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Abstract A GPS-based method is presented to measure
vegetation water content. Commercially available geo-
detic-quality GPS receivers and antennas are used. The
method is tested using GPS measurements collected over
three field seasons. The GPS data are compared with in situ
data for three plant types: desert grass, wheat, and alfalfa.
The GPS retrievals of vegetation water content are based
on the GPS signal-to-noise ratio (SNR) data. Instrumental
issues that affect the SNR data are discussed, particularly
satellite transmit power variations, footprint variations, and
temperature effects. The amplitudes of the SNR data show
a nearly linear relationship to the water content in grasses
(0-0.5 kg/m®) and wheat crops (0-0.9 kg/m?). As pre-
dicted by theory, this simple linear relationship breaks
down in vegetation with heavy water content, such as
alfalfa. The field results are consistent with forward model
predictions, whose effect restricts the use of this simple
linear model for vegetation to water content of less than
~1 kg/m>.
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Introduction

The primary use of the GPS constellation is real-time
navigation. A much smaller community uses the same
signals with advanced instruments and analysis tools for
precise positioning applications in geoscience fields such
as geodesy, geophysics, and glacier dynamics (Segall and
Davis 1997). Since it was first suggested by Martin-Neira
(1993), reflected GPS signals are also being used by geo-
scientists. Many of the early GPS reflection experiments
were focused on altimetry (Garrison and Katzberg 2000;
Gleason et al. 2005), ocean winds (Garrison et al. 2002),
and soil moisture (Katzberg et al. 2005). Vegetation growth
has also been the focus of many GPS reflection studies
(Egido et al. 2012; Rodriguez-Alvarez et al. 2011, 2012).
While the details associated with how these instruments
were deployed and how the data were analyzed varies, all
were designed to measure reflections. An alternative GPS
reflection method, GPS-IR (GPS Interferometry Reflec-
tometry), uses reflections that are measured by geodetic-
quality GPS instruments. These instruments were not
designed to measure reflections. However, it has been
shown that they provide consistent measurements of upper
surface soil moisture content, snow depth, and coastal sea
level (Larson et al. 2008, 2009, 2013).

Small et al. (2010) first showed a qualitative agreement
between reflections recorded by geodetic-quality GPS
receivers and vegetation growth; however, they did not
attempt a quantitative analysis. We have undertaken a two-
phase effort to investigate vegetation effects in GPS-IR
data. The first effort is model-based (Chew et al. 2014b). A
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bare soil electrodynamic forward model, previously
developed for soil moisture (Chew et al. 2014a), was
modified by adding a one-dimensional, plane-stratified
model for a variety of vegetation canopies. This approach,
which simulates emission from vegetation canopies
(Bindlish and Barros 2001), is distinct from an approach
where individual components such as stalks and leaves are
modeled (Mo et al. 1982). As will be discussed in the next
section, these electrodynamic models predict that GPS-IR
observations will be linearly correlated with vegetation
water content up to values of ~1 kg/m”. Beyond this
value, the relationship for GPS-IR and vegetation water
content becomes nonlinear and can no longer be used to
predict changes in vegetation in a forward sense. Limited
comparisons were made between GPS data and field
measurements for a single year.

In parallel, we have been conducting field experiments
to develop retrieval algorithms for GPS-IR. Since both soil
moisture and vegetation affect GPS-IR data, in situ mea-
surements of vegetation state, precipitation, and soil
moisture were made at the field sites. In order to validate
these retrievals, 3 years of GPS experiments were con-
ducted at multiple field sites. A variety of vegetation can-
opies were sampled, some natural and others crops. Here,
we compare the experimental data for both in situ and
GPS-IR and assess predictions made in Chew et al.
(2014b). We also use this opportunity to explore various
real-world issues related to the GPS instrumentation that
must be resolved if GPS-IR is to be used to reliably mea-
sure vegetation water content.

