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Refractivity and Refractivity Gradient
Estimation from Radar Phase Data:
A Least Squares Based Approach

Rubén Nocelo Lépez, Brais Sdnchez-Rama, Verénica Santalla del Rio, Member, IEEE, Sérgio Barbosa,
Paulo Narciso, Roman Pérez-Santalla, Alberto Pettazzi, Paulo Pinto, Santiago Salsén and Tania Viegas

Abstract—Tropospheric refractivity, related to temperature,
pressure and humidity is an interesting parameter for weather
analysis, prediction and study of climate trends. It has been
shown to be useful for the detection and forecast of convective
events. It has already been demonstrated that tropospheric
refractivity can be estimated from radar phase measurements.
In this paper a non-linear least squares based approach for the
estimation of the tropospheric refractivity that simultaneously
provides estimates of the refractivity vertical gradient is pre-
sented. A significant improvement of the presented technique
is that it allows estimation of the refractivity over any terrain
orography, flat or hilly. Furthermore, the method developed can
be implemented on klystron as well as on magnetron based
radars. Results for both radar types, at S- and C-band, located
over flat and hilly terrain show the potential of the method.

Index Terms—Atmospheric refractivity, least squares estima-
tion, radar.

I. INTRODUCTION

HE relationship of tropospheric refractivity with temper-

ature, pressure and humidity has made it an interesting
parameter for weather diagnosis and forecasting, as well as for
climate analysis. Since the late 1990’s, the Radio Occultation
(RO) technique has been implemented to measure the refrac-
tivity of the Earth’s atmosphere, [1], [2]. Early experiments
have already demonstrated that the refractivity data obtained
by RO could significantly contribute to improve the forecasting
performance of Numerical Weather Prediction (NWP) models.
Nowadays the benefits of RO refractivity data are indisputable.
The RO refractivity data possess very interesting features such
as high precision and accuracy, high vertical resolution and
global coverage. On the other hand, precision and accuracy
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decrease as height decreases and data for the lower troposphere
are scarce, specially in areas with rugged orography.

Based on the demonstrated utility of refractivity data, an-
other approach to measure refractivity in the lower troposphere
was proposed in [3]. This technique considers obtaining the
refractivity from the phase of radar signals backscattered
from stationary ground targets. Initial results were promising,
encouraging the research and development of the technique
while large experiments were planned and conducted to
evaluate the performance and potential of radar refractivity
measurements. The THOP_2002 experiment conducted in the
Oklahoma Panhandle was designed to obtain refractivity mea-
surements with different sensors/instruments: weather stations,
mobile mesonets, aircraft in-situ, AERI (Atmospheric Emitted
Radiance Interferometer), radiosondes and the National Center
for Atmospheric Research (NCAR) S-Pol radar. Intercompar-
isons between radar refractivity measurements and refractivity
measurements obtained with the other instruments showed a
high correlation between them. Additionally, it was found that
radar refractivity may help in the detection of boundary layer
convergence zones and forecasting of convective initiation in
[4]. Later, the Refractivity Experiment for H,0 Research and
Collaborative Operational Technology Transfer (REFRACTT)
took place in Northeastern Colorado between June 2006 and
August 2006. Research and operational radars (NCAR S-Pol,
CSU-CHILL and NEXRAD) were used for this experiment.
Refractivity fields over a large area were obtained, the re-
lationship of the refractivity temporal and spatial variability
to the temporal and spatial variability of water vapour and
the initiation of convection processes was again shown in [5].
Refractivity retrieval from phase measurements obtained with
the National Weather Radar Testbed phased array radar and
the US operational radar network, both at S-band, was also
demonstrated by [6].

Radars used in these experiments were coherent systems,
based on klystron transmitters. Implementation of the radar
refractivity estimation technique with magnetron-based radars
was challenging. In [7], [8] and [9] the errors caused by the
frequency drifts of magnetron-based radars were described
and analysed. Since most European weather radars use mag-
netron transmitters, it was necessary to modify the radar
refractivity estimation technique for its implementation in
Europe. Subsequent refractivity measurements obtained with
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magnetron based radars, e.g. during the HyMeX campaign in
the southeast part of France, showed good correlation with
weather station measurements in [10].

