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Global Land Surface Backscatter at Ku-Band Using
Merged Jasonl, Envisat, and Jason2 Data Sets

Le Yang, Qinhuo Liu, Member, IEEE, Jing Zhao, and Lifeng Bao

Abstract—A unique method for investigating continental sur-
faces uses backscatter data measured by a radar altimeter at the
nadir point of a satellite, in contrast to other microwave sensors
designed to work at oblique angles, such as scatterometers and
synthetic aperture radar. To improve the altimetry resolution over
land, we generated 0.5° X 0.5° merged altimetry backscatter
maps covering 66° N to 66° S over the global land surface every six
days for the period from January 2002 to June 2009 by combining
three altimeter data sets (Jasonl, Envisat, Jason2) in the Ku-band.
The four backscatter products of Envisat RA2 from different
retracking algorithms were evaluated prior to merging with the
Jasonl and Jason2 data. The global pattern and the seasonal
variation of the merged altimetry backscatter were examined,
which show the merged results have better spatial sampling for
the regional to global geophysical process due to the combination
of three altimeters. To understand how the altimetry backscatter is
related to land surface parameters, the advanced integral equation
model for bare soil and water cloud model for vegetation are used
to simulate the Ku-band backscatter response to soil and vegeta-
tion parameters at an incidence of 0°. Furthermore, we compared
the time series of merged altimetry backscatter with the leaf area
index (LAI) determined by an optical sensor and the backscatter
coefficients obtained from a scatterometer (QuikSCAT) over seven
selected vegetated areas over six years. The results confirm the sen-
sitivity of ocean altimetry to vegetation. Further studies relating
altimetry backscatter to geophysical parameter are needed.

Index Terms—Backscatter, continental surfaces, leaf area index
(LAI), radar altimeter.

I. INTRODUCTION

ONITORING land surface characteristics at global or

regional scales from space can contribute significantly
in improving our understanding of land surface processes and
their interactions with the atmosphere and biogeochemical
cycle. The monitoring of vegetation, soil parameters, snow,
and inland water has been conducted for many years through
the use of various spaceborne sensors operating in different
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parts of the electromagnetic spectrum, such as the visible or
infrared domains (AVHRR, MODIS) or the microwave domain,
including passive microwave radiometers (SMMR, SSM/I) and
active microwave sensors [scatterometer, radar altimeter, and
synthetic aperture radar (SAR)].

Radar altimetry [1] was initially designed to measure the
instantaneous sea surface height, wave height, and backscatter
of the ocean surface by transmitting radar pulses and receiving
the backscatter energy at the nadir point of a satellite. Altimetry
data are also extremely useful for a broad range of ice and land
applications, including topography mapping for Antarctica and
Greenland [2], continental water-level monitoring [3], [4], and
digital elevation model (DEM) construction for land surfaces
[5], [6]. In addition to height measurements, the normalized
radar backscatter coefficient (¢°) over the land surface is also
provided. The ¢° value measured by radar altimetry is unique
for investigating continental surfaces, rather than that measured
by a scatterometer[7] or SAR [8] for radar altimetry observes
strictly in the vertical dimension.

Ridley et al. [11] showed that Topex/Poseidon backscat-
ter measurements over the Simpson Desert in Australia are
strongly affected by variations in soil moisture and by the
presence of dew. Bramer et al. [12], [13] presented an analysis
of Envisat RA2 global backscatter performance on both the
Ku- and S-band, particularly over dry land surfaces, and found
that ¢ is very stable over the identified land calibration zones.
Papa et al. [14] presented the first global-scale results regarding
the geographical dynamics of backscatter over land surfaces
using Topex/Poseidon dual-frequency backscatter data from
1992 to 2001. All of these studies have demonstrated the po-
tential of backscatter data measured by radar altimetry for land
surface studies on a regional or global scale. However, those
studies have only used the single altimeter data and evaluated
the backscatter in a qualitative way by analysis the spatial and
temporal distributions.

To date, the altimetric series of Topex/Poseidon, Jasonl,
Jason2, ERS1, ERS2, and Envisat provide 20 years of contin-
uous and homogeneous observations, which enable long-term
analyses related to global climate change. However, the spatial
and temporal coverage of single radar altimetry is low because
the swath width of an altimeter is only approximately 10 km at
the nadir point of the satellite. The repeat cycle of Jasonl is ten
days, and the ground track space at the equator is 315 km. The
repeat cycle and ground track space at the equator for Envisat
RAZ2 are 35 days and 77 km, respectively.

The aim of this study is to merge multiradar altimetry
backscatter measurements over land surfaces to increase the
spatial and temporal resolution. Microwave scattering models
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for soil and vegetation are used separately to simulate the
backscatter response to soil and vegetation parameters for
different frequencies and incidence angles, particularly within
the Ku-band at 0°. The merged altimeter backscatter is derived
by cross-calibrating the backscatter histogram of three altime-
ter measurements to eliminate the systematic differences. The
global pattern and time series of merged altimetry backscatter
data over desert and forest areas are presented.

The satellite data and the data merging method are presented
in Section II. Section III describes the model simulation results
and explores the possibility of retrieving geophysical param-
eters from multialtimeter data. Section IV presents results on
a global scale and the geographical dynamics of backscatter
over typical land cover areas. Section V gives conclusions and
perspectives.