GPS Interferometry Reflectometry

In the GPS-IR technique, the signal-to-noise ratio (SNR)
data recorded by geodetic-quality GPS receivers are used
to infer environmental characteristics (Larson et al. 2008,
2009). The interference between the direct and reflected
signals produces a characteristic pattern in the SNR data
that depends on the height of the GPS antenna above the
reflecting surface, reflection coefficients for the reflecting
surface, and for vegetation sensing, the water content of the
vegetation. GPS-IR has bi-static radar geometry (Fig. 1).
A GPS satellite transmits primarily right-handed circularly
polarized (RHCP) signals at two frequencies (originally
~ 1.5 and 1.2 GHz; a third frequency was recently added).
For GPS-IR, these will be referred to as the direct signals.
Since a geodetic-quality GPS antenna is designed to pref-
erentially track this direct signal, the RHCP gains are many
orders of magnitude larger than for left-handed circularly
polarized (LHCP) signals. Most of the reflected energy is
converted from RHCP to LHCP, with the degree of con-
version depending on the surface dielectric constant and
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the satellite elevation angle. At elevation angles below 20°,
the RHCP gains begin to taper so that reflections from the
ground surface (negative elevation angles with respect to
the antenna plane) can be suppressed. The choke-ring GPS
antenna used by the geodetic community has very small
LHCP gains in this region and thus does an excellent job of
suppressing reflections from surfaces where there is a
strong conversion from RHCP to LHCP from metal sur-
faces. However, it does a relatively poor job of suppressing
reflections from natural surfaces such as soil and snow.

The GPS observation (RINEX) files report SNR data in
units of decibels assuming a 1 Hz bandwidth, or dB-Hz.
The strength of the direct SNR signal depends strongly on
the following:

1. satellite transmit power
gain pattern of the receiving antenna

3. whether the code on the transmitted signal is public or

encrypted.

Both L1 and L2 signals can be used for GPS-IR. The L1
GPS signal includes both a public and encrypted code. The
geodetic GPS receiver used in this study (Trimble NetRS)
only tracks the public L1 C/A signal. The L2 GPS signal
was originally designed with only an encrypted code.
Because the receiver we used lacks access to the encrypted
code, these L2 measurements have much lower power than
the equivalent L1 measurements. This makes it more dif-
ficult to use older L2 SNR signals for GPS-IR. Beginning
in 2005, GPS began transmitting a new public code on L2
called L2C. Our research is based entirely on these new
L2C signals, as were previous studies for soil moisture and
snow depth (Larson et al. 2008; Larson and Nievinski
2013). Although the L1 SNR data reported by the Trimble
NetRS are noisier than those from L2C (Larson et al.
2010), future studies will incorporate and compare results
for both frequencies.

SNR observations for a typical L2C satellite observed
with a geodetic-quality GPS unit are shown in Fig. 2. The
observed direct signal is represented by the smooth low-
order polynomial fit; it rises in strength by 10 dB-Hz as the
satellite rises from 5 to 40° elevation angle. This rise is due
primarily to a geodetic antenna’s gain pattern. The bottom
panel of Fig. 2 shows the SNR data after the observations
have been converted to linear units, and the direct signal
has been removed with a second-order polynomial. The
residual SNR trace has a distinctive frequency that depends
primarily on the height of the antenna above the reflecting
surface (H,, Fig. 1).

SNR = A(0) * cos <4n)H,, sin 0 + (ﬁ,,)

L

~A *cos(4n)Ho sin 0 + ¢0> (1)
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Fig. 1 Bi-static geometry of
GPS-IR. 0 is elevation angle of
the satellite with respect to the
horizon, and H, is the apparent
height of the GPS antenna phase
center (depicted by the gray
hemispherical dome) above the
reflecting surface
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Fig. 2 a L2C SNR data for one GPS satellite are shown in black. The
direct signal is represented by the smooth curve in blue; b SNR data
with the direct signal removed and converted to a linear scale.
Representative SNR data for the L1 C/A- and L2 P-code GPS signals
can be found in Larson et al. (2010)

Equation (1) is the fixed reflector height model for GPS-
IR. H, has been referred to as the effective reflector height
(Larson et al. 2010). For bare soil conditions and most soil
types, H, varies 0-5 cm as near-surface soil layers become
wet and dry. For soil moisture studies, H, is determined
empirically and fixed; A and ¢, are then estimated using
least squares. Changes in ¢, can then be related to soil
moisture content using electrodynamic models (Chew et al.
2014a, b). For snow and sea level studies, the fixed
reflector height model cannot be used. Instead, H, is esti-
mated using a Lomb Scargle Periodogram to determine the
effective reflector height. This is then converted to snow
depth or sea level height (Larson and Nievinski 2013;
Larson et al. 2013). The soil moisture, snow, and sea level
studies did not use the amplitude information from A.

