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Monitoring of ducting by using a ground-based GPS receiver”
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In this paper, we describe the estimation of low-altitude refractivity structure from simulation and real ground-based
GPS delays. The vertical structure of the refractive environment is modeled using three parameters, i.e., duct height, duct
thickness, and duct slope. The refractivity model is implemented with a priori constraints on the duct height, thickness, and
strength, which might be derived from soundings or numerical weather-prediction models. A ray propagation model maps
the refractivity structure into a replica field. Replica fields are compared with the simulation observed data using a squared-
error objective function. A global search for the three environmental parameters is performed using a genetic algorithm. The
inversion is assessed by comparing the refractivity profiles from the radiosondes to those estimated. This technique could
provide near-real-time estimation of the ducting effect. The results suggest that ground-based GPS provides significant
atmospheric refractivity information, despite certain fundamental limitations of ground-based measurements. Radiosondes
are typically launched just a few times daily. Consequently, estimates of temporally and spatially varying refractivity that
assimilate GPS delays could substantially improve over-estimates caused by using radiosonde data alone.
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1. Introduction

Historically, the vertical profile of the atmospheric refrac-
tivity of a “standard atmosphere” has been used as a basis for
wireless system performance predictions.!?! Since the mid-
1980s it has become common practice to improve this profile
with surface observations of air temperature, sea temperature,
wind speed, and relative humidity, in conjunction with an at-
mospheric surface-layer model to estimate the refractivity pro-
file within the marine atmospheric surface layer. The refrac-
tivity profile above the surface layer is not characterized by
the surface layer models but usually determined by weather
balloons or radiosondes. However, whereas the surface layer
measurements can be made continuously, weather balloons or
rocket soundings are expensive in terms of expendables and
manpower.?! An alternative means for estimating refractivity
is to use ground-based GPS.[*!

Terrestrial propagation of radio waves at frequencies
above 30 MHz is significantly affected by tropospheric re-
fraction, especially when the source and/or receiver is near
a coastline. Knowledge of the refractive environment is cru-
cially important to predict radar detection ranges or maximum
microwave communication ranges. However, radiosonde mea-
surements are expensive, and they may undersample the spa-
tial and temporal variations in refractory phenomena, partic-
ularly near coastlines. Ground-based measurements are po-
tentially more informative about space—time variations of re-
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fractivity in a particular region, but analyses of ground-based
sensing of atmospheric refractivity thus far have examined that
potential largely on the basis of simulated observations. Ap-
plications of ground-based refractivity profiling are compara-
tively few, and profiling from GPS measurements has not yet
been documented, primarily because of an inherent limitation
of the source-receiver geometry. Ground-based refractivity
profiling is further hampered by the need to develop instru-
ments and algorithms that can accurately measure signal delay
at the low satellite elevation angles (< 5°) that convey most of
the refractive information !

2. Ducting

Ducting is caused by a strong gradient in refractivity N in
altitude.[®) According to Smith and Weintraub law, refractivity
itself can be expressed as

N,~:77.6%+3.73>< 105%, (1)
where P; and e; are the atmospheric pressure and water vapour
partial pressure at level i in hectopascals, T; is the atmospheric
temperature at level i in Kelvin.

The refractivity gradient dN/dr is used to characterize
the atmospheric conditions with respect to altitude . If a re-
gion has a positive gradient, the region is called a subrefrac-
tive region. In these subrefractive regions, radio waves are
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refracted away from Earth’s surface. Regions with the gradi-
ent between —76 N-km~! and 0 N-km~! are normal refraction
regions. Regions with dN /dr between —76 N-km~! and about
—160 N-km~! are called super-refractive regions. When the
radius of curvature of the ray is equal to the radius of curva-
ture of the atmosphere, the ray will propagate at a fixed height
above the surface and the region is critical refraction region.
Ducts appear when dN/dr leads to rays that curve down into
the surface at low altitudes, which can be expressed as

el U @
dr R.
where R, is the radius of curvature of the atmosphere in km.
When dN/dr is less than —160 km~! for a mean value of R,
this condition occurs.

Performing the derivative dN /dr = N’ results in four con-

tributing terms, equation (3) can be obtained as

p

1
N =776-P-——-776-T'- =
T T2

e
T3
The first term represents the hydrostatic variations of pressure

+3.73%x 10° -

1
e’~ﬁ—3.73><105~T’~ (3)

with altitude, it is about —30 km~! in the lowest few kilome-
ters of the atmosphere. The second term may be closer to the
ground surface where higher pressure is found. The third term
will generally contribute to ducting at altitudes where strong
gradients in humidity pressure are found. The fourth term is
negligible.