II. DATASETS AND MERGING METHODS

Backscatter data from three radar altimeters were used in this
study: Jasonl [15], Jason2 [16], and Envisat Radar Altimeter
(RA2) [17]. Unlike Jasonl/2, Envisat RA2 provides five sets
of backscatter coefficients from four retrackers (Ocean, Icel,
Ice2, Sealce). To determine which backscatter coefficient data
set from Envisat RA2 should be merged with the Jasonl and
Jason2 measurements, the four sets of Envisat RA2 backscatter
coefficient data were compared.

A. Datasets

The Jasonl1 and Jason2 satellites were launched on December 7,
2001 and June 20, 2008, respectively, by National Aeronautics
and Space Administration and Centre National d’Etudes
Spatiales to ensure continuity of the oceanographic observa-
tions provided by the remarkable mission Topex/Poseidon.
Poseidon2 and Poseidon3 onboard the Jasonl and Jason2
have a 9.91-day repeat cycle and provide measurements in
the Ku (13.6 GHz) and C (5.4 GHz) bands. Observations
along the ground track of all ocean and continental surfaces
from these altimeters are made from 66° N to 66° S. Jasonl
assumed a new orbit halfway through its original ground track
in mid-February 2009 and encountered an anomaly at the end
of February 2012. Currently, Jason2 is located on the former
orbit of Topex/Poseidon (before 2002) and Jason-1 (before
February 2009). Envisat was launched on March 1, 2002 by
ESA (European Space Agency). RA2, onboard the Envisat,
has a 35-day repeat cycle and provides global along-track
measurements in the Ku and S (3.5 GHz) bands up to the
latitude limit of 81.5° N/S. The Envisat satellite moved to a
new lower orbit on October 22, 2010 and stopped transmitting
data in April 2012. The footprint size of all three altimeters is
approximately 10 km, and the ground tracks have a maximum
drift of 1 km.

In this paper, we only used backscatter data for the Ku-band
(13.6 GHz, 2.1 cm), which is the main working frequency
for both Jason1/2 and Envisat RA2. Backscattering coefficient
measurements expressed in decibels (dB) were extracted from
the geophysical data record (GDR) products of the three altime-
ters from January 2002 to June 2009 provided by Archiving,

Validation and Interpretation of Satellite Oceanographic Data
(AVISO). The backscatter measurement errors are less than 1,
0.7, and 0.4 dB for Jasonl, Jason2, and Envisat RA2, re-
spectively. The backscatter recorded in the GDR is already
corrected for atmospheric attenuation, and unbiased o0 val-
ues were recorded by the ocean surface topography mission
(OSTM)/Jason2 data products related to Jasonl.

The data points for which the square of the off-nadir angle
of the altimeter was less than 0.2° were selected for analysis,
according to the data editing criteria of Jason1. To avoid the in-
clusion of water and ice measurements in the land surface data,
we masked the data over the ocean, rivers, lakes, and ice using
a surface-type flag based on bathymetry information. Thus, the
phase global land surface refers to continental surfaces between
66° N and 66° S without ocean, rivers, lakes, or ice for the re-
mainder of this article. The land surface type is based on the
MODIS Land Cover Classification product (MOD12C1) of the
International Geosphere-Biosphere Programme standard [18]
with a resolution of 0.05°.

B. Envisat RA2 Data Comparison

Five sets of backscatter data are available in Envisat RA2
products from Ocean, Icel, Ice2, and Sealce retrackers. The
ocean retracker is based on a modified Hayne model and is
optimized for ocean surfaces. The Icel retracker is developed
to provide optimal heights over continental ice sheets using an
OCOG (Offset Center of Gravity) approach. The Ice2 retracker,
which is designed for ice caps, detects the waveform edge and
fits an error function to the leading edge and an exponential
decrease to the trailing edge. An additional set of parameters is
available for Ice2 by resampling part of the waveform called the
“Ice2 Leading Edge.” The fourth retracker is designed for the
quasi-specular echoes returned from sea-ice, with thresholding
on the waveform leading edge. For a detailed description of
the four retrackers, see [17]. The four backscatter values in the
Ku-band of the Envisat RA2 products, excluding the “Ice2
Leading Edge” backscatter values, are analyzed here.

One cycle of Envisat RA2 data (from May 26, 2008 to
June 30, 2008) over the global land surface was extracted. The
percentage of valid backscatter results (0 dB < o” <40 dB)
for the Ocean, Icel, Ice2, and Sealce retrackers were 68.96%,
99.85%, 78.10%, and 99.85%, respectively. We calculated
the backscatter differences between each pair of retrackers
(see Fig. 1).

The statistics in Fig. 1 show large variability among the
backscatter values estimated by the Ocean, Icel, Ice2, and
Sealce retrackers. For the retracker combinations, the shape
of the histogram is narrow and high peaked for Icel-Sealce
and Ocean-Ice2, reflecting the similarity in those pairs, with
median backscatter value differences of -1.57 dB for Icel-
Sealce and 2.18 dB for Ocean-Ice2. This result arises because
the Ocean and Ice2 retrackers both fit the return waveform to
waveform models, whereas the Icel and Sealce retrackers uti-
lize threshold-based algorithms. Furthermore, the backscatter
of the Sealce retracker is systematically higher than those of the
other three retrackers, followed by the backscatter of the Icel,
Ocean, and Ice2 retrackers. The median values for Sealce-Icel,
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Fig. 1. Histograms of backscatter differences between the four Envisat RA2
retrackers (Ocean, Icel, Ice2, and Sealce) covering one cycle (May 26, 2008 to
June 30, 2008) over the global land surfaces.

