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The use of reflected GPS signals to retrieve ocean surface wind
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[1] Since the first intentional acquisition of GPS signals reflected from water bodies, one of
the objectives which has driven the research is to determine whether the acquired signal can
provide useful geophysical information about the reflecting surface. One obvious condition of
considerable interest is ocean surface wind speed. Theory suggested that the reflection
technique, a form of bistatic RADAR, would be sensitive to surface roughness which in turn is
driven by wind speed. This paper reports the results derived from data acquired over the past
decade of applying the GPS reflection technique to ocean suwrface winds, particularly ocean
surface winds in tropical cyclones. Examples of wind speed retrievals will be given for some
illustrative cases of hurricanes and tropical storms. The results from several hwrricanes and
tropical storms on how the signal was calibrated will be presented. In addition, a quantitative
comparison will be given between dropsondes deployed by NOAA during the storms and
(GPS reflection derived wind speeds taken at the same time. Conditions in which the GPS
technique offers excellent comparisons as well as examples where the comparison is not so
good will be presented. Suggestions will be given as to when the GPS technique can be used

with confidence and when it is likely to be at variance with other methods.
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1. Introduction

[z2] While signals reflected from the ocean were intention-
ally detected in 1996 [Katzberg and Garrison, 1996], no
means was available at that time to store useful data for
subsequent analysis. In 1997, a GEC Plessey receiver was
successiully adapted at NASA’s Langley Research Center
and flown over the Chesapeake Bay, collecting and storing
reflected GPS signals [Garrison et al., 1998]. A vear later
the relationship between the range coded signals and the
ocean surface slope probability density was identified along
with the relationship to surface wind speed [Lin er al,
1999]. With the basic relationship between wind speed,
ocean surface slopes and reflected GPS signals identified, a
mumber of flight experiments were done nchiding under-
flights of TOPEX/Poscidon in 1998 and support for the
EOPACE 1999 field campaign [Garrison et al, 2002].
Also in 1998, an aircraft from NASA Langley transported
one of the GPS receivers into the outer boundaries of
Huwrricane Bonnie off the North Carolina Outer Banks.
Hwrricane Bonnie was a category 2/3 on the Saffir-Simpson
scale, however, aircraft safety restrictions prohibited flight
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into the center of the storm. In general, up to that time, no
data from winds greater than 10-12 m/s had been acquired.

[(] In the year 2000, the NOAA Aircraft Operations
Center in MacDHll AFB, Florida installed a second flight ver-
sion of the GPS reflection receiver in one of the Hurricane
Hunters to assist in the evaluation of the GPS ocean surface
winds technique. Flight data were acquired during circum-
navigation of Humricanes Debby, Gordon, Keith, Leslie, and
a penetration into Hwricane Michael. Wind speed retrievals
from Michael were the first done using GPS signals reflected
from the ocean inside a tropical cyclone [Katzberg et al.,
2001]. While the receiver 1s fully autonomous, parameters
must be set before flight and are not changed in-flight. No
data were acquired in 2001 while the receiver was upgraded
and parameters set to reflect lessons learned during the
2000 storm season. In 2002, data were again acquired,
followed by flights in 2003, 2004, and subsequent years
meluding 2012, Consequently starting in the year 2000, the
GPS swrface reflection receiver, imstalled on one or another
of the NOAA Huwrricane Hunters, has been able to create a
database of wind speeds that inchide those considerably
above the 10-12 m/s.

[¢] The refrievals in use during the earlier yvears of data
acquisition were based on a Gramm-Charlier slope probability
density [Cox and Munk, 1954] with an associated linear
mean-square-slope relationship on wind speed. A simple
correction based on buoy over-flight calibrations was used
to account for the difference between the optical wave-
lengths used by Cox and Munk and the longer L band
wavelengths and applied to their mean square slope
{(m.s.8.)-wind relationship.
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Figure1l. Geometry forsurface refiection showing specular
point and three ellipses of constant delay dz > 8, > 9y > dg.
Signal is acquired via an npward directed antenna and an
oppositely polarized downward oriented antenna.

[5] Examination of results from data acquired inside
tropical cvclones showed that the wind speed retrievals were
not giving values consistent with other methods such as
suwrface extrapolated flight level winds or available buoys
[Katzbhere et al., 2006]. Generally above 15-20 m/s, wind
speeds appeared to be consistently underestimated. An effort
was undertaken to determine whether the low wind speeds
resulted in an inherent saturation of the surface mean square
slopes with wind speed, or whether the assumption of a linear
m.s.s. was incorrect.

[6] Im 2006 a comparison with the U8, Navy COAMPS
{(Coupled Geean Atmosphere Meso-scale Prediction System)
was completed [Katzberg et al., 2006], which demonstrated
that the surface mean square slope did not saturate for wind
speeds up to at least 40 m/s. Although the relationship between
the mean-square-slope and wind speed becomes nonlinear, a
monotonic relationship exists to at least 40 mfs. A curve-fit
was also developed to provide the required correction for use
for high wind speed retrievals. The already existing data sets
were reevaluated and subsequent ones processed with this
correction fimction.

[7] In 2009, data from a few storms were used to compare
with NOAA dropsondes which are deploved during penetra-
tions into tropical cyclones [Katzberg and Dunion, 2009].
While some results from some storms gave anomalous re-
sults, the GPS wind speed retrievals by and large gave good
results using the newly developed calibration.

[¢] This paper presents a summary of ten years of GPS
surface reflection wind speed retrievals acquired from pene-
trations and circumnavigations of several tropical cvclones.
Results from the fropical cyclone retrievals will be compared
to dropsondes, which are considered the standard method
used by NOAA to determine vertical wind speed profiles in
tropical cyclones. Anomalous behavior will be identified,
and possible reasons giving rise to these deviations will be
discussed, including possible effects of wind direction.

[¢] The paper is organized so as to present a basic sum-
mary of the technigque including some definitions of geome-
try and idealized behavior of the receiver. The matched
filter wind speed retrieval technique is described as is the
corrected slope probability density, how this cormrection for

the slope probability density was developed and how the
model waveforms are generated. [mpacts on the retrieval pro-
cess of thermal and fading noise are discussed, and a model
for predicting wind speed eror arising from the noise is
given. A section of the paper is devoted to identifying situa-
tions in which the GPS reflection technique cannot be
expected to produce reliable results and led to editing
these from the data set. Practical considerations related to
implementing the matched filter technique i discussing
two basic algorithms have been nsed. Results from over ten
vears of data acquisition and retrievals are presented to show
the level of performance achieved so far for wind speeds
from a few meters per second to well over 40 m/s. A more
complete discussion of the geometry and some approxima-
tions or simplifications are given in Appendix A, while
Appendix B shows how using the sampled data of the
receiver Is still very close to an ideal matched filter and
Appendix C contains an approach to estimate the wind speed
error arising from thermal and fading noise which contami-
nate the measurement.

2. Description of the GPS Surface Reflection
Technique for Ocean Measurements

[10] The configuration for the discussion which follows is
illustrated in Figure 1. The GPS satellites form a constellation
in space, which is designed to always have in view a suffi-
cient number to permit a three-dimensional position determi-
nation by the user. Details of the system can be found in
varlous sources, such as Parkinson et al. [1996]. For what
1s to be presented here, it 1s sufficient to note some of the
salient characteristics ofthe signals, which can be readily uti-
lized by the general public. The civilian-accessible code
called “C/A” is transmitted at 1.575 GHz by each satellite.

[11] The signal coding is made up of a pseudo-noise code
with a period of 1.0 ms. There are 1023 possible “chips”
(0.977517 ps duration) where a plus one or minus signal
modulation vahie can be found in each of the 1023 possible
slots, depending on the transmitted code impressed on the
signal. There are several of these codes each with the charac-
teristic that cross-comrelating one with another or the same
one with at least one chip time shift will average to a number
close to zero. Identical codes that overlap will add to 1023
times the value for one in-phase c¢hip product. A partial over-
lap of identical codes gives a result proportional to the
amount of overlap. The codes are referred to as “orthogonal”
because of this characteristic, and it is thus possible for each
GPS satellite to transmit on the same frequency but still pro-
vide separable signals. Information can be transmitted with
the fixed codes by simply changing the sign of a whole group
of 1.0 ms code chips and then detecting this slow, “super-
modulation” as a data stream.

