on (zd)”® and =0 is not paticulaly senstive to dight errors in the estimation of these
parameters. Nonetheless, for LAS measurements over terrain which is not flat, it is very
important to make good estimates of z and d over the whole path and caculate an gppropriate

average.

2.2 Estimation of surface temperature usng AVHRR

The retrievd of accurate surface temperatures from one band of a therma sensor

requires knowledge of surface emissvity and amospheric effects. If these are not taken into

account properly, errors of more than 10K may occur (Cooper and Asrar, 1989). The “salit



window” technique, which uses two adjacent bands in an atmospheric window of varigble
transparency, has proved very successful for dealing with atmospheric effects. Over the oceans,
where the emissvity is congant and close to one, this technique gives sea surface temperatures
within 1K of those observed (McLan et d., 1985). Over land, however, emissvity is highly
variable and needs to be included in the methodology. Unfortunately, information about surface
emissvity is not genadly avalable so that methods which require vaues for locd surface
emissvity cannot be gpplied. Kerr et a. (1992) proposed an improved split-window method
whereby each pixd is regarded as a mixture of two components. vegetation and bare soil. The

temperature for each component is calculated separately, according to the equations:

TV =-24+36 T4 -26 T5

Q)

Ts =31+31T,-21Ts

where T, and Ts are the temperatures of the soil and vegetation respectively and T, and Ts are
the brightness temperatures from the therma bands (4 and 5) of the AVHRR. The congantsin
these equations include the effects of the average difference in emissivity between bare soil and
vegetation. Finally, the surface temperature is obtained usng

Tr = CvTv + (l_ Cv )Ts (6)

where C, is the fractiond ground cover, which may be obtained from ground measurements or

by using vegetation indices congructed usng bands 1 and 2 of the AVHRR. The method is



quite robust and these coefficients have proven adequate for a wide variety of conditions. In a
recent sudy using data from diverse surface types in different parts of the world (Kerr et d.,
1997), it was found that the method described here with these same coefficients generdly
gave amilar results to more complicated methods which require explicit knowledge of surface

emissvities

2.3 Modd for sengble heat flux

The sensble heat flux emanating from the ground surface may be expressed

(To - T)

H=rC, (7)

where T, is the aerodynamic surface temperature (K), and r, is the aerodynamic resistance

which may be written (Choudhury et d., 1986):

o oy, oIz )iz
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where p=.75 in ungtable conditions and 2 in stable conditions and
h :5(2' d)g(TO 3 Ta) (9)

T, u?



where g is the gravitationa acceeration (9.81 m $9) and u is the wind speed (m ') a the
reference height. This formulation is a dose fit to the classcd flux-profile equations and is more
convenient to use since no iterdion is required using the formulation for T which is described

next.

In sparsely vegetated, semi-arid land, T, is very much smdler than the observed
radiometric surface temperature, T, as measured by an infrared thermometer. In order to
account for this multi-layer models have been proposed (Shuttleworth and Walace, 1985;
Lhomme et d., 1994) to edimate T,. However, these models require soil and canopy
temperatures which are not routindy available from remote senang. Therefore, we seek a
ampler, empirical agpproach. One common method to account for the difference between
aerodynamic and radiative surface temperature is to introduce an excess resistance (Kustas et
al., 1989; Hall et al., 1992; Moran et a., 1994; Stewart et al., 1994). Alternatively, Chehbouni
et d. (1996, 1997) have shown that T,- T, and T,- T, are usudly highly corrdlated so that we can

write

To-Ta=b (Tr - Ta) (10)

where b is an empiricd function of the lesf areaindex (LAI). This expresson may be used to
replace the aerodynamic temperature in equations 7 and 9. It is easy to show that this method is

functionaly equivaent to the excess resstance method (Chehbouni et d., thisissue). The above



formulation is convenient and it will be used in this gudy. However, we make no clam here that
this method is better than the dternative one of usng an excess resigtance. It should dso be
mentioned that the empirical parameterization of b as afunction of LAI has been cdibrated for
a grasdand ste smilar to the one studied here (Chehbouni et d., 1996). Since this parameter
contains implicitly other structura properties, it is likely that the parameterization depends on

vegetation type.