Icel-Ocean, and Ocean-Ice2 were 1.75, 3.10, and 2.18 dB,
respectively. The correlation coefficients between each pair
of retrackers are also shown in Fig. 1. All of the correlation
coefficients were high. The greatest correlation was observed
between Icel and Sealce (R2 = 0.9997), and the smallest
correlation occurred between Ocean and Ice2 (R2 = 0.6754).

The analysis of the four RA2 retrackers Ku-band backscatter
data over global land surface indicated that the four RA2 values
varied greatly with the largest difference is —6.27 dB between
Ice2 and Sealce, the smallest difference is —1.57 dB between
Icel and Sealce. The backscatter values of the Sealce and Icel
retrackers were systematically larger than those of the Ocean
and Sealce, which were highly correlated with each other.
Therefore, we chose to merge the backscatter data from the
Ocean retracker of Envisat RA2 with the Jason1/2 backscatter
measurements.

C. Backscatter Merging Method

Three steps were used to merge the multiradar altimetry data:
data quality control, cross-calibration and extrapolation. The
valid backscatter range over the ocean is 7 — 30 dB, according to
Jasonl data-editing criteria. Because of the vegetation and soil
attenuation, the volume scattering results in a lower backscatter
coefficient than that of surface scattering over ocean [19]. We
used the valid backscatter range over land of 0 — 30 dB for
Jasonl, Jason2, and Envisat RA2.

The cross-calibration of two altimeters requires independent
and coincident ¢® observations to correct for any systematic
differences between o estimates from the two altimeters. How-
ever, a large and accurate calibration data set is not available. As
an alternative, we employed an empirical technique to cross-
calibrate ¢ using only the ¢° histograms from the different
instruments [20]. Assuming that the backscatter distribution
measured by altimetry is relatively stable over a sufficiently
large geographical region and for sufficiently long time periods,
the systematic differences between backscatter estimates from
two altimeters can be identified based on comparisons of their
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Fig. 2. Histograms of backscatter measurements (in decibels) for June 2008

to June 2009 over the global land surface from (a) Jasonl, (b) Jason2, and
(c) Envisat RA2.

backscatter histograms. The data were cross-calibrated using
Jason2 backscatter measurements from June 2008 to June 2009
and Jasonl from January 2002 to June 2008 as a reference.
Fig. 2 shows the backscatter histograms from Jasonl, Jason2
and Envisat RA2 for June 2008 to June 2009 over a global land
surface. The total number of observations used to generate the
histogram for Jason2 is greater than that for Jasonl due to the
improved tracking method used for Jason2 [17], and the number
of RA2 observations is greater than that of both Jasonl and
Jason2 due to its intense spatial coverage.

We computed a cumulative distribution function (CDF) for
the two altimetry backscatter distributions and fit a smooth
spine to the fixed CDF. The cumulative percentage point for
each binned value (¢°_a) of the CDF to be adjusted was then
determined. From the spline fit to the fixed CDF, we determined
the value o"_f corresponding to the cumulative percentage
value. Each backscatter value was adjusted by an amount of
0"_a — o%_f. The bin step is important to the cross-calibration
process because random errors tend to be cancelled within
a given bin only if the bins contain a sufficient number of
observations. We took the bin step as 1 dB for cross-calibrating
Jasonl, Jason2, and RA2 from June 2008 to June 2009 and
as 3 dB for Jasonl and RA2 from June 2006 to June 2008.
Fig. 3 shows the CDF of the three altimeters before and after
the cross-calibration step. It can be seen that this adjustment
brought the three histograms into exact agreement. However,
corrections obtained using this method are susceptible to errors
at 0 values near the tails of the histograms, where there are a
few observations and random errors in individual measurements
that do not, in general, average to zero. Therefore, o0 was
divided into 40 equally sized bins to ensure that corrections
were computed only for the ¢ bins containing a sufficient
number of observations.

Finally, the cross-calibrated o0 values of the three altimeters
were interpolated on a 0.5° x 0.5° grid for six-day intervals;
for this step, we used the inverse distance-weighted method
[21]. The ¢ value for each grid is determined by the following
equations:

D (k=1) S(k) x Wi
Z?k:l) Wi

Wi =— (@)

Sig) = (1

where S, j) is the interpolated result for grid(4,j). k is the
number of measurements S(k)within the grid(4, j). The weight
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Fig. 3. The cumulative probability distribution function (CDF) of the

backscatter measurements (dB) for the altimeters from Jasonl (green dotted
line), Jason2 (blue dashed line) and Envisat RA2 (red dash-dot line) from June
2008 to June 2009 over global land surfaces before (a) and after (b) cross-
calibration with Jason2 as a reference.

W, is inversely proportional to the distance dj from the o
measurement to the center point of the grid. The exponent m is
taken as 2. Data were smoothed and extrapolated using a Loess
filter of 16° x 8° (gaps due to missing data were filled, and the
signal was strongly smoothed).