As noted in the introduction, Chew et al. (2014b) found
that the GPS-IR amplitude data were linearly related to
vegetation water content up to values ~ 1 kg/m?, but then
saturated. This linear relationship is consistent with pre-
vious radar backscatter studies (Macelloni et al. 2001).
Likewise, radar studies have found the power levels satu-
rate beyond a critical vegetation water content value
(Luckman et al. 1997). Beyond vegetation water content of
~1 kg/m?, geodetic GPS instruments sense reflections
from the vegetation canopy itself, not just attenuation; this
means the fixed reflector height model cannot be used.
Finally, this study found that GPS-IR amplitudes are also
sensitive to soil moisture, introducing a 0.1-0.2 kg/m>
error in vegetation water content estimation. These models
predict that bare soil GPS-IR retrievals will have smaller
amplitudes when soil is wet. The reverse is predicted when
vegetation water content >0.5 kg/m? is present, i.e., GPS-
IR amplitude retrievals increase when soil is wet.

Technical GPS issues

Before we can reliably link estimated values of A to veg-
etation water content, we must assess GPS-specific error
sources that influence A:

1. Equation 1 is an approximation; observed SNR ampli-
tudes still retain a small dependence on elevation
angle. This means that inhomogeneities in satellite
tracks such as one that begin tracking at 5° elevation
angle and the other starting at 10° will result in
different estimated values of A. For an ideal GPS
receiver, one would be able to track all satellites in
view from the same minimum elevation angle. How-
ever, many geodetic GPS systems were designed to
track only 8-12 satellites at a time. As the GPS
constellation is currently operating 30 % beyond its
design specifications, many geodetic GPS receivers
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cannot track all visible satellites. They are pro-
grammed to make decisions about the preferred signals
to track. Generally, the choice is made to drop low
elevation angle satellites because these signals produce
noisier position estimates. This means inconsistent
data sets can inadvertently be collected that show time-
varying GPS amplitude signals that have no relation to
vegetation water content. Because this study only uses
L2C signals, we deliberately turned off tracking of 1-2
healthy GPS satellites so that no L2C data were lost.
The choice of which satellite(s) to remove must be
made independently for each site because satellite
geometry is latitude-/longitude-dependent.

2. The GPS system consists of more than 30 satellites,
with new satellites being launched on a nearly yearly
basis. In the last few years, the US Department of
Defense has opted to use power transmission levels
that are ~4 dB-Hz higher for these newer satellites
(Fig. 3). If uncorrected, these new power levels will
result in larger SNR amplitude values for these
satellites, which would bias estimates of vegetation
water content. While not a pervasive effect, we have
also identified a four-day period when the Department
of Defense tested out the flexible power transmission
capabilities of the new L2C satellites. This meant that
power on those days was higher. If these data were not
removed, the GPS amplitude data would have been
interpreted as having lower vegetation water content.

3. Multiple components of a GPS instrument show a
strong sensitivity to temperature, particularly the
antenna preamplifier, cables, and the receiver. The
latter is generally stored in a plastic box near the
antenna, where it is shielded by some, but not all, of
the external temperature extremes. Figure 4 shows
SNR observations for an extreme case. In the winter
example, the air temperature for this satellite track was
—15 °C, while in summer it was 32 °C. There is a
clear bias between the winter and summer data of
~ 1.5 dB-Hz. An analysis of a full year of SNR data
shows that SNR data are strongly correlated with air
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=

Fig. 3 Observed L2C SNR data for six GPS satellites
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temperature (Larson 2013). However, the exact rela-
tionship between the SNR data and air temperature is
difficult to predict because

1. each site has different cable lengths

2. some cables are buried and some are not, and

3. the receivers are shielded from temperature
extremes in different ways.

Even though the temperature bias appears to be large,
once the direct signal component is removed with a poly-
nomial, the discrepancy between summer and winter data is
much less apparent. Figure 4 also shows SNR data cor-
rected for temperature using a linear relationship between
air temperature and SNR. While the raw SNR data agree
much better with each other than the original summer and
winter observations, the improvement for the SNR data
after the direct signal removed is very small.

