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2-cm GPS altimetry over Crater Lake
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Abstract. Differences in electromagnetic path delay, be-
tween direct Global Positioning System (GPS) signals and
those reflected from the surface of Crater Lake, have led to
lake surface height estimates with 2-cm precision in 1 sec-
ond. This is the first high-precision altimetric demonstra-
tion with GPS from sufficient altitude (=~ 480 m) to probe
fundamental experimental errors, which bear on future air-
and spaceborne passive GPS altimetry. It also serves as the
first demonstration of a new approach to altimetric remote
sensing in the coastal region, an area that is poorly mea-
sured by conventional radar altimetry. Time-series analy-
ses suggest that tropospheric and thermal noise fluctuations
dominate the altimetric error in this experiment. Estimat-
ing the differential delay from several simultaneously visi-
ble satellites may enable tropospheric error estimation and
correction. Thermal noise on the reflected signal will be
reduced with fully polarimetric observations and larger an-
tenna apertures.

Introduction

The spatio-temporal structure of mesoscale eddies bears
on ocean circulation and consequently on climate variabil-
ity. These structures are unresolved in both space and
time by current remote sensing techniques. Observations
of sea surface temperature (e.g., from the Advanced Very
High Resolution Radiometer [Cornillon et al., 1987]) are
frequently contaminated by clouds in the atmosphere, cre-
ating large spatial and temporal gaps in the remote sensing
of temperature used to characterize eddies. Conventional
satellite radar altimetry measures the sea surface height at
high spatial resolution along its ground track (e.g., 7-km
for TOPEX /Poseidon [Fu et al., 1994]). However, the cross-
track distance is usually quite large (e.g. on the order of 300
km for TOPEX /Poseidon). This spatial resolution, coupled
with the 10-day repeat orbit of TOPEX/Poseidon, for exam-
ple, is too coarse to monitor the evolution of ocean eddies.
While the proposed wide-swath altimeter [Rodgriguez et al.,
2001] will improve the spatial coverage, the temporal reso-
lution is still 10 days, which is too long to track mesoscale
ocean features.

Because Global Positioning System (GPS) signals are al-
ways globally present, and GPS receiver technology is in-
expensive, the differential path delay of direct and ocean-
reflected GPS signals, enabling passive altimetry from air-
and spaceborne receivers, can potentially fill the spatio-
temporal gaps of existing techniques [Marti/n—Neim et al.,
2001]. Coupling spaceborne GPS altimetry with conven-
tional altimetry has the potential to greatly improve the
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remote sensing of mesoscale eddies. Establishing an error
budget for GPS altimetry requires diverse experiments, con-
ducted with ground-based, airborne, and eventually space-
borne receivers. Experiments with ground-based receivers
isolate errors due to atmospheric (if the receiver is high
enough over the surface) and instrumental effects, as well as
those due to surface roughness. Ground-based experiments
turn off errors due to platform motion.

While previous reports of reception of ocean-scattered
GPS signals have demonstrated low-altitude, ground-based
altimetry [Marti/n-Neim et al., 2000, 2001; Anderson, 1996],
the first spaceborne detection (not altimetric) [Lowe et al.,
2001a], and the first airborne altimetry [Lowe et al., 2000],
this ground-based experiment, conducted at 480 m above
Crater Lake in Oregon, probes atmospheric and instrumen-
tal effects. The Crater-Lake experiment isolated these two
error sources, as surface roughness was not a big effect over
the lake, and the scattered signal could be considered a co-
herent reflection. Quantifying these two basic error sources,
which will affect all other types of GPS altimetry, is the first
step in building an error budget.

In addition to beginning to establish the GPS altimetry
error budget, this experiment demonstrates a cm-level phase
measurement at low elevation angle from a fixed observa-
tion point, a technique which can potentially be applied to
altimetry of the first 10-20-km of the coastal ocean. Contin-
uous, high-accuracy GPS coastal altimetry will complement
conventional altimetric sensors, the accuracy of which de-
grades near the coast.

Experiment geometry and data
acquisition

The experiment at Crater Lake, in Central Oregon, was
performed from the Cloudcap Lookout point about 480 m
above the lake surface, as indicated in Figure 1. The funda-
mental observation for inferring the differential altitude of
Cloudcap and the surface of Crater Lake is the difference in
the propagation time of the reflected and direct signals. To
sub-centimeter accuracy, this differential delay 74:5(¢, sat)
at time t for a given satellite is the difference between the
path length of the reflected signal, r,, and the direct signal,
rq, divided by the speed of light, ¢, plus error terms:

Tr — T4

Taif (t, sat) = + €cycie(sat) + €(t, sat)

— 2P inot, sat) + Tewree(0(t,5at)) (1)
[

+<Tzenith>m(0(t7 Sat)) + ecycle(sat) + E(t, sat)

where h is the differential altitude of the receiver and the
lake surface. In (1), 0 is the elevation angle of the GPS
satellite above the local horizontal at the receiver, Tcyrve is
the delay correction due to Earth curvature (the first term
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Figure 1. The geometry of the Crater Lake experiment from
the Cloudcap Lookout. The direct path length from the satellite
to the receiver is r4. The arrows from 7, point to the two parts
of the reflected path length.