III. THEORETICAL BASIS OF THE ALTIMETRY
BACKSCATTER OVER LAND

Radar measurements are primarily a function of surface
roughness, soil moisture, and the size, shape, moisture content,
number density, and spatial distribution of all canopy con-
stituents. The root-mean-square (RMS) height and correlation
length are two important parameters describing the -geometric
surface roughness of soil. The smaller the RMS height and
the lower the correlation length, the smoother the surface.
Great sensitivity differences in the surface backscatter signals
to the surface properties exist at different frequencies and
incidences. To analyze the backscatter coefficient measured
by a nadir-viewing altimeter, we used the advanced integral
equation model (AIEM) and water cloud models to simulate the
backscatter at an incidence angle of 0° for bare soil and vegeta-
tion, respectively. Because there is no polarization difference at
an incidence and observation angle of 0°, the following results
are shown for the HH polarization.

A. Bare Soil Model

The AIEM model [22]-[24] can simulate surface emission
and scattering signals for a wide range of rough surface pa-
rameters and for high-frequency observations. Shi et al. [25]
evaluated the capability of AIEM to simulate high-frequency
and high-incidence surface emission signals and compared their
findings with a large set of field observation data. The results
showed excellent agreement, with RMS heights of 2.6 and
3.9 cm obtained for selected roughness profile measurements
conducted at each field site at frequencies between 5.05 and
36.5 GHz. In our simulation, the soil water content varies from
0.02 to 0.5 with a step of 0.02 (the unit is 1), the RMS height
ranged from 0.25 to 3.5 cm with a step of 0.25 cm, and the cor-
relation length ranged from 2.5 to 30 cm with a step of 2.5 cm.
The Gaussian correlation function and Fresnel reflection coef-
ficient as approximated by a transition were used.

Fig. 4 shows the results obtained for different incidence
angles at a frequency of 13.6 GHz. For the two roughness
parameters [see Fig. 4(a) and (b)], the backscatter at 0° declined
steadily with increasing RMS height and decreasing correla-
tion length, which differs from the results obtained at other
angles. Furthermore, the backscatter at small incidence angles
(below 20°) can better represent the wide range of roughness
variation than oblique observations, particularly at lower RMS
heights and larger correlation lengths. For the soil moisture [see
Fig. 4(c)], the curves of the backscatter versus volume water
content (VWC) are similar at different incidence angles, which
indicate that the sensitivity of backscattering in the Ku-band to
soil moisture is similar over a range of angles.

Other than the geometric roughness, the large-scale rough-
ness (slope caused by elevation) is also an important factor to
the altimetry backscatter measurements. When there is slope,
the incidence of the altimeter is no longer 0°. However, slope
has as similar effect on sigma0 as geometric roughness; the
steeper the slope, the less power backscatters to the altimeter.

Therefore, we can conclude that the backscatter coefficient
measured by an altimeter with a nadir-view configuration is
much more sensitive to geometric surface roughness and large-
scale roughness than a scatterometer or SAR, particularly for
relatively smooth surfaces (lower roughness conditions). Fur-
thermore, there are unique monotonically decreasing relations
between the backscattering observed at 0° and the roughness.

B. Vegetation Model

A number of radar backscatter models have been developed
for various types of vegetation. Several models have treated
the canopy as a horizontally homogeneous medium, such as
the water cloud model [26] and the Michigan microwave
canopy scattering model (MIMICS) [27]. Discontinuous radar
backscatter models [28], [29] were developed by consider-
ing the gap between the crown and the real structure of the
trees, particularly for forests. Because the footprint size of an
altimeter is as large as approximately 10 km, we chose the
water cloud model, in which vegetation canopy is modeled as a
lossy volume of scattering dielectric disk and cylinder elements,
bounded by air above and by a scattering soil surface below
without considering the coherence effect.

The model is achieved by adapting the MIMICS model by
eliminating all the mechanisms related to the trunk layer. There-
fore, the total backscatter consists of the incoherent summation
of the four components as

+ 00

0 0 0
o +o Pgus

0
O—pq = Opqu pgs + O-pqsvs (3)
where the subscripts p and ¢ denote the polarization of the
incident and scattered wave, respectively. ngv represents the
direct scattering from the leaves and branches of the veg-
etation. qus represents scattering from soil surface attenu-
ated by the vegetation. oggvs represents the mutual coupling
backscatter of vegetation and soil surface. agq svs Tepresents the
soil-vegetation—soil interaction return. A detailed discussion

and calculation of those terms is given by [27].
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Fig. 4. Backscatter at the HH polarization versus (a) RMS height, (b) corre-
lation length, and (c) VWC at a frequency of 13.6GHz for different incidence
angles: 0° (red solid line), 10° (blue dotted line), 20° (green dashed line), 30°
(magenta dashed line), 40° (black dotted line), 50° (yellow solid line) and 60°
(cyan dashed line).

The density (1000/ m?), size (diameter = 2 cm, thickness =
0.1 cm) and moisture (0.55) of the leaf and the density (8/ m?),
size (length = 75 cm, diameter = 0.7 cm) and moisture (0.42)
of the branch are fixed. We only increased the crown height
from Om to 30m. Due to the incidence angle and large footprint
of radar altimeters, other factors, such as variations in leaf
clumping or branch orientation, have a smaller impact on the
altimetry backscatter.

Fig. 5(a) and (c) represent the backscatter observed by
radar altimetry for the Ku-band at 0° and that measured by
QuikSCAT of the Ku-band at 40°, respectively. The scattering
mechanism is much simpler due to the weaker penetration
capability of the Ku-band with its short wavelength (2.2 cm)
compared with that of the L-band (21.4 cm) [see Fig. 5b, 5c].
In Fig. 5(b), the dominating scattering mechanism is the direct
ground return. The contributions of crown—ground return, direct
crown return, and ground—crown—ground return are not signif-
icant. For short wavelength of Ku-band [see Fig. 5a], the con-
tributions of crown—ground return and ground—crown—ground
return are too small to be displayed. However, the direct crown
return replaced the direct ground return to be the main contrib-
utor when the crown height is larger than 20 m.