Ducting has been observed in radiosonde data up to about
4 km in altitude, but most ducting events are found below

2 km.”!

3. Excess phase path model

Assuming the atmosphere to be spherically and radially
symmetric refractive medium, GPS excess phase path is mod-
eled using an integral expression derived from Snell’s law
ursina = a, where r is the local radius of curvature of the
ray, U is the refractive index, ¢ is the zenith angle of the ray,
and a is the constant impact parameter.

Fig. 1. Schematic diagram of the geometric parameters for refractive
bending.

The GPS excess phase path is modeled using an integral
expression derived from ray theory.®! Assuming a spherically,
radially symmetric refractive medium, a ray is described by
Snell’s law (Fig. 1).

The phase path between points 1 and 2 on a ray is
2
S = / n(r)dl, @)
1
v/dr?2+r2d62 in polar co-

ordinates. Substituting dr = d/cosa and using Snell’s law,

where d/ can be written as d/ =

equation (4) may be expressed as

{ x dn}
S= / / L
m
Here, x = rn(r) is the refractional radius. Equation (5) permits
the calculation of the phase path S for a given impact parame-
ter or for given zenith angle of the ray at a point. The excess
phase path is simply DS = S — Sy (where Sy is the path in vac-
uum, i.e., the geometrical distance between the antenna 1 and
GPS satellite 2) and is a function of the elevation angle 8 of
the straight line connecting antenna 1 and GPS satellite 2. Ex-
cess phase path DS cannot be calculated explicitly for given
B; rather, we calculate DS and J for a given impact parameter
a using the bending angle i of the ray connecting satellite and
receiver
2.dl

= s (6)

where r is the local radius of curvature of the ray, and v =
dr/d6. In polar coordinates

[r2+ (,/)2}3/2
r24+2(r)2 —r(r)’

p= (N

Substituting expression (7) into expression (6) and using
Snell’s law (1), the expression for i is

.
i= —a/ ’ dn/dr dr
n n(r)\/rtn®(r) — a?

=" _dnjdr g,
x n(x)VxZ—a?

Once S and € are calculated, the spherical angle 6 between

®)

points 1 and 2 can be obtained, and the elevation angle f is
then

rcos 0 —r
— arct - 9
B arcan< e >, ©
and the path in vacuum S is
So = \/r%+r§—2r1rzcose. (10)

Finally, we can obtain the excess phase path from DS(f) =
S —So.
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4. Parameter search for best fit model

In order to parameterize the refractivity structure, a three-
parameter refractivity model is designed to describe the refrac-
tivity structure. Each modeled excess phase path DS ™4 (B) is
calculated, and compared with the GPS measurement of ex-
cess phase path DSSPS(B) to determine which provides the
best fit in a least squares sense.

4.1. Refractivity parameters model

The model design is motivated partly by a desire to char-
acterize anomalous refractivity gradients, and it can be seen
from Fig. 2. Normally, the vertical refractivity gradient is
negative, i.e., dN/dr < 0, so that rays are bent toward the
Earth’s surface, and most often the radius of curvature of rays
is greater than the Earth’s radius r¢. However, when the radius
of ray curvature at a tangent point is equal to the spherical ra-
dius, i.e., dN/dr = —n/r ~ —160 N-km~!, the ray is critically
refracted, and when dN/dr < —n/r, it is referred to as super-
refraction. Rays having tangent points within a superrefracting
layer are trapped.

AH

CIRA+Q

inversion slope Cy ha

constant gradient h1

N
-
Fig. 2. Refractivity model using three parameters.

The refractivity model used here consists of a constant
gradient (40 N-km~!) beginning at the receiver altitude and
h1, a critically refractive gradient ¢, (more than 160 N~km’1)
between altitudes h; and h; + hy, and the gradient between
hi + hy and 6 km altitude can be obtained from CIRA+Q
model. There are only three independent variable parameters
in the model, corresponding to the altitudes A1, h,, and the crit-
ically refractive gradient c;. Refractivity at the receiver Ny, is
calculated from pressure, temperature, and relative humidity
(P, T,e) collected at the surface meteorological sensor.