alone describes the flat-Earth path delay), <Tzem-th> is the
average zenith tropospheric delay, and m(0) is a function
which, when multiplied by the zenith delay, gives the differ-
ence in tropospheric path delay between the reflected and
direct signals. It is based on the mapping function of Niell,
1996. In (1), ecycie is an error equal to an integer number of
GPS carrier wavelengths over the speed of light, because, as
suggested below in (2), 74if is a phase delay determined only
to a fraction of a GPS carrier cycle. In (1), € is the delay er-
ror due to instrumental noise or unmodeled physical effects,
such as tropospheric fluctuations. All time and satellite de-
pendences are explicitly shown. An antenna was deployed
with its axis pointing toward the lake, a few degrees below
the horizontal, in order to receive both the direct and the
reflected signals. Both signals were received at right-circular
polarization, which is optimal for the direct signal and the
reflected signal at very low elevations.

The raw analog GPS signal at the L-band carrier fre-
quency, 1.57542 GHz, was frequency down-converted and
digitized by the front end of a modified Turbo Rogue receiver
[Meehan et al., 1992], and a single channel was recorded us-
ing a Sony SIR-1000 recorder. The recorded signal, which
contained both direct and reflected contributions, was cross
correlated with reference functions in software [Lowe et al.,
2001b]. The amplitude and phase signatures in the cross
correlation, due to interference of the direct and reflected
signals, as a function of lag, were the principal observations
from which 74;5 in (1) was estimated, as discussed in the
next section.

Estimation of the differential delay

This section describes the estimation of the differential
delay, from which (see (1)) the altitude of the receiver above
the surface will be estimated. In order to estimate the differ-
ential delay, the cross correlation of the incoming signal con-
taining the direct and reflected signals with reference func-
tions is expressed in terms of 74;¢, as shown in (2). For
reference functions offset by 7; for the i** lag, the complex
cross correlation «(7;) in the absence of cycle error and noise
1S:

'y(n) = ei¢° [AdA(Tl - To)
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+Areiko(rT—rd)A(Ti — 70— Tr — Td)]
(&

= ei¢>0 [AdA(Ti — To) + AreiondifA(Ti — T0 — Tdif)] (2)

where wy is the L-band angular carrier frequency, 2w x 1.57542
GHz, ko is the carrier wavenumber wq/c, and ¢o is korq plus
an arbitrary phase offset from the satellite. In (2), A is the
triangular autocorrelation of the GPS code as a function
of lag offset [Spilker, 1980], and 7o is the lag offset at the
peak of the cross correlation function for the direct signal.
The amplitude of the direct satellite signal is A4, and A, is
the amplitude of the reflected signal, which depends on the
product of the smooth-surface, Fresnel reflection coefficient
(e.g.[Jackson, 1975]) and a term representing the amplitude
loss of a coherently reflected wave due to surface roughness
[Beckmann and Spizzichino, 1963; Miller et al., 1984].

Eq. (2) shows that the complex cross correlation depends
on the parameters 74;¢, Ad, 70, Ar , and ¢o. Standard ap-
proaches to nonlinear parameter estimation of geophysical
parameters from remote sensing data (e.g. [Hamilton, 1964,
Treuhaft and Siqueira, 2000]) were applied to estimate these
five parameters for each 0.02-second data interval from a set
of cross-correlation data from all lags (60 for the C/A code
used) in which the signal is nonzero.

Altimetry results and errors

The altimetric parameter h(t) is estimated from 745 us-
ing the model (2) for each time point (0.02 seconds apart)
and satellite. A single <Tzem-th> and an €cycle parameter
for each satellite are estimated for a 12-minute interval us-
ing (1). The altimetric height parameter is allowed to vary
with time and satellite to explore the altimetric error, and
to facilitate estimating the other two parameters, which are
derived under the constraint of making the slope of h(t) as
close to zero as possible. In order to determine <Tzem-th>
and €cycre, two sequences of 745 estimates from two differ-
ent satellites were required. The satellites, identified by their
pseudo-random-noise (PRN) number, were PRN 14 (7.5° to
11.2° elevation) and PRN 31 (23.8° to 20.1° elevation).
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Figure 2. The differential altitude of the receiver at Cloudcap
Lookout and the surface of Crater Lake, as determined from GPS
reflection data from satellite PRN 14 (black) and PRN 31 (gray)
at 1-second intervals. The right-hand ordinate shows the relative
lake surface height, with 482.15 m subtracted from the lefthand
ordinate. For 1-second data points rms height fluctuations were
2.8 and 2.1 cm for satellites PRN 14 and PRN 31, respectively.
For 12-second data points, altimetric height fluctuations were 2.6
and 1.1 cm, respectively.
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Figure 3. The structure functions of the zenith tropospheric
delay as determined from PRN 14 and PRN 31.