The total backscatter from QuikSCAT [see Fig. 5c] increases
with increasing crown height, but only accounts for the direct
crown return and is not sensitive to increasing crown height
when the crown height is larger than approximately 5 m. In
longer wavelengths of the L-band [see Fig. 5d], the response
of the total backscatter to crown high is similar to that in
Ku-band with bigger influences of crown—ground return and
ground—crown—ground return.

The difference between the backscatter responses of Ku-band
at incidence of 0° and 40° is from the backscatter at 0° re-
sponds to the scattering from soil and understory vegetation
through forest gaps by penetrating deeper than that at 40°.
The saturation value of the backscatter to the crown height is
larger in the altimeter than that of the scatterometer, because
the backscatter observed at the nadir view decreases with the
growth of vegetation as long as the altimeter can “see” the
ground through the tree gaps.

The threshold value for the switch between the dominating
scattering mechanisms and the saturation point can differ for
various vegetation types because the water cloud model used
in this study simplifies the vegetation canopy, and the leaf
density that normally decreases after a certain stage of canopy
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Fig. 5. Backscatter for HH polarization versus crown height (m) for the

L-band at incidence angles of 0° (a) and 40° (b) and for the Ku-band at inci-
dence angles of 0° (c) and 40° (d). The total backscatter (red solid line) consists
of direct crown return (green dashed line), direct ground return (black dashed
line), crown—ground return (magenta dashed line), and ground—crown—ground
return (cyan dashed line).

growth. However, the overall trend and the dominated scattering
mechanism are reliable.

Therefore, the backscatter measured by QuikSCAT directly
responds to the scattering elements of the canopy, such as the
leaves and branches, before the canopy is not too dense to
be penetrated by the Ku-band measurements at high incidence
angles. The radar altimetry measurements at the nadir point of
a satellite decrease with increasing crown height. Backscatter
measured by radar altimetry responds to ground scattering from
soil and understory vegetation by penetrating deeper into the
canopy and through forest gaps.

IV. EVALUATION OF THE MERGED
ALTIMETRY BACKSCATTER

A. Global Pattern and Seasonal Variation Analysis

1) Mean Global Image Analysis: As the first step in evalu-
ating the usefulness of the merged radar altimetry backscatter,
we compared the global and regional patterns for different
seasons. Figs. 6 and 7 show the mean monthly values (three
cycles of Jasonl and Jason2, one cycle of Envisat RA2) for July,
2008 and January 2009. Fig. 6(a) shows the mean backscatter
coefficient obtained by merging the Jasonl, Envisat RA2, and
Jason2 data for the Ku-band over the global land surface.
Fig. 6(b)—(m) show the values for Jasonl, Jason2, and Envisat
RA2, respectively. The data are continuous in Fig. 6(a) and
discontinuous in Fig. 6(b)—(m). Each point in Fig. 6(b)—(m),
represents a backscatter measurement over a footprint of ap-
proximately 10 km (not in accordance with the axis scale). No
data are available between ground tracks.



YANG et al.: BACKSCATTER AT KU-BAND USING MERGED JASONI1, ENVISAT, AND JASON2 DATA SETS

789

NorthAmerica J2 NorthAmerica RA2 Tibet J1 Tibet J2
- 40°N — X 40°N F— XX v
640N . PR 640 \(-14?- ; ,‘,,p.
SGON ...... 2 ssoN 30°N 30°N ..... ‘
140°W 120°W 100°W 140°W 120°W 100°W 200N EO 50 1 ogoN v 0 0 3
NorthAmerica J1 ’,»‘ . WE bR 84°E  96°E
N M. S o 00607 Msiged {HIRASHZ) Backsdatinr Tibet RA2

o I

T 40°N

560N ............... g
Woiaad @ e L 30°N
140°W 120°W 100°W
(]
-2 84°E 96°E
Africa RA2
"y Asia J1
36°N
SOON s
5 10 15 20 25 30 5 | /;/
2NTHFE 1208
v Asia RA2 Asia J2
BN —————— 36°N —
: T
30°N | BOON [t
(] 0 L Q) P 4
2 25°E 50°E 29°Sgs NP 120 N e 120

Fig. 6. Ku-band backscatter coefficient map (in decibels) of July 2008 of global merged data (a) and Tibet (b), (c), and (d); Asia (e), (), and (g); Africa (h), (i),
and (j); and North America (k), (1), and (m) for Jason1, Jason2, and Envisat RA2, respectively.

The track ability of Jasonl over land is the worst among
the three altimeters. Data are seriously missing in eastern [see
Fig. 6(e)] and northern China [see Fig. 6(b)] and on the west
coast of North America [see Fig. 6(k)]. The tracking ability
of Jason2 has improved over that of Jasonl. The amount of
data acquired by Envisat RA2 is superior in the way of the
higher spatial resolution and denser ground tracks. The num-
bers of valid backscatter coefficient results over land (exclud-
ing rivers, lakes, and continental ice) for Jasonl, Jason2, and
RA2 were 52 457, 291765, and 717 844 for January 2009,
respectively. Furthermore, the global mean value of Jasonl was
the largest (12.73 dB), and that of RA2 (5.46 dB) was the
lowest.