Finally, the issue of the GPS reflection footprint needs to
be addressed. The GPS-IR footprint for a single rising or
setting satellite depends on H,, and the GPS signal wave-
length; for L2C, the wavelength is ~24.4 cm. It is an
elongated ellipse in the direction of the satellite track
(Larson and Nievinski 2013). As the satellite rises and
elevation angle increases, the Fresnel zone gets smaller and
closer to the GPS antenna. Figure 5 summarizes the gen-
eral features of the Fresnel zones for GPS satellites avail-
able for the time period of 2010-2012. For sites at mid-
northern latitudes, there are no satellite tracks between
azimuths of ~320 and 40°. For sites in natural environ-
ments, all of the satellite tracks in Fig. 5 could be used.
Only the southern tracks will be used in this study because
the farmers requested that we deploy the GPS instruments
at the northern ends of their agricultural fields. We con-
sidered using some of the more easterly and westerly
satellite tracks, but opted not to because the fields on either
side of our agricultural experiments were either fallow or
growing a different crop.

Figure 5 also makes clear that the GPS-IR reflection
footprint is far from homogeneous. For an antenna that is
2 m high and a satellite at elevation angle of 5°, it extends
a radial distance of over 60 m; however, this spatial sam-
pling quickly reduces to ~20 m at an elevation angle of
10°. Standard retrievals using GPS-IR have used elevation
angle ranges of 5-30° to ensure that the frequency of the
SNR data can be reliably retrieved (Larson et al. 2010;
Larson and Nievinski 2013). This means that a large per-
centage of the data are collected within 10 m of the
antenna. The sampling footprint can easily be increased in
size by raising the height of the GPS antenna, but this does
not make the footprint homogeneous.

Previous GPS-IR analyses have assumed that the Fresnel
zones for a reflection experiment do not vary. Figure 6
shows that this is a good assumption. Except for one
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Fig. 4 Representative SNR data showing the impact of temperature
corrections. a L2C SNR data in dB-Hz for the Sevilleta grasslands site
for representative winter and summer days; b L2C SNR data
corrected assuming a linear relationship between SNR data and

satellite, the GPS-IR footprint varies by only 3-5 m. In
2010, satellite 15 shows a spread of ~ 10 m in its footprint.
This is indicative of orbit maneuvering by the US
Department of Defense. This was the only significant
change between 2010 and 2012 for the 7 satellites used in
this study.

The analysis of the GPS SNR data in this paper can be
summarized as follows:

1. For each day, the direct signal of the SNR data for the
satellite tracks (Fig. 2) was removed with a second-
order polynomial. The residual, using a linear scale,
was fit to Eq. (1), i.e., the fixed reflector height model.
Least squares was used to estimate A and ¢,. The
effective reflector height that defines H, for each
satellite track was estimated using ~ 30 days of bare
soil conditions and fixed throughout.

To remove effects of variable transmit power, the
estimated amplitudes for each satellite track were
normalized relative to their bare soil values (A,orm = A/
Aparesoil)- Thus, normalized amplitude values of 1 are for
bare soil.

3. A daily amplitude value was then constructed using the
mean of the individual normalized satellite amplitudes.
For agricultural sites, the data before and after the
fields were plowed were discarded because this
changes surface roughness and effective reflector

30

15 20
Elevation angle (degrees)

30

temperature; ¢ SNR data converted to a linear scale with direct signal
removed; d temperature-corrected SNR data converted to a linear
scale with direct signal removed. A 15-point smoother has been run
on the linear scale data

height. For all sites, data impacted by snow were
removed.

GPS data

We used data from five sites in this study. Two GPS
receivers were deployed at the Sevilleta Long-Term
Ecological Research Station (http://sev.lternet.edu). These
sites are approximately 100 km south of Albuquerque,
New Mexico. One GPS receiver measured desert grass-
land, and the other receiver was installed on shrubland.
The remaining field sites were located near to Boulder,
Colorado, which is ~50 km northwest of Denver. The
first site, Marshall Field, has vegetation characterized as
short-grass steppe. The other GPS receivers were
deployed in agricultural fields. One of these sites was
planted with alfalfa in each of the years from 2010 to
2012. The crop was harvested 3—4 times each summer.
The other site was located near a wheat field in 2010 and
2011 and an oat crop in 2012. For simplicity, we will
always call this the wheat site. Only one crop is harvested
each year at the wheat site; it is not irrigated. All of the
sites had identical GPS equipment: a Trimble netRS
geodetic-quality dual-frequency receiver. The choke-ring
antenna was covered by a radome. The receivers all
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Fig. 5 The footprint of the GPS method is approximated by the first
Fresnel zone. This depends on the satellite azimuth and height of the
antenna above the reflecting surface. Top first Fresnel zones computed
for an elevation angle of 5° for a GPS antenna that is 2 m tall and
situated at Marshall, Colorado. The satellite numbers used in this
study are shown on the left. The GPS antenna is located at the
coordinates 0.0. Dashed lines indicate Fresnel zones for satellites
tracks that are not used; Botfom Fresnel zones for elevation angles of
5, 10, 20, and 30°. The GPS antenna is again located at the
coordinates 0.0