[1z] Even in the case of a matching code, if there is a rela-
tive delay less than one full chip, there will be a partial re-
sponse between the shifted replicas. Given the constant plus
or mimus valie of modulation for each code chip, the inte-
grated response from the 1023 chips results in a triangular
shaped resultant value as a finction of relative delay. This
response is referred to as a “Lambda function” from its
resemblance to the Greek capital letter lambda. The width of
this fimection is +7, T, being one chip time or 0.977517 ps.
When projected onto the surface, this fimction represents a
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sensitivity profile or “aperture function,” which limits the
smallest spatial detail that can be sensed by this technique.

[13] Since the power from the surface is of interest, this
signal is normally squared in the receiver signal processing,
causing the sensitivity profile to take the form of a
“Lambda-squared” function:

(1 —70) 2
‘ 1_T—C O<T—T{)|TC
| |
1201 —1p) = — 2 {1
‘ |4 o0) Telt—1yl 0,
Te
0 otherwise.

[14] Inthis equation, T and 74 are delays of the replica code
and actual delay, respectively. Other than the effect of narrow
band pseudo-noise modulation, the GPS transmitted signal
may be considered monochromatic with a wavelength of
0.1905 m. As a result of the very large distance from the
GPS satellite, the form of the electromagnetic field at the
earth’s surface can be thought of as a plane wave when
the platform is an aircraft.

[15] When the signal meets the surface, it appears to be
reflected generally along the specular reflection ray. If the
surface is completely flat and mimror-like, the signal appears
to come directly from the satellite, but located under the
surface along a line making an angle equal to the elevation
angle to the satellite from the surface. The bulk delay via
the specular point M for a receiver at height 4 above the plane
locally tangent to the earth’s swrface and with a satellite of
elevation v is given as follows (from Appendix A):

| = 2h-sin(y) {23

[16] When the surface becomes rough, signal can be
expected to come from areas away from the specular point.
Facets onthe ocean surface could have the correct orientation
to redirect signal to the antenna, depending on surface condi-
tions The locus of points on the surface which correspond to
a fixed delay greater than that at the specular point can be
described as a family of (nearly) concentric ellipses [Beckmans
and Spizzichino 1963]. Setting the staring time of the internal
receiver code sequence to any value greater than the delay
for satellite-to-specular-point-to-receiver can be seen to define
one ofthe ellipses on the surface as well as the maxinmm vahie
of the sensitivity pattern of the “Lambda”-squared fimction.

[17] The effect on a nearly plane wave of a surface of
random height irregularities can be found in Beckmann and
Spizzichino [1963], among others. Beckmann showed that
the reflected signal from a random surface can be described
by an integral over the reflecting surface of a Gaussian slope
probability density dependent on the tangents (slopes) of the
local surface normal vectors. Barrick [1968], extended the
validity to any slope probability density fiunction that provides
an important generalization. Some relationships describing the
scattering geometry and other mathematical details can be
found in Appendix A that are used to develop the wind speed
retrieval technique used to produce the results reported here.

[13] Signal powerrecorded at anv delay includes response up
to +1/7¢ around the delay center, corresponding to an annulus
(ot elliptical disk, near the specular point) projected onto the
surface. The slope probability finction within each anmilus

may be thought of as that fraction of scatters so oriented as to
be able to reflect signal to the antenna with similar delay. The
total signal from an individual annulus is the integral over the
surface contained within that anmilus at a particular delay with
a Lambda-squared function as a sensitivity profile.

[1] Other parameters such as Doppler shift, antenna gain,
etc. can also affect the detected signal. A more extensive
discussion of these effects can be found in Zavorotny and
Voronovich [2000].

3. Matched Filter Wind Speed Retrievals

[20] Two methods are typically used to make wind speed
retrievals from GPS observations. The first relies on a statis-
tical estimation approach built around model waveforms
[Garrison et al., 2002], and the second is a direct matched
filter approach that also uses sets of model waveforms
[Katzberg and Garrison, 2000]. The second method is the
one used in the retrievals reported here.

[21] The retrieval method used to process the data and
reported in this paper is a form of matched filter [see, for
example, Carison, 1968). The incoming signal (plus noise)
is cross-correlated with a set of model waveforms, one for each
wind speed and comresponding to the particular experiment
conditions. The wind speed corresponding to the model
waveform which has the highest response is then identified
as the retrieved wind speed.

[22] Receiver considerations canse the particular form of
this matched filter implementation to be samples at one-half
code chip steps that are cross-correlated with model waveforms
sampled at equivalent steps corresponding to an expected range
of wind speeds. Errors in exact delay matching are corrected
by creating model waveforms that are “vermier-ed” in one
hundredth of a chip steps. For each wind speed in the model
waveform group, the test waveforms are “swept” for an
mdividual “best match” as well as tested at each wind speed.
A discussion of the effect of sampling the waveforms is given
in Appendix B and shown to be equivalent to continmous
signal matched filter signal processing.

3.1. The Model Waveforms

[23] Creating the model waveforms involves integrating
the slope probability density over the surface, while incorpo-
rating the Lambda-squared dependence as a function of posi-
tion in each annulus. Other effects such as antenna gain
pattern do not affect the response here, since hemispherical
response antennas are used to receive signals.

[24] The integral over the surface can be converted froma
polar coordinate system, which considerably simplifies the
caleulations. From the relationships of the remote sensing ge-
ometry in Appendix A, the semi-major and semi-minor axes
of the ellipse of constant delay are as follows:

. _ (2hsin(y)):

T sit(y) )
N sin(y))?

- siny)

[25] If the coordinate system is changed along the x-axis
by replacing x by x-sin{y), then the ellipses become
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circles. The coordmates become an mtegral with d4—#
drd and another change of coordinates (where rdr is
now identified as dp/2)) gives

2hd¢
aan L ds @)
for a differential area on the surface, where dé is differential
time delay times the speed of light: cdr. As shown in
Appendix A, the above changes of variable convert a bivari-
ate Gaussian slope probability density (spdf), approximately,
mto an exponential dependent on the delay in the receiver.

3.2. Slope Probability Density, Calibrations
and Corrections

[26] To use the matched filter technique, both an spdf and
the relationship between that spdf and wind speed must be
defined. The starting point for the spdf selection was that
of Cox and Munk [Lin et al., 1999]. The Cox and Munk
spdf is essentially a bivariate Gaussian function with
polynomial comection terms (i.e., a Gramm-Charlier
probability density.)

[27] The linear relationship between mean square slope
(m.s.s.) and wind speed of Cox and Munk used as an
argiment to the spdf. The mean-square-slope dependence
on wind speed was modified in view of the fact that the
Cox and Munk data were based upon an optical technique,
while the GPS data is microwave taken at 1.575 GHz
(19.05 cm wavelength.) As suggested by Wilheit [1979],
the mean square slopes at microwave frequencies should
be reduced to account for the longer wavelengths involved.
Originally, the L band value of 0.33 from the Wilheit model
was used. After some mitial flights and comparisons with
buoys, it was found that the value 0.33 was too much of a
reduction. A value for the scale factor which gave a better
fit was determined to be approximately a 0.45 reduction in
mean square slope at any particular wind speed. The validity
of the adjusted relationship was tested against buoy or other
wind speed reporting stations covering a range of wind speeds
up to 10-12 m/s.

[28] As data began to be acquired at wind speeds above
10-12 mvs, it was determined that the wind speed refrievals were
not producing wind speeds consistent with surface extrapolated
flight level winds or available buoys. Even with the L band
correction, high wind speeds in tropical cyclones, the GPS
retrievals were underestimating the wind speeds. The reason
for this 1nderestimation was believed to be in the (modified)
Cox and Munk linear m.s.s. relationship. Possibilities considered
were: First, that the linear Cox and Munk relationship was not
valid much above 10 m/s. Second, it was possible that the mean
square slopes experience saturation effects at high wind speeds
or even become multivalied. Satration effects in the mean
square slope such as these have been seen in scatterometers for
wind speeds above 45 m/s [Carswell et al., 2000].