It can be seen that the high backscatter values arise from
flat surfaces such as large river basins (U.S. Great Lakes, the
Yangtze River Delta in China, and the Ganges Plain in India),
the Sahara Desert in Africa and the Australian plains. The
backscatter measurements are low over the Himalayan, Andes,
and Rocky Mountains, which is consistent with previous find-
ings obtained from Topex/Poseidon altimetry data [14].

These patterns are examined in more detail by regions in the
following.

Eurasian continent: The region around 30° N of eastern
China is mainly cropland and mixed forest. For the merged
results, the high value is located at the estuarine floodplain, and
the low value is located at the hilly area at the southeast and
northwest parts. This pattern is mainly captured by the RA2
backscatter, which is not evident at the Jason2 for its sparse
ground tracks. The maximum of the merged value is 27.01 dB
in July and 25.12 dB in January.

Tibetan plateau: The Tibetan plateau is the world’s high-
est plateau (an average elevation exceeding 5000 m) and is
bounded by the Himalayan mountain chains to its south, where
the altitude drops from around 5000 m to 100 m in less than
200 km. The tracking ability of Jason2 is better than RA2 at
this mountain region. It is interesting to note that the ascending
tracks (from RA?2 is easier to recover from low elevation to high
elevation than that of the reverse.

The plateau’s glaciers and other geographical and ecological
features serve as headwaters of several large rivers. The Ganges,
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Brahmaputra, and their tributaries flow southeastward into the
Bay of Bengal, which influence the vegetation and soil property
around the rivers. The altimetry backscatter exhibits clearly
seasonal changes. The mean value of the merged backscatter
is 10.62 dB in July and 8.97 dB in January. Furthermore, the
distribution of the high value is wider in July than in January.
African continent: From the north to south over the
African continent, the land cover types exhibit a clear pat-
tern that reflects the transition of the increasing vegetation
from dessert/barren- shrubs- savannas- woody savannas to the
evergreen broadleaf forest. The desert and barren regions in
the north have higher backscatter value than vegetation, which
is evident in the three altimeters measurement. As expected,
the seasonal change from July to January is more obvious in
the barren and shrub regions than in the evergreen broadleaf
forest of the center and south part of the African continent. It is
interesting to note that there is one low value region around
15° N, 12.5° E in the transition area from barren to savan-
nas. We found that this region coincided with the location of
Lake Chad, which is once one of the world’s largest lakes. Its

area has been reduced to less than 1540 km? nowadays. Al-
though the area of the lake surface is not large, the surrounding
area of the Lake Chad is an important agriculture area. The low
value region shows the ecological characteristics of vegetation
and soil around the lake.

North American continent: From the western mountains
to the eastern Great Lakes and St. Lawrence lowlands over the
North American continent, the merged backscatter shows not
only that the spatial distributions from low to high but also the
strong spatial consistency. The magnitude and coverage in the
eastern lowlands are larger in July than in January. The mean
value of the merged backscatter in this region is 10.62 dB in
July and 8.97 dB in January The effect of ice or snow (enlarge
the backscatter) does not appear because the measurements
over ice or snow are excluded.

In the homogeneous areas at the kilometer scale, such as the
desert and forest in Africa, the patterns of the Jasonl, Jason2,
and RA2 measurements are similar and agree with the merged
result. For spatial heterogeneity areas, RA2 has better spatial
sampling abilities for its dense ground track. In the Tibetan
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plateau, with its complex terrain, the tracking ability of Jason2
is superior. Therefore, the merged altimetry backscatter results
have better spatial sampling due to the combination of the
ground tracks of three altimeters.

2) Temporal signatures of backscatter results for selected
desert and forest sites: To further examine the merged al-
timetry backscatter, two sites over desert and two sites over
forest were selected because they are typical land covers with
different seasonal variations. We did not analyze the global
deserts or forests considering the limited tracking ability of
the radar altimeter over complex terrain. The locations of the
four sites are shown in Fig. 8(a). The Taklimakan Desert (D1:
39.40°N, 86.60° E) located in southwest China covers an area of
270000 square km (approximately 1000 km long and 400 km
wide) in the Tarim Basin. The annual precipitation ranges from
10 to 38 mm. The Badain Jaran Desert (D2: 40.30°N, 101.40°
E) covers an area of 49 000 square km and is home to the tallest

stationary dunes on earth. Between the tall dunes, there are as
many as 114 inland lakes, with 74 perennial water lakes. The
annual precipitation ranges from 50 to 60 mm. The two forest
sites included the Lesser Khingan Forest and QiongZhong
Forest, which correspond to types of boreal and subtropical
forest, respectively. The Lesser Khingan Forest (F1: 48.58° N,
128.51° E) covers a mountain range located in the Heilongjiang
Province of China and the adjacent parts of Russia. The forest
is approximately 100 km wide and 400 km long, with an area of
approximately 39 400 square km. The Lesser Khingan Forest is
a mixed forest with primarily Larixgmelinii, Birch, and Korean
pine as tree types. The QiongZhong Forest (F2: 19.10° N,
109.78° E) is located near the equator and is a typical natural
evergreen forest.