operated at 1 sample per second and tracked the new L2C
signal as well as the legacy L1 and L2 signals. The
antennas were 2-2.4 m above the ground. As will be
discussed later, there were drought conditions in Boulder
in 2012. This significantly affected all the data collected
in Boulder that year.

Temperature, precipitation, and soil moisture data

Temperature and precipitation were measured every 5 min
with a Vaisala WXT520 sensor collocated with the GPS
receiver. Soil moisture was measured every 30 min at
depths of 2.5, 7.5, and 20 cm using Campbell Scientific
616 soil moisture probes. Typically, five sensors were
placed at 2.5 and 7.5 cm, and two sensors were placed at
20 cm. The soil moisture sensors were placed within the
GPS footprint.
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In situ vegetation data

During the growing season at the Boulder sites, in situ vege-
tation data were measured on a nearly weekly basis (Fig. 7). A
30 cm by 30 cm quadrat was thrown randomly in 7 different
locations within 7-35 m from the GPS antenna. The distances
and azimuths were recorded. For each vegetation sample, the
plants within the quadrant were clipped and weighed imme-
diately. This will be called the wet weight. The samples were
bagged, dried in an oven for 48 h at 50 °C, and then weighed
again; this is the dry weight. Vegetation water content is the
difference between the wet weight and dry weight. It should be
noted that the sampling procedure changed between 2010 and
the following years. In 2010, we sampled between 7 and 75 m
from the GPS antenna, whereas in subsequent years, we only
sampled between 7 and 35 m (as stated above). This was due
to the fact that at the end of 2010, we refined our Fresnel zone
estimates and concluded that most of the reflected signal was
actually coming from closer to the antenna. We also collected
in situ vegetation data more frequently in 2011 and 2012 than
we did in the first field season.

Although we compute statistics for these in situ vege-
tation measurements, we cannot expect the means or
standard deviations to completely characterize the state of
vegetation on any given day. The natural environment
surrounding most GPS antennas includes widely varying
vegetation cover, even within one field site. The inhomo-
geneous vegetation that exists is not guaranteed to follow a
normal distribution, and seven samples are not enough to
determine whether any such distribution exists. However,
taking more samples could have significantly altered the
field sites over time and thus altered our conclusions in this
study. Despite this, we do see seasonal variations in our
vegetation measurements and therefore use them to inter-
pret our results in a general sense.

Vegetation height was also measured at each site. For
these measurements, we recorded the 90 % canopy height.
This was done so as to minimize anomalously high mea-
surements that could have been caused by reporting the
absolute maximum height. Figure 7 summarizes the in situ
vegetation measurements. At Marshall, the vegetation
water contents peaked at ~0.5 kg/m* in 2010 and 2011,
but show almost no growth during the drought year in
2012. Average height values are below 40 cm. At the
wheat site in 2010-2011, water content values range from 0
to 0.9 kg/m” and peak heights were also slightly higher
than at Marshall, ~80 cm. However, the wheat crop in
2012 was drastically impacted by the drought, with sig-
nificantly lower heights and water content. At the alfalfa
field, vegetation water content measurements are almost
ten times higher, reaching as values of 4.5 kg/m?. This is
because the farmers irrigate the alfalfa field, but not the
wheat field. Vegetation heights peaked at ~100 cm.
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Fig. 6 First Fresnel zones computed each month for the years 2010 and 2011 at Marshall Field, Colorado. The assumed antenna height is 2 m,
and the elevation angle depicted is 5°. Satellite numbers are given below the Fresnel zones

Fig. 7 In situ field
measurements of vegetation
water content and vegetation
height. Each measurement is the
mean, and the error bar
represents the standard
deviation of the individual
measurements. Gray lines
indicate the approximate timing
of the crop harvest

