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Characterizing the Footprint of Eddy Covariance
System and Large Aperture Scintillometer
Measurements to Validate
Satellite-Based Surface Fluxes

Jie Bai, Li Jia, Shaomin Liu, Ziwei Xu, Guangcheng Hu, Mingjia Zhu, and Lisheng Song

Abstract—To validate satellite-based surface fluxes by ground
measurements properly, several numerical simulations were car-
ried out at a homogeneous alpine meadow site and mixed cropland
site, considering various atmospheric conditions and different land
cover distribution types. By comparing various pixel selection
methods, the results showed that footprint was significant in in-
suring a consistent spatial scale between ground measurements
and satellite-based surface fluxes, particularly for heterogeneous
surface and high-resolution remote sensing data. Because large
aperture scintillometer measurements cover larger areas than
eddy covariance (EC) system measurements, the spatial hetero-
geneity at a subpixel scale in complicated surface should be further
considered in validating coarse satellite data. Thus, more accurate
validation data and scaling methods must be developed, such
as measuring surface fluxes at the satellite pixel scale by a flux
measurement matrix or airborne EC measurements.

Index Terms—Flux measurement, footprint, remote sensing,
scale, validation.

I. INTRODUCTION

NDERSTANDING the temporal and spatial distributions

of surface heat fluxes, including sensible heat flux and

latent heat flux, is critical in irrigation management, crop yield

forecasting, large-scale meteorological research, and climatol-
ogy forecasting and application.

Many techniques based on ground-based measurements of

surface fluxes have led to an improved understanding of
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soil-vegetation—atmosphere transfer processes. However, these
ground measurement systems having limited instantaneous
fields of view do not provide spatial variation of surface heat
fluxes at a large scale compared with remote sensing estima-
tions. Although remote sensing data provides space continuous
surface flux estimation, a series of factors limited the accuracy
of satellite-based surface fluxes [1]. Thus, a reasonable and
reliable validation method based on ground-based measurement
is critical.

Fixed point or patch measurements have numerous uncer-
tainties in validating satellite-based surface flux estimation,
including the measurement errors in point or patch scale and
spatial scaled mismatch errors, whereas the latter one is the
main difficulty in validation. The mismatch error in spatial
scale is mainly caused by surface heterogeneity and nonlinear
relationship between surface parameters and surface fluxes [2],
[3]. As a result, a pixel selection method is significant in
validation. Generally, the single pixel where the instrument is
located, or several pixels surrounding the instrument location
are defined as pixels to be validated, then the single pixel value
or the average of multiple pixels are taken as satellite-based
estimations to be compared with ground measurements. Com-
paring with the aforementioned two-pixel selection methods,
the selection method based on the footprint of flux measure-
ment solves the problem of scaled mismatch between ground
measurements and satellite-based estimations to a certain extent
[4], [5]. However, the complicated issues of this method is the
shape, size, and orientation of footprint are variable, which are
affected by the instrument heights of eddy covariance (EC)
system/large aperture scintillometer (LAS) (and path length of
LAS), wind speed/direction, atmospheric stability, and surface
conditions. So far, the effects of the aforementioned factors on
matching satellite-based surface flux estimation with ground-
based measurements have not been evaluated yet.

Using the homogeneous A’Rou (AR) site and mixed crop
land of the Guantao (GT) site as examples, EC/LAS measure-
ments and their corresponding footprints were used to validate
the estimated surface fluxes from Landsat Thematic Map-
per (TM) and Advanced Along Track Scanning Radiometer
(AATSR) data. Several pixel selection methods were compared
over different land cover distribution types, in hopes of finding
the best method for validating satellite-based surface fluxes
over heterogeneous surface.
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II. STUDY AREA AND DATA ACQUISITION
A. Study Area

The study areas cover two different land types in China. The
AR site is located in the upper reaches of the Heihe River
Basin in northwest China. Ground measurements performed
at site AR since March 2008 are parts of the Watershed Al-
lied Telemetry Experimental Research (WATER) [6]. The land
surface is covered by alpine meadow, which turns to green in
May and withers until September. The other site used in this
letter is GT, located in the northern part of Hai River Basin
in China. Field measurements have been performed there since
August 2007 over mixed crop land and residential areas. The
experiment taken at site GT is part of the multiscale surface
flux and meteorological elements measurement experiment in
the Hai River Basin [7]. Winter wheat, maize, and cotton are
the main crop types; the maize begins to grow after the winter
wheat harvest in mid-June. The growing period for cotton is
from May to September.