Temporal backscatter profiles were extracted to analyze the
radar response to variability in the selected surfaces over eight
years. Fig. 8 shows the backscatter results for the Ku-band over
the four sites from Jason1, Jason2, Envisat RA2, and the merged
result. The merged backscatter curves lie between that of Jason1
and RA2 and follow a similar trend. The backscatter values for
the Taklimakan Desert [see Fig. 8(a)] exhibit little variability
over time, which is in agreement with a previous study [13].
The variability of these backscatter measurements was found to
be the lowest among the four sites. The standard deviations for
Jasonl and RA2 were 1.40 and 1.09 dB, respectively. However,
the RA2 backscatter was less than zero, and the mean difference
between Jasonl and RA2 was 6.76 dB. For the Badain Jaran
Desert [see Fig. 8(b)], the backscatter variations were also low
but larger than those of the Taklimakan Desert, which could
result from the seasonal change in water supply, particularly
from the lakes within the desert. For the Lesser Khingan Forest
[see Fig. 8(c)], the mean values for Jasonl, Jason2, RA2, and
the merged backscatter were 11.61, 8.31, —2.05, and 5.19 dB,
respectively. A strong seasonal variation in backscattering over
the Lesser Khingan was observed. The standard deviations of
the backscatter results for Jasonl, Jason2, RA2 and the merged
results were 3.92, 2.39, 4.47, and 6.90 dB, which strongly cor-
relate with the seasonal evolution of the vegetation associated
with the climate. The backscatter values reached a maximum
in summer and a minimum in winter. For the QiongZhong
Forest [see Fig. 8(d)], the backscatter results exhibited a more
stable signal than observed for the Lesser Khingan Forest. The
standard deviations of the Jasonl, Jason2, RA2, and merged
backscatter results were 1.69, 4.17, 2.19, and 3.93 dB, respec-
tively. The mean values for the Jasonl (6.90 dB) and Envisat
RA?2 backscatter results (7.96 dB) were similar.

B. Altimetry Backscatter Measurements Compared With
LAI and SCAT o0

To relate the altimetry backscatter values to geophysical
parameters, the temporal variations of the merged altimetry
backscatter data with respect to the LAI obtained from an
optical sensor (SPOT/VEGETATION) and the backscatter ob-
served at an oblique angle by a scatterometer (QuikSCAT) were
examined for seven selected sites with various vegetation types.

LALI is defined as half the total foliage area per unit ground
surface area [30]. It is a dimensionless ratio (m2/m?2) describing
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TABLE 1
MEAN VALUES OF LAI, CORRELATION COEFFICIENTS, AND RANGES OF MERGED ALTIMETER BACKSCATTER (ALT) AND
QUIKSCAT HH POLARIZATION BACKSCATTER (SCATH) RESULT FROM 2002 TO 2007 AT SEVEN SELECTED SITES

Site Latitude Longitude Surface Type mean Correlation Coefficient Range

(degree) (degree) LAI ScatH Alt Alt Alt ScatH

-LAI -LAI -ScatH (dB) (dB)

b 12.629 10.977 Grasslands 0.22 0.87 0.65 0.71 6.18 6.78

c -25.332 148.100 Woody savannas 0.59 0.67 0.19 0.24 12.67 2.37

d 10.528 -3.976 Savannas 0.91 0.94 0.64 0.69 12.99 2.57

e 58.191 77.636 Mixed forest 1.47 -0.14 0.44 -0.63* 19.13 1.24

f 59.742 58.633 ENF 1.57 -0.27 0.01 -0.58* 17.78 3.87

g -24.282 -62.584 DBF 1.64 0.48 0.56 0.50 13.87 4.78

h 1.776 12.677 EBF 2.84 -0.10 -0.01 -0.11 5.47 1.30

the leaf area covering a unit of ground area and indicates the @[ ¢ TS
number of layers of full covered leafy vegetation between the z: o R N
D R 20,

ground and the top of the canopy that are available to absorb
and convert solar energy. The CYCLOPES LAI product [31]
produces global spatial data, with a 1-km resolution, that cover
the period of 1999-2007 with a time step of ten days; these
data are derived from measurements acquired by the SPOT/
VEGETATION sensor. The SeaWinds/QuikSCAT o.

Browse Product [32] provides a Ku-band normalized
backscatter coefficient at an incidence angle of 46° (HH) and
54.1° (VV) with 22.5-km resolution over a one-day period.
Because the lowest time resolution is ten days for the LAI and
the lowest spatial resolution is 0.5° for the merged altimetry
backscatter results, the three data sets (LAI, merged altimetry
oY and QuikSCAT oY) were interpolated to every ten days and
0.5° from January 2002 to December 2007.

Throughout the time-series analysis, the altimeter and scat-
terometer backscatter measurements were used as a direct
representation of the canopy forest structure and water content
of different layers to avoid an indirect estimation and validation
of water content or structure. The name of the selected sites, the
surface types and the main statistics (mean, range-difference
between the maximum to minimum value, and correlation
coefficient) of the different temporal series are listed in Table I.
The general location of the sites is shown on the map [see
Fig. 9(a)] with a star and the associated letter referenced to
the next figures. Results of the temporal profiles obtained for
the merged altimeter backscatter data, scatterometer backscatter
data, and the LAI are shown in Fig. 9.

The mean value of LAI in increasing order corresponded
to grasslands, woody savannas, savannas, mixed forest, ENF,
DBF, and EBF, which indicates the leafy part of vegetation
of these sites are more and more dense. The QuikSCAT
backscatter value is strongly correlated to LAI, with correlation
coefficient of 0.87, 0.64, 0.94 at the grassland, woody savannas,
savannas, which is agreed to previous observations [33, 34].