3.3. COAMPS Calibration

[29] The NOAA hwricane hunter aireraft typically fly over
the open ocean as they approach tropical storms, and a wind
field of increasing strength passes beneath the airaraft. Such
flight paths provide excellent opportunities to develop a
GPS-based wind-speed-versus-surface-truth calibration. In
essence, the flight path (time or space) provides a parametric

varigble over which the various values of wind speed can be
“mapped” against GPS-derived values. While the NOAA
AQC aircraft deploy dropsondes, these are typically used
only in and near the tropical storm leaving the path to and
from the storm without wind speed measurements. The most
obvious alternative is model-based wind fields from weather
prediction systems. The one used for this study is the U.S.
Navy’s Coupled Gcean/Atmosphere Mesoscale Prediction
System (COAMPS). COAMPS “represents state-of-the-art
analysis (inchiding the Nowcast capability) and short-term
(up to 72 h) forecast tools applicable for any given region
of the Earth mn both the atmosphere and ocean” [Chen
et al.,2003]. With its 0.2° grid and root-mean-square accura-
cies of 2 m/s [Hsu et ad., 20027, CGAMPS provided sufficient
density to compare with the high spatial resolution GPS data.

[30] GP3-retrieved wind speeds from two storms, Rita
2005 and Ophelia 2005, were used for the calibration data
sets. The closest 0.2 grid point was selected and the reflected
data near that pomt was averaged. The GPS wind speeds
were generated by the modified Cox and Munk linear m.s.s.
versus wind speed finction. The calibration entailed generat-
ing a comection function for the linear relationship. The re-
sults showed a “bending” of the m.s.s. relationship but no
saturation for wind speeds above 35 m/s. Retrievals in this
paper use the following version of the matching finetion
[Katzherg et al., 2006]:

mss(U) = 0.45(0.000 + 0.00316./(1))

mssp (1) = 045-(0.003 + 0.00192.£ (1)), )

[31] The fimetion F{U)) is defined as

tu)=u 00 < U <349 m/s
f()=6 (/) —4.0 349 < U < 46 . (6
f(U)=0411 U  460<U

where U is the to-be-determined wind speed and mss is the
mean square slope used to define the model waveforms with
|| and O, which refer to the directions parallel to the wind and
permpendicular to the wind, respectively.

[32] The integration of the slope probability density over
the surface appropriate to the GPS satellite elevation angle
and convolution of the Lambda-squared fimction scaled for
the aircraft altitude gives the model waveforms. These are
generated for each expected wind speed in steps and stored
for cross correlation with the acquired surface data.

[32] An example of the result of performing such mtegra-
tions is shown in Figure 2 in terms of code delay for three
wind speeds.

[34] After implementing the COAMPS-based correction,
much higher wind speeds were retrieved, and those wind
speeds were at much higher values than before, consistent
with typically reported tropical cyeclone winds. An example
of the improved results is shown in Fignre 3 for Hurricane
Rina in October of 2011. It can be seen that the wind speeds
reach as mmich as 40m/s (80 knots) and that the typical vor-
tex-like pattern is reproduced. The right side of the figure
shows the track flown by the aircraft from the position solu-
tion generated by the same GPS receiver itself, greatly aiding
geo-referencing of the data.
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Figure 2. Example of model waveforms generated for
imereasing wind speed, as a function of code chip delay.

4. Noise Effects on Wind Speed Retrieval

[35] Two major noise effects impact the accuracy of the
matched filter retrieval process: Fundamental thermal noise,
and reflected signal fading noise. The thermal noise arises from
antenna sowurces, noise added by the anterma preamplifier and
lesser contributions from subsequent amplification, frequency
mixers, ete. Fading noise results from the swmnmation of ran-
domly phased signal components occwring at the antenna.

4.1. Basic Signal and Noise Levels

[26] While GPS details are classified, open literature spec-
ifications [see Parkinson et al., 1996] state that the C/A code
power level must be such that the ontput from a hemispheri-
cal antenna (3 dB gain) nmmst be greater than 160 dBW.
Ideal thermal or “kT” noise would be 204 dBW/Hz over
the entire GPS bandwidth.

[37] The incoming signal in the receiver is down-converted
and cross-correlated with the perfectly matched C/A code to
produce a constant signal power. For the receiver operation
emploved here, the signal and noise are coherently summed
over the 1.0 ms period of the C/A code. This suniming repre-
sents a “running mean” mtegration of the noise and can be
shown to yield a noise-equivalent bandwidth of 1 kHz. The
down conversion of the kT noise produces the same noise
power density as found at the antenna-amplifier (scaled by
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RF channel gain, as is the signal.) The 1 ms cross correlation
and summing in the receiver vields a constant signal power
(perfectly matched signal codes) and a 1 kHz bandwidth
(+30dB-Hz), thermal noise power, (strength -204 W dB.)
The front-end amplifier typically adds noise of +3 dB giving
a total noise power of 171 dBW, compared to 160 dBW
for the signal ignoring channel gain, which would add to both
equally. The basic signal power to noise power ratio from the
mnmodified incoming GPS signal is then approximately 11 dB.

[38] The process of squaring the signal to get a power-
versus-delay measurement also vields a squared noise, which
has an average value and fluctuating component. Thermal
noise can be modeled as a Gaussian random process, which
after squaring, gives a constant term and a fluctuating term
[Papoulis, 1965]: The constant term is the integral over
the bandwidth of the noise power spectral density in that
channel. The root mean square of the fluctnating term is
equal to 2 times the mean value. Thus, the thermal noise
on a per-l-ms-sample basis has a “signal-to-noise” of 1/T2.
Since nonoverlapping 1 ms integrations generate independent
samples from the front-end noise, the signal-to-noise can be
improved by incoherent averaging.

[39] For the receiver implementation reported here, the sig-
nal 1s delayed to compensate for the platform altitude, plus one
to two half-code chips more, so that the first data bin can be
used as & noise monitor. This data in this bin is smoothed
and nsed to subtract from the other “range bins,” leaving only
signal and the fluctnating component that contaminates each
signal sample and disturbs the matching process.

[s0] Multiplication-and-adding in the receiver of the
reflected signal with the matching PRN code generates a
value that depends on the instantaneons signal phasor sum-
mation at the antenna. This noisy signal is described as “fad-
ing” noise [Ulaby et al., 1986] whose components arise from
in-phase and quadrature components of the received signal.
Squaring the mn-phase and quadrature phasor components
produces an exponential distribution in amplitude. This form
of noise gives rise to a per-sample signal-to-noise of unity.
Improvement  ¢an  come from  averaging  of
uncorrelated samples.

[#1] During the cross comrelation between the reference
code and the signal, the ocean surface must remain relatively
constant to permit a coherent summation to occur in the re-
ceiver. Times over which the sea surface may be considered
“frozen™ are typically taken to be 6-8 ms. This limits the
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Figure 3. Typical data obtained from storm penetrations: (a) wind speed as a function of GPS seconds of

the week and (b) the associated flight track.
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coherent integration time and subjects the accumulation of
coherent signal to an upper limit. The processing done to
obtain wind speed assumes that the surface does not change
appreciably from one “C/A" code integration to the next.
On the other hand, this coherence of the surface sets the time
mterval between samples that could be considered
uncorrelated. This means that in a 1 s period, 120-160 orless
independent samples could be expected, noticeably less than
the number of independent samples for the thermal noise.

4.2. Effect of the Matched Filtering Process on Wind
Speed Retrievals

[42] The noise associated with each measurement from the
surface canses an uncertainty in the selection of maximum
cross correlation and apparent wind speed. The probability
of selecting a waveform with greater response than the ideal
one is the probability that some waveform with a lower peak
response plus noise is greater than the correct waveform. By
expanding the Schwartz inequality nsed for the waveform
testing in terms of first order in detected noise, the error prob-
ability can be bounded by utilizing the Tchebycheff or
Vysochanskii-Petunin inequality applied to this approxima-
tion (see Appendix C):

| |
P (F )

I
1 -7
N True

2
200 g2 4 M 2(s2)

[#2] The probability that an erroncous wind speed will
have the “top score” among rival choices is that the sampled
actual data plus noise will exceed the effect of the perfectly
matching waveform plus noise. In effect, the noise samples
could create a bogus waveform which correlates better with
a “wrong” model waveform and give it a top score.

[#4] Applying this relationship to an example of 500:1 sig-
nal power to total thermal (7)) noise with five delay samples
per waveform and 5 s averaging (averaging 5000, 1 ms-inte-
grated, incoherent samples) gives approximately a 5.0%
chance of a wind speed error of more than 10% low and
6.3% that the wind speed error is greater than 10% high.
This may be a conservative number, since some probability
densities are bounded below the Tchebycheff limit.
Nevertheless, the relationship gives a nseful gnide in view
of'the otherwise intractable problem in determining the actnal
probability density and appears reasonably representative for
the measurements reported here.