3. Experimental design

3.1 Site description

The sudy steis located near Zgpata village in the upper Sap Pedro basin (110° 09" W;
31° 01" N; eevation 1460 m) which was the focus for SALSA activities in Mexico during the
1997 and 1998 fidd campaigns. The naturd vegetation is composed mainly of perennid
grasses, the dominant species being Bouteloua, and the vegetation cover was estimated as
15%. The average vegetation height was 0.12 m and the average LAI was about 0.15. The

dimaeis ssmi-arid with hot summers and cold winters and the mean annud rainfal is 440 mm.

3.2 Date description

A 6 m meteorological tower was set up in July 1997 as part of the measurement

campaign for the Semi-Arid Land- Surface- Atmosphere (SALSA) program (Goodrich et d.,



1998). The measurements included surface fluxes a 6.8 m from an Edisol eddy correlation
system (Moncrieff et a., 1997), air temperature a 6.8 m using a 25 nm fine-wire thermocouple
and wind speed a 6.8 m (Gill Ingruments, UK). One infrared thermometer (Everest
International, Model 4000 with 60° field of view) was ingdled a 2.5m over the grass. The
scintillometer was deployed over a 300 m path (from DOY 205 — 219), over a 600 m path
(from DOY 233-252), and over 850 m path (from DOY 254-262) pointing SW-NE with the

tower near the middle.

AVHRR data from satellites NOAA12 and NOAA14 were captured at the HRPT

(High Resolution Picture Transmission) receiving sation (Bradford University Remote Senaing,

UK) located a the office of IMADES in Hermosillo, Sonora throughout the study period.

Images were sdected for further processng for those days when the scintillometer was
operating at the ste. Data from channels 1 and 2 were processed to produce reflectances while
those from channdls 4 and 5 were converted to brightness temperatures. These images were
then re-projected to latitude-longitude coordinates and a sub-image extracted corresponding to
28° - 29°N and 110.5° - 112°W with apixd sze of .01° x .01°. Images with cloud cover over
the dtes were diminated by visud ingpection of the reflected channds. Findly, nine pixels
centered on the Ste were examined and the median of these was taken as the brightness
temperature for the Ste. This procedure was chosen to minimize the effect of inaccuraciesin the
projection process and problems due to partid cloud cover. The brightness temperatures for the
thermd channels 4 and 5 were then used in the modified split-window method to obtain an

estimate for the average surface temperature as described in section 3.2.



Data from the ground observations (scintillometer, 3D sonic anemometer and fine wire
thermocouple) were extracted to coincide as closdly as possble with the satellite overpass
(nearest 10 minutes average for the scintillometer data and nearest 30 minutes average for the
other parameters). Thus the data set used in the subsequent andlysis consisted of “smultaneous’
vauesfor sengble heat flux (from scintillometer and 3D sonic anemometer), surface temperature
(from AVHRR and the ground based infrared thermoneter), air temperature and wind speed.
The procedure described in section 3.3 was used to derive estimates of sensible heat flux using

both the satellite and ground surface temperatures.

4. Results and discussion

The sensible heat flux obtained from the LAS and the sonic anemometer are compared in Figure
1. Thereis good agreement, with an RMSE of 38 W m? and asope of 1.02. Thisindicates that
the iterative procedure used in processing the LAS data is adequate and that the Ste isrelatively
homogeneous at the scale of these measurements. A comparison between surface temperature
derived from AVHRR satdllites with that from ground-based infrared thermometers (Figure 2)
shows an RMSE of about 2°C. This confirms previous results using the improved split-window
method and suggests that the coefficients in equation 1 (which were aigindly obtained usng
data from African locations) are gpplicable to the Mexican ste. We should remember that the

infrared thermometer measurements cover only a few square meters so that we cannot regard



these as “true” vaues for the average over one or more square kilometers which is observed by
the satdlite sensor. Thus, the close agreement between ground and satellite derived surface
temperature indicates that the ste is rdatively homogeneous. In Figure 3, the estimates of
sensble heat flux obtained using satellite and ground based surface temperature are compared
to the measurements from the sonic anemometer. Both estimates are in good agreement, with an
RMSE of 33 W m? from the satellite and 30 W m? from the ground-based infrared
thermometers. Findly, the satdlite estimates of sengble heat flux are compared to those from
the LAS (Figure 4) and the datistics in Table 1. The LAS data has been divided into three
groups, corresponding to the different path lengths used (Section 3.2) of 300m, 800m and
850m. Unfortunately, there is only one data point at 850m and no statistics could be caculated.
The results show a marked improvement as the path length increases. Neverthdess, the results
a 600m are dill dightly worse than those derived from the 3D sonic anemometer and three
reasons may be suggested:

The area sampled by the sonic anemometer (at 6.8m devation) is representative of the

whole homogeneous area

The path length for the LAS should be longer. Indeed, since the LAS is rather insengitive to

the surface near the receiver and emitter, a path greater than 1.1 km should be used.