The potential of this radar refractivity technique and its
current problems were discussed in [11], [12], [7]. Important
features of the radar refractivity estimation technique are its
high temporal and spatial resolutions, though the area covered
by each radar is relatively small, 30 to 50 km in range [13].
The use of not only weather radar networks, but also other
civil radar networks can help to increase the coverage. Then,
assimilation of radar refractivity data into NWP models can
improve the prediction of storm initiation [14], [15], [16].

On the other hand, an important limitation of the current
technique is that the height difference between stationary
targets and between them and the radar is not taken into
account. In relatively flat areas, with small height differences,
the error in the final refractivity estimates due to height
differences between the targets and the radar is relatively
small. As the difference between the height of the targets and
the height of the radar increases the error increases beyond
acceptable values. Therefore, the deployment of the radar-
based refractivity estimation technique is limited to flat areas.
Correcting the error in the refractivity estimates caused by the
different height of the targets and the radar requires knowledge
of the refractivity vertical gradient. Different approaches to
obtain the refractivity gradient have been proposed [17], [18],
[19]. Those presented in [17] and [18] are based on power
measurements. The method for refractivity gradient estimation
presented in [17] is based on the comparison of the ground
echo map measured with estimated ground echo maps for
different refractivity gradient values. The method was tested
with data obtained during the IHOP_2002 experiment. The
method showed, as stated by the authors, “an ability in
capturing the near ground gradient of refractivity at low level
elevation angles”. However, the accuracy of some results was
seriously affected by precipitation outflows. In general, results
will worsen as the scattering properties of the ground targets
change with time and climatological conditions. Moreover,
the tests were conducted with data obtained over a flat area.
In hillier areas, the orography might be the principal factor
that determines the ground echo maps, making difficult the
implementation of the method proposed. The method proposed
in [18] is based on the linear relationship between the returned
power variation with the elevation angle and the refractivity
gradient. Though the refractivity gradient estimates obtained
with this method correlate well with refractivity gradient
measurements from other instruments, they present significant
biases. These are caused by small biases of the antenna
elevation pointing angle, fluctuations of the returned power
and errors in the estimated target heights that will increase
in a rougher orography. On the other hand, the approach
presented in [19] is based on phase measurements. It considers
joint estimation of the refractivity and the refractivity gradient
from radar phase measurements. The results were encouraging
though the method required to be recalibrated every few days,
making difficult its implementation in operational radars.

Therefore, there is still a need for a method to estimate
the refractivity at a given height and the refractivity gradient

while it can be implemented in operational radars working on
either flat or hilly areas. Departing from the phase variation
of radar returned signals due to changes of the refractivity
and its vertical gradient [17], [19], the refractivity estimation
algorithm proposed in [19] is reformulated considering that
it must work with klystron and magnetron operational radars,
located either in flat or hilly areas. For an operational use of the
algorithm it is also required to reduce the frequent recalibration
demanded by the algorithm as initially proposed in [19].

Section II briefly reviews the previous work on radar re-
fractivity estimates and Section III describes the least squares
based approach proposed in this paper for the estimation of
the refractivity at the radar height and its gradient. Finally,
Sections IV and V discuss the algorithm implementation and
the achieved results respectively.

II. ESTIMATION OF THE REFRACTIVITY AND ITS
GRADIENT: PREVIOUS WORK

Radar refractivity estimation is based on the variation of
the phase of backscattered pulses from stationary targets with
the troposphere refractive index. Let us consider a stationary
target 7'0. Assuming a spherically stratified troposphere where
the index of refraction linearly decreases with height [20],
the phase of the m-th backscattered pulse from the stationary
target 70, the target 70 phase, is given by [12], [19]:

Oro(m) = —27fro

. {5T0(m) + Lro(m) i Lco(m)

{kTOZCAR} + ¢ro —27(fe + fro)

] + %0 (m) (1)

with

o f. is the actual transmitter frequency.

e fro is the sum of all the frequencies of the different
downconversion stages, corresponding to the expected
frequency of the transmit pulse.

e Lyo(m) = Reo (N(m) £1076 4 hrohg ON(m) . 10—9)

_ Ryo(hro—hgr)>—R%, N (m) —9
e Leo(m) = e 0 2510

e N(m) the mean refractivity at the radar height.