A clear correlation between merged altimetry backscatter and
LAI as QuikSCAT backscatter value is also found for seasonal
vegetation of grassland, Savannas, mixed forest, and DBF, with
the correlation coefficients of 0.65, 0.64, 0.44, and 0.56. It is
interesting to note that the fluctuations in the curves of altimetry
backscatter and LAI are not completely synchronized. The
altimetry backscatter declined by about 4-5 dB at QuikSCAT
0% and LAI peaks in Fig. 9(d), (e), and (g). These decreases
could be caused by a reduction in the moisture of the low-layer
vegetation or soil during the growing season.
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Fig. 9. The locations of the selected sites (a). The temporal evolution of the
merged altimetry backscatter (left axis, black line with asterisk) compared with
that of the QuikSCAT HH polarization backscatter plus 20 dB (left axis, blue
line with dot) and with the LAI (right axis, green line with cross) for grassland
(b), woody savannas (c), savannas (d), mixed forest (e), evergreen needleleaf
forest (ENF) (f), deciduous broadleaf forest (DBF) (g), and evergreen broadleaf
forest (EBF) (h) from 2002 to 2007.

As expected, the correlations are low for the EBF (g) be-
cause the EBF near the equator is stable, without significant
seasonal fluctuations. It is noted that for the mixed forest and
ENF, the correlations between merged altimetry backscatter
and QuikSCAT backscatter are —0.63 and —0.58, respectively.
Unlike merged altimetry backscatter and LAI, the QuikSCAT
backscatter is not edited out the snow or ice covered data.
Fig. 9(e) and (f) show that the QuikSCAT backscatter results
at location (e) and (f) is high in winter and low in summer, in
contrast to the other five locations. This is due to the appearance
of ice or snow because locations (e) and (f) are at latitudes
near 60 N.

The range value indicates the dynamic response extent of the
backscatter data. It can be seen that the range values of altimetry
backscatter is overall larger than the scatterometer backscatter.
For the seasonal vegetation, the largest range of QuikSCAT is
at the Grassland of 6.78 dB, which is understandable since the
backscatter observation in Ku-band at 40°is easily saturated.
However, for the altimeter backscatter, the largest range value is
at mixed forest of 19.13 dB, followed by ENF (17.78 dB), DBF
(13.87 dB), savannas (12.99 dB), woody savannas (12.67 dB),
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grassland (6.18 dB), and EBF (5.47 dB). This indicates that
the altimetry backscatter is more sensitive to the vegetation
seasonal evolution, which is not necessary caused by the change
of leaves, but also by the changes of vegetation fractional cover,
structure, sizes, and water content or wet biomass. All those
geophysical parameters may be represented by the aerodynamic
roughness. The potential of altimetry backscatter to obtain
quantitative results on aerodynamic roughness length will be
further discussed in another paper.

Therefore, the scatterometer backscatter was more highly
correlated with the LAI than the altimeter backscatter due to
the different contributions from vegetation and soil at differ-
ent observation geometries. The backscatter observed from an
oblique observation (scatterometer) is primarily determined by
the dielectric properties of the leaves of the canopy surface
layer, whereas the nadir view (altimeter) is sensitive to rough-
ness changes in the deeper layers.

V. CONCLUSION AND PERSPECTIVES

The potential of multialtimeter backscatter measurements
for land surface studies has been investigated. To improve
the poor spatial and temporal resolution of a single altimeter,
backscatter measurements of Jasonl, Jason2, and Envisat RA2
were used to generate a first 0.5° x 0.5° multiradar altimeter
backscatter map covering 66°N to 66°S with an interval of six
days from January 2001 to June 2009. The analysis of four RA2
retracker backscatter results indicates that four RA2 ¢ values
show large variability. The backscatters of the Icel and Sealce
retrackers were larger than those of the Ocean and Sealce and
also showed a significant degree of correlation with each other.
The backscatter from the Ocean retracker was used in merging
with the Jasonl and Jason2 data.

To evaluate the merged altimetry backscatter, we analyzed
the results of three single altimeter and the merged results
at regional patterns and their seasonal variations. The merged
altimetry backscatter results have better spatial sampling than
that of the single one, particularly for spatial heterogeneity
areas with complex terrain. The merged altimetry backscatter
exhibits a stable signal over deserts and rain forest.

We further compared the merged altimetry backscatter with
LAI and scatterometer backscatter to relate the altimetry
backscatter to geophysical parameters with the help of soil and
vegetation model simulations. It was shown that the temporal
variations are consistent with those of LAI derived by the
optical sensor and scatterometer backscatter for seasonal vege-
tation. However, their range of values and responses to seasonal
change can be significantly different. The merged altimetry
backscatter has a larger dynamic range than scatterometer
backscatter, which is not only associated with the leafy part of
vegetation, but also with land cover type, vegetation fractional
cover, structure, sizes, and water content or wet biomass.

Despite its low spatial resolution (km), the usefulness of
the Ku-band in altimetry for monitoring vegetation dynamics
is shown. We have only evaluated the merged backscatter in
a qualitative way by using a simple vegetation model and
by comparing them with LAI Further studies utilizing so-
phisticated model specified for radar altimetry over vegetation

and field geophysical parameter measurements are needed for
the quantitative descriptions on how to derive the important
geophysical parameters, such as aerodynamic roughness.
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