The LAS is expected to perform better than the sonic anemometer when the sensible hest

flux is changing rapidly. Thisis most likely under broken cloud conditions but data for these

cases are usudly removed in the screening process to avoid cloud contamination in the

estimates of surface temperature.

Further work is needed to provide firm conclusons to these issues.



These results indicate that the LAS can be successfully used to vaidate satellite-based
esimates of large-scde sensble heat flux. However, this study has been performed over
gasely vegetated surface with a dngle biome where the problem associated with the
geometrical geo-location of sadlite imagesis not an issue. A problem arises when the surface is
made up of different patches. In this case, the images need to be precisdly co-registered to
ensure that the ground- based measurements and the satellite estimates refer to the same surface.
Unfortunately, the best geo-location dgorithms which are currently available for AVHRR
images do not provide an accuracy of better than one pixel. This makes it difficult to use the
LAS for vdidating AVHRR-based flux over patchy surfaces, especidly in the case where the

gze of surface patches are of the same order as the satellite pixels (1km).

5. Conclusions

The edimates of sendble heat flux derived from AVHRR and ground based
temperatures are in close agreement with those obtained from the LAS and the sonic
anemometer. We conclude that the LAS provides a viable dternative to more traditiona
micrometeorologica techniques for measuring the sensble heat flux and validating satdlite-
derived estimates. In addition to the problem associated with the geo-location issue, another
limitation to the methodology described here for usng AVHRR to derive flux estimates is the
presence of clouds. During the measurement period (monsoon season), only about 25% of the
images were free of clouds over the study site. The use of geodtationary satellites would grestly

increase the probability of obtaining cloud-free views of asite. The current generation of GOES



satellites (and the next generation of METEOSAT) includes thermd sensors in the same bands
as the AVHRR, dbat with areduced spatid resolution of 4 km. The LAS would appear to be
the only available ingrument cgpable of providing long-term data to vaidate estimates derived

from these sensors, assuming improved geo-location dgorithms.
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Tablel. Comparison of AVHRR-based esimates of sensble heat flux with eddy flux

and LAS measurements

Measurement RMSE (W ni?) Slope R squared
Eddy flux 32 1.00 0.90
LAS (a 300m) 31 0.61 0.69
LAS (a 600m) 43 1.02 0.84




Figure captions

Figure 1: Comparison between sengble heat flux values obtained from the 3D sonic and those

obtained from the scintillometer (LAS). Unitsarein W 2

Figure 2. Comparison of ground-based and AVHRR-based estimates of surface temperature.

Unitsarein °C

Figure 3. Cross-plot of 3D Sonic-based estimates of sensble heat flux and those smulated

using ground-based and AVHRR-based surface temperature). Units arein W nmi?

Figure 4: Comparison of scintilometer and AVHRR-based estimates of sensble heat flux

vaues. Unitsarein W m?
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Figure 1. Comparison between sensible heat flux values obtained from
the 3D sonic and those obtained from scintillometer (LAS).
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Figure 2. Comparison of ground -based and AVHRR- based
estimates of surface temperature.
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Figure 3. Cross-plot of 3D sonic-based estimates of sensible heat flux and those
simulated using ground-based and AVHRR-based surface temperature.

500 I I I I I

400 —
O
300 - —

200 @) _

100 Qlj

simulated sensihle heat flux WVmM-=)
bl

O  AVHRR
I Ground

-100 | | | | |
-100 0 100 200 300 400 500

3D Sonic-based sensible heat flux (Wm-2)



AVYHRER-based sensible heat flux 0Mm-=)

Figure 4. Comparison of scintilometer and AVHRR-based estimates
of sensible heat flux.
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