Results

Following the protocol described in the previous section,
time series of normalized GPS amplitude for each GPS
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satellite were estimated for each field site for the years
2010, 2011, and 2012. Before assessing the relationship

between mean GPS amplitudes and vegetation growth, we
will first use these time series to assess the internal
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Fig. 8 Normalized GPS amplitudes are evaluated for satellite and
temperature biases. Left comparison of normalized amplitude retri-
evals for satellites 5 and 29 at Marshall Field between 2010 and 2012;

consistency of the solutions. The average normalized GPS
amplitudes will produce an unbiased estimate of amplitude
if the individual satellite track retrievals are themselves
unbiased. This assumption can be tested by assessing the
agreement between individual satellite amplitude retri-
evals. Figure 8 compares the normalized amplitude retri-
evals over 3 years for satellites 5 and 29 at Marshall Field;
these satellites have adjacent footprints. There is a small
bias in the normalized amplitude units of 0.05 for all
3 years. Although the temperature dependence appeared to
be small, we also compared 3 years of solutions for Mar-
shall Field. The impact of an uncorrected temperature bias
is even smaller, 0.0l in normalized amplitude units
(Fig. 8).

Representative GPS amplitude time series for the four
field sites (Sevilleta shrublands, Marshall, wheat, and
alfalfa) are shown in Fig. 9. Sevilleta amplitudes vary little
from a bare soil value of 1. This is consistent with a limited
number of in situ measurements made in 2010, where
vegetation water content was ~0.01-0.02 kg/m?. The
largest amplitude excursions in the GPS amplitude time
series coincide with soil moisture variations (not shown)
that are the result of precipitation events. As predicted, soil
moisture variations at a bare soil site like Sevilleta produce
decreases in GPS amplitudes. To emphasize this point,
timing for large precipitation events is plotted as gray
vertical lines along with the GPS amplitudes. The lower
panel shows the dominant effective reflector height esti-
mated using the Lomb Scargle Periodogram relative to the
A we used in the fixed reflector height model and estimated

@ Springer

Marshall Field
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using least squares. At the Sevilleta site, effective reflector
height varies by less than a centimeter—and only at times
when the precipitation gauge indicates that it rained. This is
consistent with electrodynamic forward models (Zavorotny
et al. 2010; Chew et al. 2014b). At Marshall, the normal-
ized GPS amplitudes (Fig. 9) roughly agree with the
growing cycle seen in the in situ vegetation data (Fig. 7). In
contrast to Sevilleta, changes in effective reflector height
are more pronounced at this site, as was noted in a previous
soil moisture paper on the Marshall site (Larson et al.
2010).

At the wheat site, the GPS amplitudes are consistent in
timing with the measured vegetation water content data.
However, those GPS amplitude changes are mirrored by
changes in reflector height variations. As the wheat crop
grows, the estimated reflector height gets closer to the
antenna by 3—4 cm. It returns closer to its initial value after
the crop is harvested. There are also large positive ampli-
tude excursions at the wheat site at ~day of year 175 and
190. These are also days with large precipitation events.
Again, this is consistent with model predictions for soil
moisture variations with a vegetation canopy (Chew et al.
2014b). After the wheat crop has been harvested (and the
field better approximates bare soil), precipitation events are
accompanied by decreases in GPS amplitudes.

Finally, we examine the GPS amplitude retrievals for
alfalfa. Except for a few weeks between each of the alfalfa
crops, the dominant reflector height is far from the effec-
tive reflector height used to estimate those amplitudes. In
other words, the constant reflector height model used to
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Fig. 9 Normalized GPS amplitudes are compared with precipitation
and reflector height changes. Top panels normalized GPS amplitudes
for the Sevilleta shrubland, Marshall, wheat, and alfalfa sites in 2011;
middle panel: daily precipitation values; bottom: estimated effective