Figure 2 shows the time series of the differential alti-
tude of Cloudcap and the surface of Crater Lake, h(t), for
each satellite, for one-second averaging (fifty 0.02-second
points). The right-hand ordinate shows the relative lake sur-
face height. The caption indicates that approximately 2-cm
precision was achieved in 1 second with the high-elevation
PRN 31 alone, and less than 3 cm was achieved with PRN14
alone. The best-fit common zenith tropospheric delay pa-
rameter was 1.85 m light travel time, and the average heights
from the two satellites agreed to within a few millimeters
over the 12-minute span shown.

In order to derive an error budget for the fluctuations
in h(t) in Figure 2, a time-series analysis of the zenith tro-
pospheric fluctuation [Treuhaft and Lanyi, 1987] was per-
formed. The fluctuation, the difference between the actual
effective zenith troposphere at time ¢ and the average pa-
rameter estimated from the data, from (1), is

h(t) = (h(t))

m(0)
= ATzenith (t) (3)

Tzenith(t) - <Tzenith> - 2sin 6

where the brackets indicate ensemble average, but ergodicity
is assumed and the time average of the height parameter is
used, and A7.cnitn is defined by (3). The structure function
used to interpret the time series is defined as

Stucture Function(T) =
< (ATzenith (t + T) - ATzenith (t)) 2> (4)

The structure function is flat as a function of the time inter-
val argument T for white, uncorrelated noise, such as ther-
mal instrumental noise. For tropospheric fluctuations, the
structure function is proportional to 7%, where a is between
2/3 and 5/3 [Treuhaft and Lanyi, 1987]. The structure func-
tion of AT.enitn is shown in Figure 3, for satellites 14 and
31. It shows that the low-elevation PRN 14 tropospheric
fluctuation has a slope of ~ 0.75 for much of the spanned
time intervals, consistent with tropospheric behavior. The
higher-elevation PRN 31 fluctuation is seen to be flat, and
is consistent with being dominated by thermal instrumental
noise, and not by the troposphere.
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Conclusions and the Impact of this
Experiment on Future GPS Altimetry

A ground-based GPS altimetric experiment over Crater
Lake yielded the first 2-cm-level precision at high receiver
altitude. This first step in establishing an error budget for
GPS altimetry suggested that tropospheric fluctuations and
thermal instrumental noise dominated the altimetric error.
Future ground-based experiments over the ocean will add
the effects of ocean roughness to the error budget. Airborne
experiments underway will further quantify errors associ-
ated with platform motion and a large footprint. Eventual
spaceborne experiments will explore the effects of a much
larger footprint.

In the analysis of this experiment, a physical model of
the complex GPS cross correlation was used to extract the
differential delay of the reflected and direct signal. The es-
timated differential delay depends on the altitude of the re-
ceiver above the water surface and other parameters. Height
parameters were estimated for each of two GPS satellites.
For 1-second averages, 2-cm precision was realized for the
high-elevation-angle satellite. A single tropospheric param-
eter was estimated for the entire 12-minute interval, and
a time-series analysis of fluctuations about that parameter
suggested that the low-elevation satellite was dominated by
tropospheric fluctuations, while the high-elevation satellite
was dominated by thermal noise, most likely from the re-
ceiver.

Future air- and spaceborne GPS altimetry may benefit
from the model-based approach to extracting the differential
delay presented in this paper. For ocean applications, this
model will have to be modified to include roughness correc-
tions, perhaps with additional roughness parameters. Full
polarimetric reception of the reflected signal will help future
experiments of this type to increase the signal strength at
higher elevation angles. Multiple satellite signals can poten-
tially be used simultaneously in future demonstrations to
reduce the effect of tropospheric fluctuations and thermal
noise on the altimetric parameters.

Future ground-based deployments of GPS antennas and
receivers will use the low-elevation interference signatures in
this experiment over the ocean. Low-elevation, low-altitude
( 20-m) observations have been used to demonstrate local
tide-gauge GPS applications [Anderson, 1996], but the high-
altitude approach demonstrated here may enable coastal al-
timetry of the first 10-20 km, with very low elevation an-
gles, perhaps of the order of 1 degree from coastal altitudes
of, for example, 100-200 m. Current spaceborne altime-
ters do not sample frequently enough in space or time to
track coastal features, which substantially evolve over the
10-day repeat cycle of spaceborne sensors over &~10-km spa-
tial scales. The proposed low-elevation, ground-based al-
timetry will complement conventional radar altimetry in the
coastal regions. The lower the elevation angle, the less the
error due to surface roughness, enabling using the phase.
But lower elevation observations suffer an increased error
due to observation noise, from the sin 6 dependence in (1),
and tropospheric fluctuations. Optimal operating eleva-
tions assessing these competing effects will have to be de-
termined by experiment. We are currently analyzing data
collected from a fixed-location GPS receiver deployed at an
oil platform (height=40 m) off the California coast under the
TOPEX /Poseidon ground track. This experiment should al-
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low us to extend our results and understanding of the error
budget from a lake environment to the open ocean. The
ultimate goal is to make a direct comparison between GPS
altimetry and TOPEX /Poseidon observations.
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