4.2. Search bounds for parameters

To determine the “best fit” model of ASOPS, we perform
the genetic algorithm (GA) to search the best parameters.[%10]
The set of parameters described in Subsection 4.1 was used in
the optimization. The parameters and their search bounds are

given in Table 1. In actual implementations, prior information

might be available from a variety of sources (e.g., numerical
weather prediction models, atmospheric soundings, etc.) that
could improve the quality of the inverse problem solutions.!'!]

Table 1. Parameter search bounds for the refractivity model.

Parameter Lower bound Upper bound
Base height / 0 1500
Inversion thickness /; 0 500
Inversion slope ¢ -0.6 0.3

It is assumed that the difference (m) between the simu-
lated observed DSSPS(B) and modeled DS ™9 (B) clutter is
Gaussian, ASCPS = DSSPS(B) — DS ™°d(B). This leads to a
simple least squares objective function:

0(B) = ASPS" . ASCPS, (11)

The simulated GA code is used to optimize Eq. (11). The GA-
search parameters are parameter quantization 256 values; pop-
ulation size 32; reproduction size 0.5; cross-over probability
0.1; the number of iterations for each population 100; and the
number of populations 50. Thus 5000 forward modeling runs
are performed for each inversion.

5. Results using ground-based GPS data

In order to test the proposed refractivity estimation
method, simulation and real ground-based GPS were used.
Simulated data were generated using a known radiosonde re-
fractivity profile, and then simulated excess phase path can be
obtained. The simulated excess phase path was used as obser-
vation data to estimate refractivity model, and the refractivity
model that best fit the GPS excess phase path ASSPS were com-
pared with the refractivity structure measured by radiosondes.
Four high-resolution Vaisala radiosondes (~ 20 m sampling at
altitudes < 6 km) were released from the instrument pier on
Helena (15.94 S, 5.67 W).

True ground-based GPS observation data from the obser-
vation in Jiangxi Poyang lake (115.27 E, 29.11 N), the cor-
responding sounding data from the meteorological rocket de-
tection data (~ 4 m sampling at altitudes < 1.5 km) and low-
resolution radiosondes (~ 50 m sampling at altitudes < 6 km)
were obtained, and observation time was 17 April 2009, and
there were two observations in total. GPS observation data
were disposed by another pibal factory, and its primary pur-
pose was to estimate spatial wind field. Accidental product
included GPS excess phase path delays, and then the delays
could be used to estimate refractivity structure.

5.1. Ground-based GPS data processing

GPS data are collected from SNR receiver with bench-
mark ACT tracking. All data are collected into a single per-
sonal computer. The observable we used to retrieve refractiv-
ity is the excess phase path, i.e., the excess travel time between
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satellite and receiver which results from tropospheric bending
and slowing, multiplied by the speed of light in vacuum. GPS
excess phase path is estimated using a modified version of
Bernese v5.0 software in a precise point positioning mode.!'!
Accurate point positioning requires precise ephemerides and
satellite clock estimates, the Jet Propulsion Laboratory (JPL)
or GFZ orbits are used. Because the GPS data were sampled
at 1 Hz rate, the 1/30 Hz satellite clock is derived by interpo-
lation.

In order to obtain excess phase path, there are three pa-
rameters that need to be estimated when processing the carrier
phase and code GPS observation. The first item is the receiver
clock error at each epoch, the second item is the phase ambigu-
ity, and the third item is tropospheric wet zenith delay at half-
hourly intervals. Tropospheric dry delay and wet delay are
modeled by Niell’s mapping function. Ionospheric dispersive
delay is removed using the ionosphere-free linear combination
of phases from the two GPS carrier frequencies. The informa-
tion that is retained after Bernese processing included (i) the
position of the receiver, (ii) the position and velocity of the
GPS satellite derived from the precise ephemerides, and (iii)
the measured excess phase path.

SGPS

The measured excess phase path A varies from about

2 m at zenith to more than 100 m at low satellite elevation
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angles. Lowest elevation data are prone to gaps in observa-
tions, partly because of masking by structures and topography
east of the instrument and partly because of multipath cancel-
lation. Reflections off the lake surface generate strong multi-
path, and signal strength reduction by destructive interference
commonly results in loss of L2 phase lock for satellites at low
elevation. So in order to ensure the accuracy of measured ex-
cess phase path ASSPS | the ASOPS must vary smooth along with
satellite elevation angles, and the best satellite elevation angle

SGPS

is about 1°, corresponding excess phase path A is about

60 m—70 m.