B. Data Acquisition

A complete set of ground measurements was performed
at both sites simultaneously using an Automatic Weather
System (AWS), EC, and LAS. The installation height of
EC was 3.15 and 15.6 m at sites AR and GT, respectively.
Raw EC data were stored at a sampling frequency of 10 Hz
and processed using the postprocessing software Edire
(http://www.geos.ed.ac.uk/abs/research/micromet/EdiRe), in-
cluding spike removal, lag correction of H,O/CO, relative
to the vertical wind component, sonic virtual temperature
correction, the performance of the planar fit coordinate
rotation, corrections for density fluctuation (Webb-Pearman-
Leuning (WPL) correction), frequency response correction,
etc. Then, energy balance closure correction was done before
EC data used for validation. LAS data were recorded every
1 min at site AR using a Scintec BLS450 LAS and every 10 min
at site GT using a Kipp & Zonen LAS. The effective height and
path length were 9.5 and 2390 m at site AR, 15.6 and 2760 m
at site GT, respectively. Recorded LAS data were carefully
screened and processed to ensure the data quality, including
data screening, and humidity correction with Bowen Ratio.
Meanwhile, the stability function fp was defined according
to Andreas (1988) [7]. The EC and LAS data were processed
with an averaging time of 30 min, their calculation details are
provided in [8] and [9]. The AWS at each site included data of
precipitation, wind speed/direction, air temperature/humidity,
air pressure, radiation, soil heat flux, etc. All of the AWS data
were collected for each 10 s and stored at 10-min intervals.

Both Landsat TM data (30-m resolution) and AATSR data
(approximately 1080-m resolution) were collected on two dif-
ferent days at both sites. At site AR, the data were acquired
at approximately 12:00 BST (Beijing Standard Time) for TM
data and approximately 11:30 BST for AATSR data on July 7
and July 23, 2008, which were in the grass growing season.
At site GT, TM data at approximately 11:00 BST and AATSR
at approximately 10:00 BST were acquired for different land
cover distribution types. The first image depicted winter wheat
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and cotton at the emergence stage on May 17, 2009. The second
image depicted harvest-stage winter wheat and growing cotton
on June 2, 2009. In our study, the Landsat TM data on July 7,
2008 at site AR and June 2, 2009 at site GT were selected to
represent the fixed background land cover in following numeri-
cal simulation, both of the Landsat TM and AATSR data at both
sites were used in validation by ground-based measurements.

III. METHODS
A. Footprint Model

Flux footprint can be used to describe the function between
the spatial distributions of source/sink of fluxes and measure-
ments within the surface layer. By determining the footprint,
the source area that mainly contributes to the ground flux
measurements is defined, and the relative contribution within
it can also be acquired. In our study, the Eulerian analytical
expression [10] was used to obtain EC flux footprint. The
flux footprint model for LAS was constructed based on the
2-D point-flux footprint function of EC and the path-weighting
function of LAS [11], [12]. We chose a 6 km x 6 km area to
approximate the total source area around the measurement point
for EC and the central part of the LAS optical path, respectively.
The spatial resolutions of EC and LAS footprint were roughly
equal to their measurement height, respectively [13], which are
3 m for EC footprint and 10 m for LAS footprint at site AR,
15 m for EC and LAS footprint at site GT. The footprint-
integrated fluxes were averaged over the area that lies within
the contour that encompasses the 95% contribution.

B. Satellite-Based Surface Flux Estimation Model

The Surface Energy Balance System (SEBS) model uses
remote sensing data and meteorological information to estimate
surface sensible and latent heat fluxes based on the surface
energy balance equation [14]. Using the SEBS model, the
sensible heat flux can be obtained through the iteration of a
series of nonlinear equations by constraining values for the wet
and dry limit cases.

C. Pixel Selection Method

For remote sensing data of Landsat TM and AATSR, one to
several pixels are covered by EC or LAS source area, which
are defined as pixels to be validated. Meanwhile, more than one
footprint grid is included in each TM or AATSR pixel, thus all
the relative weight of footprint grid within each satellite pixel
should be accumulated first. The footprint-integrated sensible
heat flux for EC or LAS source area (Hpp) can be calculated as

Hpp = ZHZ X frRW_i (D

i=1

where n is the number of remote sensing pixel covered by EC
or LAS source area, H; is the ith pixel value, and frw ; is the
relative weight corresponding to ith pixel.
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TABLE I
PARAMETERS OF DIFFERENT ATMOSPHERE CONDITIONS
AT SITES AR AND GT