5. Practical Implementation of GPS Receiver
and Algorithms

5.1. Receiver Considerations

[45] Omly one receiver implementation has been used to
acquire the data sets reported here. Based on a development
kit, the receiver was first demonstrated and flown in 1997 at
NASA-Langley Research Center. Details of this receiver
can be found in Garrison et al. [2002]. There are two modes
for this recerver: (1) a single satellite reflection mode and (2)
a six satellite, lower signal-to-noise mode.

[#¢] In the single satellite mode, five of the channels in the
receiver are assigned to operate as a normal GPS receiver,
while the remaining seven correlator pairs of the receiver
are assigned to detect the reflected signal from a selected sat-
ellite. Each of the comrelators has a fixed delay from the pre-
vious, resulting in a staggered sampling by delay mterval of
the reflected signal. The detected signals are passed to the
host computer and squared to give a “power” measurement.

[47] The PRN codes of the receiver repeat every millisec-
ond so the single satellite mode can average power from the
same satellite up to 1000 times per second.

[#38] The multisatellite mode is set up somewhat differ-
ently. Six channels are assigned as the GPS receiver while
six “daughter channels” receive Doppler offset and bulk
delay for six different satellites. Each daughter channel is
then stepped through a set of staggered half-chip delays to pro-
duce a “power versus delay” sample from single 1 ms integra-
tions. Depending on the number of delay steps required, it can
be seen that the multiple satellite mode cannot have as high a
signal-to-noise ratio due to less samples of the reflected power
per second. In the data reported here, the mmltiple satellite data
will be identified where it affects results.

5.2. Software Algorithms

[#¥] The implementation of the matched filter has been
done in two ways that are aimed at performing averaging to
improve signal-to-noise ratio: (1) adding data from equiva-
lent delays and then passing to a cross correlation, matching
section to select best fit and (2) one millisecond-by-millisec-
ond cross cormrelation, scaling, adding, and passing the aver-
aged waveforms through the cross correlator a second time.

[s0] The first method, called Single Model Waveform
(SMW), tracks rapid changes in wind speed and tends to pro-
duce sharper detail and, hence, higher wind speeds. At the
same time, this method is a bit noisier, since it is susceptible
to a number of small disturbances in the addition process. For
example, adding data entries from the same delay to improve
signal-to-noise must take into effect the constantly changing
satellite elevation angle which shifts the data in the range
bins. This is somewhat handled by constantly updating the
bulk satellite-surface-to-receiver given in equation (3).
Changes in elevation angle or aircraft altitude can also cause
the bulk delay to change with time. This updating happens at
times set by the receiver internal 1 s position and satellite el-
evation angle receiver update rate. During the time between
receiver updates, the data can “slide™ across the range bins
before it is comrected. The range-bin sliding can cause a
smearing of the data waveform, while the automatic bulk de-
lay comection adjustment canses an abrupt jump in the
starting location of the data in the range bins.

[51] The accuracy of the altimde solution from the receiver
also impacts the value determined for A and can vary consid-
erably as a result of aircraft maneuvers and the limited num-
ber of five or six satellites being tracked in the receirver.

[52] The second method used for the wind speed retrieval,
called Double Model Waveform (DMW), and employed for
most of the data reported here does an immediate fit to the
wind speed model waveforms after each 1 ms C/A code cycle
and then scales each by the summed power from all range
bins. The resulting model waveforms are auntomatically
aligned, allowing elimination of most of the “sliding” effect
and slow changes in ghtitude. This approach emphasizes
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() Aircraft flight track and (b) wind speed measurements for GPS surface reflection technique

made during a NOAA P-3 Orion Post-Landfall Mission in Hurricane Drennis (10 July 2005). Figure 4a
shows flight segments with retrieved wind speed greater than 5 m/s as shown in Figure 4b. The aircraft
flight path takes in overland segments with dropsonde deployments. Lack of open water makes GPS

retrievals impossible and mmust be excluded.

stronger signal over weaker to help reduce effects of antenna
sensitivity during aircraft maneuvers. The result is a summa-
tion of individual 1 ms model waveforms, added together to
create a new “model waveform” to compare with the noise-
free model waveforms for wind speed retrieval. This method
is not only less susceptible to rapid changes but also less
directly related to the actual range-bin by range-bin data than
the first method. Consequently, in dynamic conditions, peak
wind speeds can be attenuated using this method during eye
wall transects, ete. The effect m reducing the retrieved values
by a few meters per second at the highest wind speeds was
considered acceptable, given the otherwise robust perfor-
mance of the algorithm.

6. GPS Dropsondes and Extrapolation Methods

6.1. GPS Dropsondes

[53] The mainprpose of this paper is to present quantitative
results of applying the GPS surface reflection technique to
tropical cvclone wind retrievals. Typically, the only direct
measuremnent of surface winds comes from aircraft-deployed
devices called GPS dropsondes [Hock and Franklin, 1999],
in sitn instriments that have been deploved from NOAA P-3
Orion research aircraft since 1997. These devices drift in the
wind field and transmit positions and atmospheric measure-
ments back to the aireraft every ~5m as they fall to the surface
(2—5 min fall times from typical flight-levels of 1500—4500 m}).
GPS dropsondes are considered the standard against which
many other measurement platforms are compared [e.g.,
Uhblhorn et al. 2003]. However, these measurements are
spatially limited to the exact path in which they fall to the
ocean surface. Additionally, although these devices typically
report a surface wind (actually scaled to 10m), these single
point measurements represent a semi-Lagrangian imstanta-
neous wind value that may not well-represent the maximum
1 min sustained 10 m wind that is utilized by the NOAA
National Hiuricane Center (NHC).

6.2. Dropsonde Data Processing

[54] The wind speeds developed from the GPS dropsonde
reports are quality controlled and subject to some corrections.

There are two primary wind speed processing methods vield-
ing what is called “mandatory pressure altitude™ values as well
as one referred to as the “1070 hPa" or nominal surface. These
are the values contaimed m the “TEMPDROP” files available
from the NOAA Atlantic Oceanographic and Meteorological
Laboratory Huwricane Research Division. Editing consists of
checks on GPS dropsonde data consistency, smoothing to take
out the effects of gusts, contimuity of transmitted data, ete.

[55] The other dropsonde data form is the result of apply-
mmg an interpolation algorithm developed by the NOAA
National Hwricane Center that produces a valne called
WL150, defined as the average wind over the lowest available
150m of the wind sounding. The WL150 wind speed must
then have an extrapolation algorithm applied to give a equiva-
lent surface value. There are other forms of the GPS dropsonde
data (e.g., raw and post processed), some of which frequently
report actnal wind speeds until splash-down ocours. For this
paper the “1070” (i.e., 10m surface) value has been selected
becanse it is considered a standard, and detail in the other
values would not likely provide a better comparison given
the dnift of the GPS dropsondes and other vanables.

7. Editing the GPS Wind Speed Retrievals

[56] The past decade or so has involved a large number of
storm penetration missions with a large number of heteroge-
neous conditions. During this research, some of the funda-
mental characteristics and limitations of the GPS surface
reflection technique have been identified that bear on making
comparisons with ecither GPS dropsondes or alternative
methods of obtaining ocean surface winds. Less well-defined
mfluences will be discussed but are not used in the determi-
nation of acceptability of data sets for comparisons.

7.1. Over Land Exclusion

[57] Certain physical restrictions have been identified re-
garding the use of the GPS surface reflection technique.
First, the technique cannot be used over land for obvious rea-
sons. While it has been established that surface winds can be
retrieved from shallow water over some range of wind
speeds, this must be considered of limited application. An
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Hurricane Ophelia September 11, 2005
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Figure 5. Plot of (black dots) GPS dropsonde 10 m wind
speeds (ms™!) and (red curve) GPS surface reflection tech-
nique wind speeds versus time during a NOAA P-3 Orion
mission in Huwricane Ophelia (11 September 2005). The
near-zero surface winds shown by the GPS dropsonde at
t— 68,800 indicates when the aircraft was in the eye of the
storm. Note that the GP8 surface reflection technique wind
speeds do not drop below ~12 ms~! during this time.
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example of this is shown in Figure 4. The GPS surface reflec-
tion technique retrieval process is seen to fail for sections of
the plot, the consequence of a weak signal unrelated to wind
speed reflected from the land surface. Moreover, closeness to
the shoreline impacts the GPS wind speed retrievals in an as
vet unmodeled way associated with fetch.