derive these amplitudes is invalid because the reflector
height used in least-squares estimation of amplitude is not
close to the dominant reflector height in the SNR data. We
can see more detail of how the constant reflector height
model breaks down in Fig. 10. Here, the estimated reflector
height values are plotted as a function of the in situ veg-
etation water content. When the vegetation water content
value is low (0-0.5 kg/m?), GPS amplitude values are
relatively close to bare soil values (0.8-1.0). However, as
vegetation water content increases, the GPS amplitudes
quickly drop, and the dominant effective reflector height
observed in the SNR data moves closer to the antenna, i.e.,
in the direction of vegetation growth. Again, this result is
consistent with forward models (Chew et al. 2014b)
Figures 11 and 12 summarize the amplitude—vegetation
water content relationship for the Marshall and wheat
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reflector height. Note change in the reflector height change scale for
the Alfalfa field. Large precipitation events for the Sevilleta and
wheat sites are highlighted by gray lines in the amplitude time series

fields. The uncertainties shown are based only on the
standard deviation of the observations. While the mea-
surements in 2011 are fairly consistent, the 2010 mea-
surements show very poor agreement between the GPS
results and in situ data. While the measurement protocol
changed between 2010 and 2011 to emphasize the region
closer to the GPS antenna, it is not clear that this is
responsible for the discrepancy. The in situ measurements
in 2010 were also less precise than in subsequent years.
There is almost no measured vegetation water content in
2012. Using all 3 years of data, the R? value is 0.3. The
wheat data show a much stronger correlation between the
GPS and in situ data, with a R? 0.7. Some of the misfit
between GPS and the in situ data is caused by soil moisture
variations. This error is predicted to be on the order of
0.1-0.2 kg/m?. These field studies would translate to an
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error of 10-20 % for vegetation water content estimates
(Chew et al. 2014b).

The amplitudes of GPS SNR data are clearly sensitive to
vegetation growth in general, and vegetation water content
specifically. However, SNR data are also sensitive to soil
moisture content, which complicates our ability to isolate
vegetation water content. Furthermore, the gain pattern of a
geodetic antenna is a significant restriction on using this
system for vegetation monitoring. GPS-IR applications
such as snow depth and sea level were primarily geometry-
driven, meaning that the frequency of the SNR interference
pattern was used. SNR phase retrievals have also been
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Fig. 10 Change of effective reflector height estimated for the alfalfa
field in 2011 is compared with normalized GPS amplitude. Color
coding at top shows interpolated values for measured vegetation
water content

Fig. 11 GPS amplitude—

vegetation relationships for the
Marshall field. From left to right
water weight, dry weight, and
height. Both the GPS 1
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shown to be robust for soil moisture (Larson et al. 2010;
Chew et al. 2014a, b). However, SNR amplitudes are
sensitive to multiple factors. This makes it difficult to
uniquely derive vegetation water content using GPS-IR.
While a geodetic GPS receiver could still be used, an
antenna that was designed to measure vegetation growth—
analogous to the ones used by in GPS vegetation moni-
toring experiments (Rodriguez-Alvarez et al. 2011; Egido
et al. 2012)—would yield much stronger results. One side
benefit of the GPS SNR amplitudes and associated effect
reflector heights shown here is that they can be used to
identify times when soil moisture estimates derived using
GPS-IR have been contaminated by vegetation growth. In
fact, the amplitudes and reflector height variations shown
are being used for quality control of soil moisture estimates
derived from a large GPS network in the western USA
(Larson and Small 2013).

Conclusions

This study assesses the agreement between GPS reflection
data and measured vegetation water content for 3 years of
data from natural environments and agricultural fields. The
GPS instrument used in the experiments is not designed for
vegetation sensing; it is most typically used by geodesists
and surveyors. A normalization method is proposed to
minimize the effect of satellite track inhomogeneities. The
influence of temperature on the GPS data was evaluated
and found to be small compared to the typical noise in the
GPS SNR data. The GPS data are sensitive to the water
content in plant types such as desert grasses and agricul-
tural crops such as wheat. However, the very simple model
used to model variations in amplitude breaks down in high
water content crops such as alfalfa. This is consistent with

Marshall Field
120
1.2} Dry Weight 58}(1) i
i ry g 5012 Height
100
1
0.8 80
€
5 0.6 £ 60
4
0.4 40 {
0.2
20
0 4
0
1 0.8 06 04 02 1 0.8 06 04 02

Norm. GPS Ampl. Norm. GPS Ampl.



GPS Solut

Fig. 12 GPS amplitude—

vegetation relationships for the

wheat field. From left to right 1.21 Water Weight
water weight, dry weight, and

height. Both the GPS 1
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model predictions (Chew et al. 2014b), restricting its use
for vegetation water contents of less than ~ 1 kg/m?.
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