Wind Wind Obukhov ~ The upwind
Site Footprint Direction Speed Length distance
) (m/s) (m) (m)
EC/LAS_1 74.3/104.8  2.9/3.7 -14.0 323/1149
EC/LAS_ 2 114.8/130.5 3.012.5 -40.0 469/725
AR EC/LAS 3  138.4/181.0 0.8/1.2 24 169/391
EC/LAS_4  281.2/278.7 4.529 -109.2 436/1471
EC/LAS_5  291.6/307.7 4.3/5.6 -31.6 465/1556
EC/LAS_6  330.3/355.1  1.0/1.6 -0.9 134/499
EC/LAS_1 9.7 7.0 -1152 1484/725
EC/LAS_2 84.8 22 -4.4 429/545
GT EC/LAS_3 138.7 44 -112.2 1724/1630
EC/LAS_4 170.1 2.5 -20.4 713/513
EC/LAS_5 187.7 2.6 -53.1 867/510
EC/LAS_6 200.9 3.1 -118.0 1092/722

*Different wind speeds / directions at EC and LAS measurement height
were applied for the EC and LAS footprints at site AR, respectively.
EC/LAS_1 through EC/LAS_6 stands for the six different EC and LAS
footprints for sites AR and GT. The upwind distance indicates the distance
between EC tower or the middle point of LAS path and the far end of the
contour encompassing 95% footprint contribution along wind direction for
EC or LAS footprint, respectively.

IV. RESULT AND ANALYSIS

The variation of flux source area is related to the instrument
height (and path length for LAS), atmospheric condition, and
surface conditions. The instrument height and LAS path length
were fixed prior to taking the measurements. Therefore, this
letter focuses on the impact of other factors on the footprint-
integrated flux by numerical simulation, including the different
atmospheric conditions (e.g., atmosphere stability, wind speed,
and direction) and land cover distribution types.

A. Atmospheric Conditions

Due to the limitation of satellite data and atmospheric condi-
tion (e.g., cloudy, rainy), a relatively small number of satellite
data can be obtained during our experiments, particularly for
Landsat TM data. In order to sufficiently explore the relation-
ship between variable atmospheric conditions and the shape,
size, and orientation of the footprint, six atmospheric conditions
are selected based on ground measurements at satellite passing
time on July 2008 for site AR and June 2009 for site GT, by
assuming the actual sensible heat fluxes are uninfluenced by
atmospheric turbulence and footprints.

The selection of atmospheric conditions for both sites is done
according to: 1) covering the variation range of wind speeds
and wind directions over different land cover distributions; and
2) covering the variation range of atmospheric stability for
similar wind direction. Detailed parameters of atmospheric
conditions and the upwind distance between the EC tower or
the middle point of LAS path and the far end of the contour
encompassing 95% footprint contribution along wind direction
are listed in Table I.

Due to different atmospheric conditions, the flux source area
varies (see Fig. 1). Taking LAS footprint at site AR as an
example [see Fig. 1(b)], both the wind speed and the absolute
value of the Obukhov length for LAS_3 are less than LAS_4;
thus, the source area for LAS_3 is much smaller and narrower

AT

Fig. 1. Variation of multitime EC and LAS footprints over TM-estimated
sensible heat flux (W - m~2) by (a) and (b) SEBS on July 7, 2008 at site AR
and (c) and (d) on June 2, 2009 at site GT; EC/LAS_1 through EC/LAS_6 stand
for the six different EC and LAS footprints for sites AR and GT.
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Fig. 2. Variation of footprint-integrated sensible heat fluxes for multitime
EC and LAS footprints over TM-estimated sensible heat flux (W - m—2) by
(a) SEBS on July 7, 2008 at site AR and (b) on June 2, 2009 at site GT ; FP_1
through FP_6 stand for the six different EC and LAS footprints for sites AR
and GT. Error bar stands for the standard error of the estimated sensible heat
flux among the pixels within EC or LAS footprint.

accordingly. Meanwhile, the wind direction for LAS_3 differs
from that of LAS_4, the surface heat conditions are obviously
different. Most pixel values within LAS_3 are in the ranges of
60—75 W - m~2, while the pixels included in LAS_4 are mainly
between 75 and 90 W - m~2, some pixels with higher sensible
heat flux in the northern mountain area are also included in
LAS_4. As a result, according to the variation of atmospheric
conditions, the orientation, shape, and size of source area are
varied, which lead to the changing in the fluxes as seen by the
sensor accordingly.