7.2. Inside Storm Eye Exclusion

[58] Another limitation for the GPS surface reflection tech-
nique is the characteristic of tropical cyclone eves having a
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zero or nearly zero wind speed, while at the same time the
ocean surface remains agitated. This disturbed sea still exists
in the eve due to waves propagated from the nearby eve-wall
and inner core storm circulation. Because the GPS reflection
method operates on the basis of surface roughness, the tech-
nique does not produce a zero wind speed within the storm
eve. A typical example of such an occuwrrence i1s shown in
Figure 5 in which a NOAA P-3 Orion transect was flown
through a hwricane and a GPS dropsonde was deploved in
the eve. In this relatively calm region of the storm, the GPS
dropsonde reported a 1-2m s~ ! wind speed, while the GPS
surface reflection technique refrieval reported over 10ms~L.
Although this disparity between surface wind speeds derived
from ocean surface ronghness and the true surface wind speed
is common in the tropical cyclone eve region, no similar effect
in “straight-line” winds has been found in data sets from fron-
tal boundaries, etc. The tropical cvclone eve region can be
identified directly from the aireraft position, flight level winds,
and atmospheric pressure measurements or indirectly by not-
ing occurrences of high GPS refiection retrieved wind speeds
and a very low GPS dropsonde sirface wind speed.

[s9] Fetch effects in the data can sometimes be identified by
the opposite case of high GPS dropsonde winds and low orno
wind speed from GPS surface reflection technique retrievals.
In these situations, the ocean surface roughness is relatively
low and does not accurately reflect the surface wind speed.

7.3. GPS Dropsonde Drift

[60] After release, GPS dropsondes become entrained m
the wind field through which they descend. Since the fall
time may take several minutes through a 20-70ms™" cy-
clonic wind field, the spacing between the GPS dropsonde
launch and splash positions can be 20km or more. Since
the GPS reflection comes from fairly close to directly below
the aircraft, considerable spatial separation between the two
measurements may ocenr due to splash-down time versus
GPS data acquisition. The entrainment of the dropsonde in

Gullstream IV Flight August 11, 2004
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Figure 6. Example highlighting the possibility of GPS dropsonde drift on comparisons with GPS surface
reflection technique wind speed retrievals. (2) GPS dropsondes may require several minutes to splash-
down, while the (b) GPS surface refliection technique recorded data from a slightly different area of the
ocean surface. Close examination of Figure 6a shows, even at this scale, significant deviation of the
dropsonde splash pomnt from the aircraft flight path and likely location of the GPS data acquisition point.

Figure 6b vertical scale is in meters per second.
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Elevation/Azimuth Effects on Relrievals, Humicane Earl September 1, 2010
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Figure 7. As elevation angle decreases for GPS satellites,
elevation angle effects can appear. These effects believed to
be related to wind direction are not inchided in the calibration
curve. IMustrated is a transect throngh Huricane Earl using
retrievals from two GPS satellites at different azimuths but
similar elevation angles. A calibration for this effect has not
been done, so only satellites with elevation angles above
60° are nsed.

the circulating winds might be expected to help ameliorate
the possible differences between winds at dropsonde launch
point (where the GPS swrface reflection technique data is
taken) compared to GPS dropsonde winds measured at the
splash point. The GPS surface reflection technique has also
been applied to high altitude awceraft (e.g., the NOAA G-IV
jet operating at a flight-level of 12-14 km). An example from
a Hwricane Charley circumnavigation is given with GPS
dropsonde locations below in Figure 6.

7.4. Elevation Angle Effects

[61] The bivariate nature of the slope probability density
discussed earlier results in a variation of the model waveform
as a fimetion of angle between satellite and wind direction. At
vertical incidence, this anisotropy disappears due to symme-
try. As a consequence, the calibration obtained in 2006 was
based on limiting wind speed refrievals to elevation angles
greater than 60°. The high-signal-to-noise-ratio mode of

GPS Wind Speeds >80, mis

Dropsonde “1070° Wind Speed. mis

(a)

receiver operation selects the highest elevation angle satellite
that is rising for data acquisition. This ensures that the wind
speed retrievals are less affected by elevation angle, but some
influences may still remain.

[62] The lower signal-to-noise-ratio multisatellite mode
allows for as many as six satellites to be tracked with various
elevation angles for each reflected satellite data set. The vari-
ous elevation angles are a natural consequence of GPS posi-
tion determination, since the satellites are distributed in
azimuth and elevation to permit high accuracy location resnlts.

[62] The lower elevation satellite retrievals sometimes
show what appears to be azimuth anisotropy particularly at
higher winds as can be seen i Figure 7. While this anisot-
ropy may be related to wind direction [see, e.g., Komjathy
et al., 2004; Cardellach and Rius, 2008], a wind direction
effect has not been quantified for nse in wind speed retrievals.
Consequently, the lower elevation satellites (elevation angle
less than 60°) cannot be used for quantitative comparisons.
Moreover, these satellites tend to have lower signal-to-
noise-ratio (from antenna pattern) and are less desirable for
comparisons with dropsondes.

[64] Therefore, the elevation angle limit below which the
data is not used in the comparisons was set at 60°, consistent
with the equivalent limit used for the COAMPS calibration.

7.5. Doppler Effects

[65] There is the possibility of a Doppler effect as well. At
the specular point, the Doppler shift from the satellite is iden-
tical to that m the direct signal as can be seen from the as-
sumed plane surface and reflection geometry. For signal
emanating from swface point away from the specular point,
a Doppler shift error is developed. The 1 ms integration time
can be thought of as a band pass filter of 1 kHz, so0 as long as
all important components of signal from the surface produce
Doppler shift significantly lower than 1 kHz, the shift can be
ignored. For a P-3 (at 200 knots or approximately 100 m/s)
and tropical storm winds, the Doppler shift would be on the
order of +£100 Hz at an outer range bin, while for the
Gulfstream [V (aircraft speed of 400 knots, approximately
200 m/s) would be considerably less, since the aircraft does
not fly mto the tropical storms. Consequently for these data
sets, Doppler effects from aircraft motion can be ignored.

GPS Wind Spoods Fully Edited, mis

Dropsande "10707 Wind Speed, m's

(b)

Figure 8. High signal-to-noise ratio receiver mode. (2) No editing, comparison of GPS wind speed re-
trievals with dropsondes from all missions. (b) Result of manual selection to remove over-land dropsondes
and those that land mside the storm eve. For both cases, the red line is the unity slope curve for reference,

while the blue line is the regression line.
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Figure 9. Lower signal-to-noise ratio receiver mode. (a) All retrievals withont any editing. (b) Result of
eliminating retrievals from satellites with elevation angles less than 60°, as well as manual selection to
remove over-land and dropsondes that fall inside the storm eve. The red line is the unity slope curve for

reference, while the blue line is the regression line.

8. Results

[66] This study presents results from both unedited and
manually edited GPS swface reflection technique data.
Mannally edited refers to cases of low GPS dropsonde wind
speeds and abnormally higher GPS surface reflection tech-
nique winds that are not plotted or analyzed. Editing is nsed
to remove retrievals done with satellites whose elevation an-
gles are too low for use of the calibration curve as well as re-
trievals done when the aireraft deployved a dropsonde over
land. Since the lower signal-to-noise-code used on some of
the flights allows lower elevation angle than the alternative
code, considerable attrition occurs with these retrievals.

[67] The selected dropsondes for comparison were those
that had undergone quality control and reported i the stan-
dard Huricane Research Division TEMPDROP {or, equiva-
lently, HSA) files formats. A total of 431 dropsondes were
found to have been released at the same time GPS reflection
data was acquired nsing the high signal-to-noise-ratio single
satellite receiver mode.

[63] For the lower signal-to-noise-ratio receiver mode of
operation, up to six satellites could be in view at the same.
In the cases here, 147 dropsondes were deploved during op-
eration of this multisatellite mode, and 794 total observa-
tions-retrievals were done.

[t9] Without any selection or editing for elevation angle
over land or data taken in the storm eye, a total data set from
the storm penetrations amounted to 1225 retrievals with an
associated dropsonde for comparison.