5.2. Estimated accuracy using simulated ground-based
GPS data

SGPS measurements co-

Figure 3 depicts modeling of A
incident with the four radiosondes launched from the instru-
ment platform at Point Helena (Fig. 3(a): 0701211, Fig. 3(b):
01050211, Fig. 3(c): 01070211, and Fig. 3(d): 01070311).
Best fit models of ASOPS are shown as solid black lines. The
radiosonde refractivity (depicted as black dash lines) generally
coincides with low RMS misfit || DSSPS(B) — DS ™4 (B)]|.
Moreover, in most cases (i.e., Figs. 3(a)-3(c)) the model that
best fits ASSPS closely approximates the model that would best
fit the radiosonde refractivity.
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Fig. 3. Curves of refractivity versus altitude for the four radiosondes released from the instrument pier at Point Helena. Dashed lines
represent radiosonde measurements, and solid black lines denote the results from the best fit model of ASCPS,

The refractivity model that best fits ASOPS does not al-
ways match the radiosonde refractivity profile, however. In
Fig. 3(d) the best fitting model has a large (~ 30 N-unit lapse)
duct beginning at 1200-m altitude. The radiosonde refractivity

gradient is more variable than in other examples, but a model
having a smaller duct at lower altitude would better match the
observed radiosonde refractivity. The difference between ra-
diosonde and GPS estimates of refractivity in Fig. 3(d) sim-
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ply demonstrates that ground-based measurements of excess
phase path do not always adequately constrain the altitude
of anomalous refractive structures. Poor constraint of alti-
tude is a manifestation of the ill-posed nature of the integral

equation.[1314]

5.3. Estimated accuracy using real ground-based GPS
data

Figure 4 depicts the excess phase paths with respect to
GPS receiver elevation angle for two real data in Poyang lake,
China (Fig. 4(a): time for 11:23 AM, and Fig. 4(b): time for
13:54 PM).
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Fig. 4. Excess phase paths versus GPS receiver elevation angle.

Figure 5 depicts the estimated result using real ASGPS

measurements coincident with the two real data in the Poyang
lake, China (Fig. 5(a): time for 11:23 AM, Fig. 5(b): time
for 13:54 PM). Best fit models of ASCFS are shown as
solid black lines. The radiosonde refractivity (depicted as
black dash lines) generally coincides with low RMS misfit
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Fig. 5. Curves of refractivity versus altitude for the two real data from
the instrument at Poyang lake of Jiangxi Province, China (Figs. 5(a) and
Fig. 5(b)). Dashed lines represent real measurements, and solid black lines
denote the results from the best fit model of ASCPS.

It is shown in Fig. 5, when real ground-based GPS data
are used, because real data have some observation errors, in-
version accuracy is lower than that of simulated data. Since

the foundation of the parameters of the model and GPS ob-
servations has defects, inversion result is too smooth and has a
certain deviation between real sounding data, and vertical vari-
ation of depicting ability is bad. Overall, the inversion is suc-
cessful if all the inversion results are considered, because the
refractivity structure and characteristics are manifested well.
Because there are only two groups ground-based GPS data,
only a simple error and statistical analysis are discussed, the
inverse average deviation error is 9.1 N, and RMS error is
10.5N.

6. Discussion and conclusions

Remote sensing of atmospheric refractivity structure us-
ing ground-based GPS introduces a new technique to obtain a
lower atmospheric refractivity profile, which has a large num-
ber of potential applications in communication and weather
prediction.!!>! Relatively poor constraint of the altitude of re-
fractivity structures would restrict the utility of GPS for some
purposes. Poor altitude resolution is an unavoidable conse-
quence of the GPS receiver geometry and will not be easily
overcome when the GPS receiver is on the ground. There
is some other observation information such as Doppler shift
that has less information content than the excess phase path
used for this analysis, and while GPS waveform or amplitude
data may offer additional observation information for estimat-
ing the vertical refractivity structure, it will require significant
adaptation of existing instrumentation before being useful. Ul-
timately, the best way to solve the limited altitude resolution of
ground-based GPS is to use crossing rays from multiple sites
in a tomographic approach. In the future, incorporating the
ground-based GPS observation data into a weather numerical
prediction model will be a key consideration of our work.
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