Furthermore, with a fixed flux map of sites AR and GT, the
footprint-integrated sensible heat fluxes for different EC and
LAS footprints are calculated for more specific comparison
(see Fig. 2). Thus, any difference between the six cases is
solely due to variations in the footprint at both sites AR and
GT. Generally, compared with EC footprint, the source area
of LAS footprint includes more bare soil, road and mountains
at site AR, and more roads and villages at site GT. Thus, the
LAS-derived sensible heat fluxes are larger than that of the
EC derived for all conditions. Meanwhile, integrated with
the distribution of surface condition and footprint, the footprint-
integrated sensible heat flux of LAS_4 is obviously larger than
LAS_3. The similar performances between varied atmospheric
conditions and the variation of footprints, as well as footprint-
integrated sensible heat fluxes also can be found for EC and
LAS footprint at site GT. What is more, with the increasing
complexity at site GT, the heterogeneity among different source
areas becomes more significant.

B. Land Cover Distribution Types

For a better understanding the effects of various land dis-
tribution types on validating satellite-based surface fluxes by
ground measurements, three different land cover distribution
types (Types A, B, and C) based on Landsat TM data on
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Fig. 3. Spatial sampling obtained at Types A (left), B (middle), and C (right)
for site GT with the EC (top) and LAS (bottom) systems; image of the sensible
heat flux ( W - m™—2) estimated with TM by SEBS on June 2, 2009 at site
GT as reference (6 km x 6 km); EC/LAS_1 through EC/LAS_6 are the same
to Fig. 1.
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Fig. 4. Variation of footprint-integrated sensible heat fluxes for multitime EC
(a) and LAS (b) footprints over TM-estimated sensible heat flux ( W - m—2)
by SEBS on June 2, 2009 at Types A, B, and C of site GT; EC/LAS_1 through
EC/LAS_6 stand for the six different EC and LAS footprints for site GT. Error
bar stands for the standard error of the estimated sensible heat flux among the
pixels within EC or LAS footprint.

June 2, 2009 at site GT are settled (see Fig. 3). While Type
A is the real situation of Landsat TM data, Types B and C are
simulated by moving the EC/LAS towers and their associated
footprints northward and southward by 6 km, respectively. The
area in Type B is much drier in the north of the EC and LAS
towers. For Type C, patches of different land covers are cross
distributed around the EC and LAS system.

Combined with the aforementioned six different atmospheric
conditions, the effect of surface heterogeneity on the footprint-
integrated surface fluxes are simulated and discussed. As the
change of land cover distribution types, the surface heat condi-
tions covered by each source area are obviously different (see
Fig. 3). Thus, common validation ways of the single pixel value
or the average of several fixed pixels are no longer applicable.

Further analysis is based on quantitative comparison of
footprint-integrated sensible heat flux to deeply study the
effects of land cover distribution on EC and LAS measure-
ments. Fig. 4 gives the variation of six EC and LAS footprint-
integrated sensible heat fluxes over three land cover distribution
types.

By changing the footprint over each land cover distribu-
tion type, the difference between the maximum and mini-
mum footprint-integrated sensible heat flux among six footprint
cases, defined as variation range, is used to evaluate the effects
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of footprint on integrated sensible heat fluxes. The variation
range of EC footprint-integrated sensible heat fluxes for the six
atmospheric conditions were 28.8, 180.7, and 62.3 W - m~2 for
Types A, B, and C, respectively. Because the LAS footprints
covered much larger area, the integrated sensible heat fluxes
were less affected by variable land cover distribution types. In
our simulation, the variation ranges of LAS footprint-integrated
sensible heat fluxes across the six atmospheric conditions were
20.0, 99.2, and 39.2 W - m~2 for Types A, B, and C, respec-
tively. Thus, Type B has the largest variability of footprint-
integrated sensible heat flux, which is contradictory to the
visual judgment that the heterogeneity of Type C seems to be
larger than Types A and B.

Taking LAS footprint-integrated sensible heat fluxes as an
example, the heterogeneity of various land cover distribution
types would be further analyzed by footprint upwind distance.
With the same measurement height, the LAS footprint upwind
distance for each wind direction is the composite performance
of varied atmospheric condition and surface roughness. Al-
though the upwind distance of LAS footprint changes from
510 m to more than 1630 m (see Table I), the footprint-
integrated sensible heat fluxes among six LAS footprints are
relatively similar to each other for Types A and C, whereas they
were obviously affected by the land cover of Type B, indicating
a larger heterogeneity for this kind of land cover distribution.