[70] The retrievals are then filtered to eliminate those be-
low 60° clevation angle leaving a total of 296 meeting this
criterion for the high signal-to-noise-ratio receiver mode
and 174 meeting the same criterion for the other mode. The
final total of 470 dropsonde-GPS observation-retrieval pairs
constitutes the basic edited data set. The large attrition of
observation-retrieval pairs is mostly a result from the
limits on the low signal-to-noise acquired raw data. While
operating in the “low signal-to-noise mode,” the receiver
code frequently records data from six satellites. Only one or
two satellites will be at elevation angles greater than 60°, so
most fail to meet this criterion and are rejected.
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[71] The complete data set for the high signal-to-noise,
single satellite mode is shown i Figure 8 without any
editing for elevation angle over-land or deployment of a
dropsonde in the storm eve. With no filtering at all, the
standard deviation from the linear fit is 8.198 m/s. If only
the satellites with elevation angles greater than 60° are
used, the standard deviation improves to 5.89m/s. This
latter number indicates that the COAMPS derived calibra-
tion is still useable to some extent below the limits for
which it was developed.

[72] With removal of satellites below 60°, over-land and
dropsondes in the storm eve, the standard deviation improves
to 4.905 m/s for the remaining 276 retrieval -dropsonde pairs.

[72] For the results using the lower signal-to-noise code
and shown in Figure 9, the performance is somewhat worse,
commensurate with the expected signal-to noise-reduction.
With no editing, the standard deviation is 10.07 m/s. The
overwhelming majority of the 794 pairs have elevation an-
gles below 60°. Removing those with elevation angles below
60° gives an improved standard deviation of 8.23 m/s for the
remaining 174 pairs. Further eliminating over land and
within-the-eye dropsondes leaves 160 pairs and improves
the standard deviation to 7.2 m/s

9. Discussion

[74] As expected, the multisatellite mode data did not per-
form as well as the single satellite mode data. The difference
in overall root-mean-square deviation from the linear fit for
the lower signal-to-noise multisatellite mode is approxi-
mately 50% greater for the fiully edited data than for the
higher signal-to-noise single satellite mode. Since the C/A
code repeat time is fixed at 1ms, the maximum available
scans per second per bin is 1000. The lower SNR mode in
these data sets came from scanning the delay bins as fre-
quently as 70 times per second (with 14 delay steps), aresult
stemming from the necessity of having one channel in the re-
ceiver assigned to each monitored satellite with a single fixed
correlator. The high SNR mode “stares™ at the same delay bin
and can consequently produce 1000 integrations per second.
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Table 1. Summary Comparison of All Data From High and Low Signal-to-Noise Code?

RMS RMS Elevation RMS
(Raw, No Editing, All Satellites) (Angle =60} (Full Editing, No Land Falling, Elevation =60, No Eye}
Recerver Mode RMS Numher RMS Number RMS Number
High SNR 8.20m/s 431 5.89m/s 296 4.91m/s 2786
Multi-sat (Lower SNR} 10.07m/s 794 8.28 174 7.20m/s 160

*The entry labels are detailed m the text.

The square-root of the ratio between the number of data
values for each mode in 1 s is 3.74. The ratio between the
standard deviations for low SNR and high SNR modes as
shown in Table 1 is not this large and implies that the number
of independent fading noise samples must be somewhat less
than the 1000 possible for each second, consistent with corre-
lation times found for surface features.

[75] Im general, there is still what appears to be some
underreporting of wind speed as evidenced by the lower than
unity slope of the regression line. Some of this may be attrib-
utable to the different implementation of matched filter, be-
cause processing i the double model waveform (DMW)
method tends not to capture the peak winds as well as the sin-
gle model waveform (SMW) method. Other effects might
come into play as well such as bathymetry, fetch, storm tran-
sition (growing or decaying), storm translation, etc., but the
impact of these will require more research.

[7¢] The choice of using only data with elevation angles
greater than 60° was based on the necessity to match the
same conditions used in the original calibration. The use of
the high elevation angles was to eliminate errors due to an-
isotropy. As noted earlier, this anisotropy may be related to
wind direction and is likely dependent on elevation angle
and wind speed. Nevertheless, some effect of anisotropy
must still exist in the retrievals.

[77] Limiting the data sets to higher than 60° rapidly re-
duces the number of data points. On the other hand, lim-
iting the satellites to high elevation angle seems justified
by the generally good results usmg both the single satellite
mode and the lower signal-to-noise receiver mode of oper-
ation as well as the different software implementations
used for retrieval.

10.

[78] The results presented here indicate that reflected GPS
signals are capable of being used to determine ocean surface
winds from near-zero wind speed to over 40ms~!. Overa
decade of data acquired from a modified GPS receiver flown
into tropical cvclones by the P-3 Orion Hurricane Hunters of
NOAA’s Aircraft Operation Center have been analvzed to
quantify the GPS surface reflection technique retrieval accu-
racy. It has been shown that the GPS surface reflection can be
used to determine wind speeds in excess of 40ms™! to be-
tween 5 and 8ms™! root-mean-square accuracy. This is
likely to improve with the definition of wind speed anisot-
ropies evident for satellites at elevation angles below zenith
and better comparison done at actual locations where the
GPS dropsondes reach the ocean surface.

[79] Certain caveats were noted that should be observed
when applying the GPS reflection technique, including the
fact that the associated wind speed refrievals cannot be

Conclusions
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made over land, that residual surface roughness in the
eve of tropical cvclones vields a wind speed retrieval
where the surface winds are near calm, and that satellites
with high elevation angles should be used for wind speed
retrieval to avoid effects possibly resulting from wind
direction. Moreover, effects of fetch near land masses
can affect the accuracy of wind speed retrievals. Many
of these can be avoided by simple operational means,
while some cannot.

[s0] While the GPS surface reflection techmique is not
meant as a replacement for alternative methods, the measure-
ment of ocean surface roughness is an important geophysical
parameter in itself. Furthermore, the contined development
of GPS and other global navigation systems make the ciurent
performangce likely to improve. Coupled with the extreme
low cost, low mass, and power requirements, the small size
makes the GPS surface reflection ideally suited to a broad
spectrum  of platforms includmg that within the GPS
dropsondes themselves as well as those onboard Unmanned
Aidrcraft Systems.

Appendix A

[51] This appendix summarizes some of the geometry and
approximations on which the retrievals presented in this pa-
per are based.

[52] A coordinate svstem is shown in Figure A1 for use in
defining the wvectors and angles required to code into
an algorithm.

Receiver

o

V From satellite

Figure Al. Surface coordinate system.
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[82] The various vectors and distances are given by
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where ? is the vector from GPS satellite to the surface, ?is
the vector from the surface to the receiver, p is the distance
from the surface reflecting point to the receive, 4 is the height
of the receiver over the swface, X, is the surface distance
from the specular point to the swrface point below the re-
ceiver, and v is the satellite elevation angle. Various slope
vectors and their magnitudes can be calculated directly, but
the complexity of the form is eased by realizing that only
the ratios 2 and :—5’ are needed. Subtractimg ¥ from w and
separating the components gives

¥
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and

for the tangents of the x and y slope angles, respectively, of
the scattering vector with respect to the z-axis.

[84] After some simple approximations, the tangent
scattering vectors can be simplified to

- si.n(y)z-x

~h {A3)

tan(f,) =

[85] For the x-component and similarly for the y-component,

tanﬁ),
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[86] The received signal can be expressed as an integral
over the surface of the slope probability function and the
lambda-squared function transferred to the surface, with a
varigble delay that comes from the adjustable delay of the
reference code in the receiver [e.g., Katzberg and Garrison,
1996; Zavorotny and Voronovich, 2000]:

P(x',y') = Kl p(x,p) 1 2(8(x,y) — ¢ va)dedy,

where the mtegration i1s over all the swface and 7; is the
controlled delay in the receiver times the speed of light. While
this appears to be a convolition, it is not. From the Beckmann
development of the surface reflection geometry, the delay
& at any point x and y of the surface can be expressed as

(AS5)

4= lhz—l—x2 —l—sz% — xcos(y) + ksinfy). {A6)

[57] Note that this result reduces to 24 sm (), when xand y
are zero and is the specular point delay referred to in the text.

