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Sensing vegetation growth with reflected GPS signals

Eric E. Small,1 Kristine M. Larson,2 and John J. Braun3

Received 18 February 2010; revised 2 April 2010; accepted 26 April 2010; published 16 June 2010.

[1] Estimates of vegetation state are required for
hydrometeorological modeling and validation of satellite
estimates of land surface conditions. A linkage is
described between vegetation growth and ground reflected
multipath at GPS stations. Reflections are sensitive to
conditions over a ∼1000m2 area, larger than typical in situ
observations but smaller than space‐based products. At
two agricultural test sites, vegetation height and water
content are inversely correlated with the magnitude of
ground reflected multipath measured by geodetic‐quality
GPS stations. This relationship was tested further at Plate
Boundary Observatory (PBO) network GPS sites, using
Normalized Difference Vegetative Index (NDVI) to gauge
vegetation status. NDVI is inversely correlated with the
magnitude of multipath at nine sites located in grassland,
shrubland and cropland. Multipath variations lag NDVI by
approximately three weeks. Multipath statistics from
existing sites are calculated daily and could be used to
estimate biophysical properties in non‐forested regions,
which represent ∼80% of land area. Citation: Small, E. E.,
K. M. Larson, and J. J. Braun (2010), Sensing vegetation growth
with reflected GPS signals, Geophys. Res. Lett., 37, L12401,
doi:10.1029/2010GL042951.

1. Introduction

[2] Measurements of vegetation state are required for cli-
mate and hydrologic modeling applications [Sellers et al.,
1986], validation of satellite estimates of land surface con-
ditions [Njoku and Entekhabi, 1996], and testing of ecohy-
drological hypotheses [Rodriguez‐Iturbe, 2000]. Remote
sensing using microwave radar is one approach for doc-
umenting vegetation growth. Unlike optical methods, radar
measurements are not hindered by cloud cover or time of day.
In the microwave wavelengths, radar signals are sensitive to
surface roughness and the water content of vegetation and
surface soil [Ulaby et al., 1986]. Therefore, the primary
challenge when using microwave data for vegetation studies
is removing the effects of soil moisture and surface roughness
[Brakke et al., 1981; Prevot et al., 1993; de Roo et al., 2001].
Vegetation mapping via Synthetic Aperture Radar (SAR), at
L‐ and C‐bands, is similarly complicated by the effects of soil
moisture and surface roughness [Hill et al., 1999; Paloscia et
al., 2004]. Although active microwave sensing can be used to
estimate biophysical parameters, this type of data is not cur-

rently used to monitor changes in vegetation status at high
frequencies (i.e., daily). Space‐borne SAR is used for one‐
time surveys [Shupe and Marsh, 2004] or multi‐temporal
analyses with repeat times ofmonths or longer [e.g.,Minchella
et al., 2009].
[3] GPS satellites transmit L‐band signals similar to those

used in active microwave radar applications. GPS was first
proposed as a remote sensing tool by Martin‐Neira [1993].
In this configuration, reflected GPS signals (known as
multipath) are tracked by a specially designed GPS receiver/
antenna system flown on an aircraft or satellite. Two GPS
antennas are used: one tracks the direct signal from the sat-
ellite and the other antenna faces the Earth to track the
reflected signal [Katzberg et al., 2006]. Larson et al. [2008a]
proposed that geodetic‐quality GPS instruments optimized to
track the direct signal could also be used to measure reflected
GPS signals: changes in the interference pattern between the
direct and reflected signals are used as a remote sensing
observation. Validation of this hypothesis was subsequently
demonstrated for shallow soil moisture variations [Larson et
al., 2008b] and snow depth [Larson et al., 2009] where
multipath oscillations were characterized using the signal
to noise (SNR) data recorded for the new GPS L2C signal
[Misra and Enge, 2006]. In both test cases, the retrieval
methods relied only on observing changes in frequency of the
interference patterns caused by ground reflections and not on
changes in amplitude.
[4] Here, we describe how GPS multipath amplitude var-

iations can be used to estimate biophysical parameters. The
dataset is from continuously operating GPS sites (Figure S1
of the auxiliary material) that were primarily installed for
geophysical studies.4 As vegetation grows, reflected GPS
signals are reduced. This effect can directly be observed in the
SNR observations, but it is also summarized by a noise sta-
tistic that is calculated daily by existing GPS networks. We
first examine the effect of vegetation on GPS reflections in
two controlled experiments to isolate the vegetation signal.
Then, we show how multipath data from existing GPS net-
works is correlated with well‐studied vegetation indices such
as NDVI.