Therefore, the determination of footprint is critical in con-
sidering the surface heterogeneity for the comparison of the
satellite-based surface fluxes with EC or LAS measurements,
particularly for complicated land cover distribution types. The
analysis of land cover distribution effect would also be helpful
in pixel selection.

C. Validation of Satellite-Based Surface Fluxes

Excepting for the shortcomings in the SEBS method, con-
sistent spatial scale is significant in validation by matching
ground measurements with remote sensing estimation. Several
pixel selection methods were chosen for validating both TM
and AATSR image data by comparing with EC and LAS
measurements. The point method (Hgc_point) and footprint-
integrated method (Hgc rp) were used for validation with EC
measurements: 1) Hgc_point, the pixel value of EC tower lo-
cation; and 2) Hgc_rp, the footprint-integrated values from EC
footprint by (1). Two different methods were used for validation
with LAS measurements: 1) H1,AS mid point, the pixel value of
the middle point for the LAS path, the middle point is supposed
to have the largest contribution to LAS measurement; and
2) Hias rp, the footprint-integrated value from the LAS foot-
print by (1).

For the TM data validation illustrated in Fig. 5, the value
of point method and footprint-integrated method are relatively
consistent for the relative homogeneous surface at site AR.
While for relatively heterogeneous surface of site GT, the
greatest difference between Hic point and Hpc rp appears
on GT_0602, Hgc rp is much closer to ground measurement.
Statistically, the root-mean-square deviation (RMSD) values
for Hgc point and Hgc pp are 46.5 and 29.4 W -m~2, re-
spectively. The results demonstrate considering the source area
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Fig. 5. Comparison of EC/LAS measurements and satellite-based sensible
heat fluxes by SEBS at TM and AATSR passing time (site AR: July 7 and
July 23, 2008; site GT: May 17 and June 2, 2009. Error bar stands for the
standard error of the estimated sensible heat flux among the pixels within EC
or LAS footprint).

of flux measurement and relative contribution of each pixel is
particularly important for heterogeneous surface.

With regard to the validation of coarse spatial resolution
AATSR data, both EC and LAS measurements are used to
compare with the middle point method and the footprint-
integrated method, respectively. Compared with the value of
point method (Hpas point), the value of footprint-integrated
method is much closer to LAS measurements. Statistically,
the RMSD values for Hyas pp and Hias point are 26.2 and
54.1 W - m~2, respectively.

Moreover, the overall RMSD values for the validation of
AATSR data with EC and LAS ground measurements are 79.6
and 61.9 W - m~2, respectively for all four cases (AR_0707,
AR_0723, GT_0517, GT_0602). Thus, taking the advantage of
the regional measurement of the LAS system, the validation
results for AATSR data should be more reliable than validation
with EC measurements. However, the footprint is not well
resolved at coarse resolution. The AATSR pixel cannot be
fully covered by EC or LAS footprint, the pixel-mean flux
is contaminated by the parts beyond EC or LAS source area.
Therefore, to avoid large difference with ground measurements,
the spatial heterogeneity at a subpixel scale should not be
neglected at coarse resolution.

In addition to inconsistencies in spatial scale between ground
measurement and satellite-based surface flux estimation, gaps
in the temporal scale may also lead to differences in validation.
The sensible heat fluxes measured by EC and LAS are averaged
in 30 min, whereas the estimates from TM and AATSR data
are instantaneous values. Therefore, the temporal mismatch
between ground measurements and satellite-estimated fluxes
should be also considered in validation.

V. CONCLUSION

This letter used numerical simulation to analyze the effect
of footprint characteristics on matching ground measurements

with satellite-based surface fluxes, by considering the influ-
ences of atmospheric condition and land cover distribution
types. Results suggest the footprint is crucial in defining consis-
tent spatial scale between ground measurements and satellite-
based surface flux estimates in validation, particularly for
heterogeneous surfaces and high-resolution remote sensing
data. Since the coarse satellite pixel cannot be fully covered by
EC or LAS flux footprint, further appropriate validation data
with more consistent spatial representative is required in val-
idating coarse satellite-based surface fluxes over complicated
surface. The spatial heterogeneity at a subpixel scale over het-
erogeneous surface should be further considered. Consequently,
measuring surface fluxes at the satellite pixel scale is urgent
to be developed, by means of a flux measurement matrix or
airborne eddy covariance measurements, etc.
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