1z

Solving for the locus of points for constant delay gives a
family of ellipses with center

28 cot(y)

Xe =4 cot(y) =+ si.n(y) )

(A7)

[s8] The semimajor and semiminor axes are, respectively,

|
3% + 2hdsin(y) *
KXmax = )
smn” [y
| ( ) |1 (AS)
5+ 2hdsin(y)
Tre T ingy)

[#¢] For most applications, the effect of the squared delay
can be ignored and the semimajor and semiminor axes
reduce to

o sy
sin” (y) ] (A9)
_ (2hdsin(y)):
Voax =
sin(y)

[s0] Using a bivariate Ganssian as representative of the
core of the Cox and Munk relationship gives the following
mtegral to be evaluated for the signal as a function of
delay, a:

0 I I

1 _;_ m'zﬁx+iﬁ2
i) = | 2(ryp,Ca)e © = % pdrdp  (ALD)
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[s1] The integration over the surface can be simplified by
a change of variables for x to x’—x-sin (x). This converts
the ellipses of constant delay to circles allowing the
differential delay to Ghaan]e ’.T“i‘om rdrdip. ”,F]i:\ terms tanf,

or tan’p, take the form 2 ~cos®(p), & ~sin’(p). re-

Zh
spectively. The differential area now takes the form (with
C the speed of light):

(A11)

[s2] It can be seen that the integral over the surface can be
described as a linear relationship between area and time
delay, 7.

[s2] Moreover, the argument of the slope probability den-
sity is now proportional to #*— 24Ct/sin(y) making the expo-
nential linear in €. This means that the expression for power
captured from the surface is converted into a simple exponen-
tial after mtegration over azimuth angle.

[s4] Azimuth effects can be expressed in a form that
illustrates why high elevation angle satellite data 1s
relatively immune to wind direction and what form
the effective mean squared slope takes. Changing the



KATZBERG ET AL.: REFLECTED GPS FOR TROPICATL CYCLONES

exponential into a function of the polar coordinates gives

the form:
| | |1
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[s5] This now can have added and subtracted a factor that
completes the square in the argument of the exponential,
allowing the exponential to be separated into
| | Il | | | |
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[s¢6] This can be expanded in a power series and inte-
grated or it can be recognized that the azimuth integration
will vield a modified Bessel finction of the first kind in
the (squared) radial variable [Beckmann and Spizzichino,
1963, Appendix E).

[s7] Taking the exponential and the first term of the expan-
sion or the first terms i the modified Bessel function, it can
be seen that the integral over the surface of the probability
density finction and Lambda-squared function will also be
in terms of an exponential, linear in delay, multiplied by
higher-order terms in delay:

Gn

1= e hesviloowg,
0 (Al4)
gl
=2nezfy — for Q=
where
(. (. (.
Rt 1 BOLLES,
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(AL5)
1 sin®(y) 1 5
P=> L taB,
2 oz a; ¥
nr .. . :
where now tan” f§, =2 3 -Athigh elevation angles, this can

be reinserted back into the exponentighto give ameffective

2
- 1 Losmly) 1
inverse mean squared slope of a2 @ + Z -

[vs] Finally, the “samples” at each range delay ppmbe
converted into samples at each delay time by using d % de

2hC : : :
) drdy and expressing the mtr‘:gral asl follows:
, O oo,
HENE Tro; 1 2(z,10) ¢ = e (AL6)

[s9] This shows that the slope probability density takes the
form of an exponential fimetion of time (or code) delay whose
effective time decay constant is directly related to the effective
mean square slope, the height of the receiver, the speed of
light, and inversely to the sine of the elevation angle.

1 C
T Z sk A7
[100] This result will be used in Appendix B in modeling
the functions used to retrieve wind speed and the effect of
noise on the retrieval.
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Appendix B

[101] The process of recording the surface reflected power
m one-half code chip steps and then cross-correlating these
samples with samples from a family of model waveforms to
determine wind speed is equivalent to a matched filter pro-
cessing. The matched filter approach is a technique in signal
processing, which maximizes the signal-to-noise-ratio found
in the linear processing of a known signal contaminated by a
noise process [see Carlson, 1968, pp.406—409] usually but
not necessarily assumed to be white. The matched filter
concept ¢an be understood with reference to the Schwartz
inequality with real functions, fand g

a 20
‘ L () P

!
lg(x)

7 (x)g(x)dx *dx. (Bl

[102] This inequality is satisfied only if the two functions
match within a constant factor, giving a maximum which
cannot be exceeded. At the same time, the noise is not
affected in the same way, thus vielding a maximum signal-
to-noise for the “matched” waveform.

[102] Inthe case here, model waveforms expressed in terms
of delay time are created and then cross-correlated with the
acquired data, contaminated by noise. The acquisition of
the GPS signal related to power reflected from the surface
represents an integration of signal in range bins. These range
bins have a sensitivity profile created by the cross correlation
and then squaring of'the pseudo-noise code modulation func-
tion. As described earlier inthe text, this process is equivalent
to passing the signal through a smoothing or “instrument”
(sometimes referred to as an “aperture™) funection. (The model
waveforms are also the result of passing an ideal spdf throngh
the same mstmment finetion to ensure equivalent processing.)
The instrument function is called a “Lambda-squared” func-
tion because of its relationship to a squared trangle waveform,
with chip size 7, and delay parameter ¢ defined as

| Iy

1+— Tl 0
+Tc
| rIg (B2}
1-—— Dt +7T,
&
0 otherwise .

[104] The desired conditions are (1) that the smoothing
caused by the mstrument function must not appreciably mod-
ify the form of the slope probability density, while at the
same time (2) the reflected signal is recorded in delay steps
fine enough so that the surface slope probability density is
sampled at the Nvquist rate [Carlson, 1968]

[10s] When considered from the point of view of the
Fouriertransform, the mstrument fimetion must not apprecia-
bly distort the spdf low-frequency components, while the
sampling density must be sufficient to avoid higher-order
harmonics that result from the sampling process. A suffi-
ciently sampled slope probability density coupled with a
narrow aperture function will accomplish this.

[106] The Lambda-squared function has a full-width-at-
halfmaximum of 1.082 T, so the fivst zero of its Fourier trans-
form is at approximately 1/7,).
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(2) Mustration of the effect of using a sinc finction to reconstruet the continuous fimetion

from the receive power versus delay samples. Power versus delay “time constant” is two and one-halftimes
the half-code chip step interval. (b) lustration of the effect of using a simple interpolation finction instead
of a sinc funetion to reconstmict the continuous function from the receive power versus delay samples.

[107] An example case typical of the retrievals is shown
in Fignre Bla in which the sampling interval is two and
one-half times faster than the “decay constant” of a slope
probability function associated with a wind speed of
30m/s with a platform altitnde of Skmn. As can be seen
in Fignre Bla, the effect of the “aperture function” on
the low frequency components of the spdf Fourier trans-
form is small. The major effect of the “decay constant”
is in the lower frequency portion of the Fourier transform,
and the effect on the higher frequencies represents itself as
“ripples” in a reconstructed waveform.

[108] From sampling theory, the reconstruction of the orig-
inal spdf can be done by convolving the individual sequential
values with an interpolation finction. While the ideal inter-
polation function is a sin(x)/x (“sinc” function), such a func-
tion cannot be actually realized because it has significant
values that extend over an infinite range of x-values.

[10s] A simpler interpolation function would be to take a
constant value equal to the sample value at that point and
extend it half the interval to the previous and next sam-
ples, a “block-like” mterpolation finction. Such a function
would exist for one half the delay sampling mterval, 7.,
with peak value 1/7, the integrals will be nonoverlapping.
The signal contribution comes from the center data
sample multiplied by the area of the interpolation {(block)
fimction unity.

[110] Since such a function is half the width of the sam-
pling interval, its Fourier transform will have its first zero
near that of the sinc transform or 1/7,. In the transform do-
main, the effect is to mmltiply the signal transform by the in-
terpolation transform, a sin(x)/x. As can be seen from
Figure Blb, this additional filtering has a small effect on
the lower frequency portion of the data spectrum.