2. Vegetation Effects on GPS Multipath: Field
Experiment Results

[5] During the 2009 growing season, we recorded GPS
data and measured vegetation height and water content at
both a hay field and a corn field in Boulder County, Colorado.
We selected these sites for two reasons. First, scheduled
agricultural manipulations (planting, cutting, etc.) allowed us
to isolate the effects of vegetation growth on GPS multipath.
Second, plants with geometries like grasses and corn interact
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differently with microwave signals, due to the presence of
vertical corn stalks [Ulaby et al., 1986]. Therefore, we more
fully test the utility of GPS for vegetation sensing by com-
paring how these distinct plant types influence multipath. The
GPS receiver and antenna were chosen to correspond to those
used by the Plate Boundary Observatory (PBO), a network
of 1100 stations in the western U.S.We describe comparisons
between additional vegetation types and GPS multipath
below. Ancillary data were collected to quantify the impor-
tance of changes in soil surface roughness, soil moisture
content, and precipitation. The environment around both
sites was heterogeneous in terms of vegetation cover and
engineered structures. Therefore, we restricted the GPS
analyses so that they only included data from the azimuth
directions whose footprints matched the azimuth directions of
the hay field and the corn field.
[6] Vegetation was sampled weekly at both sites. At the

hay site, we clipped and bagged all plant material in six 20 x
20 cm, randomly selected quadrats. Vegetation height was
measured by estimating the 90th percentile height in each
quadrat (i.e., outliers were ignored). At the corn site, we
removed 6 corn plants by clipping them at the soil surface.
The height of each plant was measured. All samples were
weighed immediately after clipping, subsequently oven
dried at 50° Celsius for 48 hours, and reweighed. Biomass
and vegetation water content (VegWC, kg m−2) were cal-
culated, using the sampling area at the grass site and the
stalk density at the corn site. There was substantial vari-
ability in VegWC at the hay site due to the inclusion of
alfalfa plants (which had greater biomass) in roughly half of
the selected quadrants.

[7] At the hay site, plant height and VegWC both
increased from mid April until the initial harvest on day of
year (DoY) 181 (Figure 1). The second growth period was
characterized by smaller changes in grass height andVegWC.
In contrast, alfalfa grew at a rate similar to the first period,
resulting in greater variability in this portion of the hay height
and VegWC records. The cornfield was devoid of vegetation
(corn and weeds) until DoY 170, when the seedlings first
became visible. Over the next 40 days, the corn grew to its full
height of 200 cm, and remained at that height until the harvest
began onDoY 230. The increase in VegWC is correlated with
plant height. The harvest began on DoY 230 and continued
for two weeks. During the harvest, paths were cleared for
trucks and hand harvesting, leaving some stalks standing and
other stalks bent over. As a result, there was more variability
in corn height than earlier in the season. VegWC decreased by
a factor of 3 after the start of the harvest, both because of the
effects of harvesting and because irrigation was stopped
around DoY 215 (Figure 1).
[8] Representative multipath oscillations at the two

experimental sites are shown in Figure 2. At the hay site
(Figure 2a), SNR data are shown before and after the field
was mowed and baled (DoY 231 and 232). As expected,
there is a clear change in amplitude of the SNR data for
these two days. At low elevation angles, where the GPS
footprint is largest, the SNR multipath amplitude is 55%
greater after mowing than it was with vegetation. The effect
of vegetation on the reflected signal is consistent with
models of L‐band signal propagation [Ulaby et al., 1986]
and experimental data [Katzberg et al., 2006].
[9] Vegetation effects in GPS data can also be clearly seen

at the corn site (Figure 2b), even though the scattering

Figure 1. (a and e) MP1rms, (b and f) vegetation height, (c and g) vegetation water content, and (d and h) precipitation
(mm) and volumetric soil moisture content measured by the average of 5 sensors at a depth of 2.5 cm. (left) Hay site and
(right) corn site. The corn harvest—shown as the gray boxed region—lasted two weeks.
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