[111] As far as noise is concemed, the down-conversion
and multiplication of the broad-band receiver noise by any
particular PRN code vields a noise power spectral density
that is modified by the Fourier transform of the Lambda-
squared function in the same way as the signal. It should be
noted that the summation of the noise process over the
1023 code chips (1.0 ms) has the effect of passing this noise
through a 1 kHz filter and sets the fundamental kT noise
power spectral density for the measurement.
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[112] Im summary, the GPS reflection data, a representation
of the surface slope probability density fimetion, is modified
by a smoothing or instrument function and is sampled. The
mstrmnent fimetion is sufficiently narrow that the mmportant
lower frequency components of the spdf are not modified
appreciably. Taken with the sampling interval, those spdf’s
characteristic of aircraft altitude, mean-square-slopes associated
and wind speeds from a few meters per second and above are
close to the Nyquist rate for reconstruetion. Therefore, the con-
ditions required for a “matched filter” approach exist, justifying
the approach to wind speed retrievals presented in this paper.

Appendix C

[113] The retrieval of wind speed from over water measure-
ments of GPS power-versus-delay have been done by using a
matched filter approach. As noted in Appendix A, a matched
filter produces the highest peak signalto-rm.s-noise ratio
possible for linear processing. In this processing method, a
(likely scaled) version of a transmitted pulse shape plus addi-
tive noise is received and cross-correlated with a replica of
the transmitted pulse. The data i1s in the form of samples of
the reflected power from the surface taken at sequential steps
in commanded delay of the intemally generated psendo-noise
code. The two (one, idealized) “pulse” samples are scaled by
the energy in each pulse and divided into a squared result of
the cross correlation of samples of both the input signal and
a set of idealized replicas, one for each wind speed. At perfect
overlap and perfect pulse match, the obtained peak is greater
than for any other pulse shape. When scaled by energy, the
noiseless ratio is less than or equal to one. In the case for
GP8-based wind speed retrievals, the form of this ratio can
be expressed as follows:

R I g
(D+ha) Rt

-

(D+4hg)dt RV de

P
T

(CD)

where I 1s the unknown power-versus-delay model wave form,
E is the reference test waveform, 1 is the code delay, and K. is



KATZBERG ET AL.: REFLECTED GPS FOR TROPICATL CYCLONES

the fluctnating term resulting from squaring the raw noise
voltage received from the downward looking antenna.

[114] Making a simple expansion of the reciprocal of the
bottom term and multiplying the top and again retaining only
first order in noise gives

o O o m O m O u]
E.-Ddz KBy dz D-f,.dz
== oo DEI+2-$ g 2./ a +E
B - DFde R Dedz Dide
{c2)

[115] Note that the deviation from perfect match appears
in the first term, strictly from the difference between the
two functions, while the effect of noise arises not only
from the noise but also from the mismatch between refer-
ence (test) and unknown function. The noise terms tend to
zero as the unkmown and reference functions become sim-
ilar to each other.

[116] The noise term for the test function represents the
result of passing the noise through the test finction as im-
pulse response of a processing filter (actually, with nega-
tive time argument, see Carlson [1968]). In actnal
implementation, the mtegral is replaced by a sum of sam-
ples of the test function multiplied by the noise at each
recorded sample.

[117] Using the results of Appendix A, the form of the
idealized power versus delay and hence the model wave-
forms is that of an exponential, decaying with delay and
having an effective “time constant” defined by

1 C

rar 2 sm()olgh 3

[118] The simple form of the idealized swrface power ver-
sus delay makes it possible to evaluate the noise effects ina
reasonably simple fashion.

[11¢] Further simplification comes from the close approxi-
mation of the power versus delay to a simple exponential fime-
tion of delay with parameters related to altimde, elevation
angle, and slope probability density) and using the following:

| & 1 — g (E+1)07

efI:Ich‘: _
T 1 — DTt

~ g/l T, (C4)

i—1

[120] The noise samples are the result of squaring the
meoming  signal plis noise to produce a power
versus delay. The input noise itself is made up of a
Gaussian-distributed process, so when squared, & non-
central chi-square finction results. The average value of the
squared-noise is removed from the data, leaving a chi-square
distribution. The noise values at the samples are mdependent
random variables.

[121] The factors affecting the retrieval noise are com-
prised of (1) the “noiseless” ratio of reference and actual
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ideal waveforms, (2) the “DC" term of time-averaged
squared kT noise passed through the matching waveform,
and (3) the difference between the noise processed through
the test filter finction and the actnal reflected waveform.

[ 1 2D, '
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(7" + Tirue)

[1zz] K is the amplitude of the data waveform after all
down-conversion and squarmg. [t 1s “how much larger” the
true waveform is than other factors such as the “DC” noise
level. R; 1s the test waveform and D, is the idealized data
waveform without fading noise. Note that in the last equa-
tion, the “DC” noise term has been removed, which is done
before the matched filter cross correlation.

[122] The summations on the left side of the mequality are
themselves random variables. In particular, they are weighted
sums of two noise components: (1) 8quared Ganssian distrib-
uted thermal noise samples from identical processes. (2) The
second noise effect is from the squaring of the composite sur-
face random phase sinusoids (fading noise.) The fading noise
power is characterized as an exponential density (Papoulis,
1965.) These two processes are independent: The kT noise
at each 1 ms sample while the fading noise is correlated
longer due to the relatively (to 1 ms), slowly nmtating surface.
Samples from the two noise processes can be combined into
one sum of weighted squared random variables (r.v.”s).

[124] The number of terms in the complete evaluation of
the probability density of the sum of 10s of data samples
grows rapidly with a few tens of added samples, and is
completely unwieldy at 100°s of samples both the fading
and kT noise. Use can be made of the Tchebycheff inequality
to set bounds on the probability density for the swm in terms
of just mean and variances.

[125] The probability that a random variable with arbitrary
density, mean » and variance ¢~ is outside a distance = # is
given by

Pllx—n| | ko}l % {C7)

[126] These can be had via first and second derivatives of
the kmown characteristic functions for the two noise densities
(kT and fading):

BN | —1f2
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[127] In the case here, the mean and standard devia-
tion of the summed noise processes can be found
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reasonably easily from the charactenistic function of
fading and kT noise:
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[128] The factor N is the number of samples being aver-
aged, M is the number of correlated samples from the fading
noise {1 MM TN, M7, is the separation between waveform
samples, ¢ is the variance of the kT noise from the RF chain,
and the function of 7 inside the parentheses is the test and
actual “time constants” of the data. Note that the mean is
removed before the actual processing for “best match.”

[128] The Mean and S.D. (Standard Deviation) of this
processed noise approach zero (to first order) as the two
waveforms become matched. At a match, the processing ba-
sically subtracts two identically processed replicas from one
another. The variance also goes down as the number of sam-
ples are averaged making the standard deviation reduce by
the square-root of the number of samples. Moreover, the ef-
fect of multiple “looks™ at the data appears through the factor
M7./t" which is the reciprocal of the number of sample step
per decay constant. The signal mean value does not change
with averaging. Consequently, the signal-to-noise mcreases
by the number of samples of both repeated measurements
and by the number of samples per data decay constant. If
the fading noise is correlated by a number of samples before
independence can be certain, then the increase in SNR would
only increase by the square-root of the ratio of ¥ to the num-
ber of correlated samples.

[120] From the expansion of the matched filter process,
equation (C6), the comparison of the error to the matched fil-
ter factor takes in the signal-to-noise by means of the factor
K. This factor can be interpreted to be how much greater
the signal is than the noise standard deviation, singe it repre-
sents the scale factor that converts the true model waveform
mto the detected signal with additive squared kT noise.
When divided by the standard deviation ofthe kT component
of noise, K is the non-fading white noise signal-to-noise ra-
tio. For this reason K may be identified with P.

[131] To estimate the wind speed error from these noise
sources, the degree to which the noise exceeds the factor on
the right hand side above must be determined. Since we
know the standard deviation of the noise, the probability of
exceeding the right hand side can be thought of as the degree
to which the probability of the summed noises exceeds some
factor & times the noise variance.

[132] From the Tchebycheff result, the factor & can be
identified with the ratio

(C11)

[123] The probability that the weighted noise is greater
than k-5 D. is (1/%). The probability densities for the
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summations at each sample point are convolutions of gamma
and exponential densities and are unimodal. In such case, the
Tchebycheff limit on the probability density can be refined
firther by using the Vysochanskii-Petunin limit, which gives
the relevant probability to be less than or equal to 4/9 times
the Tchebycheff limit.

[134] Acknowledgments. The work reported m this paper could not
have been done without the assistance and cooperation of the NOAA
Aircraft Operation Center at MacDill AFB, Flonda. The flight crews,
engineers, technicians, and sclentists there made a potentially complicated
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