. 81\({57(,;") the refractivity gradient per km.

e Ry the length of the ray path to the target, Rp¢ =
kroAR' + d19(m) with kroAR' being the distance to
the center of the range gate where the target is located
and d19(m) being the distance between the target and the
range gate center at the transmission of the m-th pulse.

e hpo the target T0 height.

e hp is the radar height.

e a,. the modified Earth’s radius [20].

e @70 the stationary target backscattering phase.

o ¢ST(m) the clutter contribution to the phase. It is mod-
elled as a zero mean random variable that adds to the
stationary target phase.

The main steps and assumptions considered for obtaining the
target 70 phase are summarized in the Appendix.

Equation (1) shows the relationship between the target 70

phase and the mean refractivity and its gradient. Unfortu-
nately, the rapid wrapping of this phase with distance and the
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unknown stationary target backscattering phase, ¢r¢, makes
impossible to obtain the mean refractivity and its gradient from
single target measurements. However, if changes of the refrac-
tivity and/or its gradient are small enough, the absolute change
in the target 70 phase is below 180°. Then, measurement of
the target 70 phase change may allow to estimate changes
in the troposphere refractivity conditions according to [3]. In
order to do so, most works to date assumed “strictly flat earth”,
[11], that is, all targets are at the radar height and there are
no changes of the refractivity gradient, so that, the target 7°0
phase change w.r.t. time, that is, between transmitted pulses
my and ms, becomes:

Adro(mi,me) =

2 —
= X (fe+ f10)RroAN <1070 + 57 (ma) — 55 (m1)
@

which clearly allows to estimate AN = N(msy) — N(m1)
from the measurement of the phase change. To have unbiased
estimates of AN the phase change should be within 4-180°.
Besides, it must be considered that, since A®pq(my,ms)
increases linearly with Rpq, the maximum distance from the
target to the radar that ensures that A®pq(mq,ms) is within
41807, for a given value of AN, is a few km, decreasing as the
radar frequency increases. The trade-off between the different
parameters is well known [11], [21]. Table I summarizes some
results for the S- and C- bands.

TABLE I
MAXIMUM DISTANCE TO A STATIONARY TARGET 7'0 TO ENSURE NO
WRAPPING OF A®pq(m1,m2), CONSIDERING NO CLUTTER PHASE
NOISE, FOR DIFFERENT VALUES OF AN.

Frequency Band AN =10 AN =20 AN = 40
S-band ~ 2.70 km ~ 1.35 km =~ 0.70 km
C-band ~ 1.35 km =~ 0.70 km ~ 0.35 km

To increase the radar coverage for refractivity estimation,
it was proposed in [11] to consider the change with time
of the phase difference from two targets, e.g. 70 and T'1,
ADro 71(m) = Py (m) — Pro(m).

Then, the phase difference change between transmitted
pulses my and mso, considering the “strictly flat earth” ap-
proach and no changes in the refractivity gradient, is given
by:

Ao 71(my,ma) = APror1(me) — ADpor1(m1) =

27 - _
7(fc + fro)(Rro — Rr1)AN - 107° + 6% (my)
—dg (ma) — dF (m1) + o (m) )

The similarity between Equation (2) and (3) is obvious.
Now, to avoid phase wrapping, it is A®pg 11 (m1, ms2) what
needs to be within +180° for the maximum value of AN.
That is, the distance between the targets 70 and 7'1 must be
below a few hundred meters (see Table II), no matter what the
distance from the radar to any of the targets is. Therefore, as

far as the distance between the targets 70 and 7'1 does not
grow up to cause wrapping, if the targets are located within

the radar coverage area, Equation (3) can be used to calculate
the refractivity. Evidently, the increase of the coverage comes
at the expense of the increase in the clutter noise.

TABLE II
MAXIMUM DISTANCE BETWEEN TARGETS 70 AND T'1 TO ENSURE NO
WRAPPING OF A®7q 11 (m1, m2), CONSIDERING NO CLUTTER PHASE
NOISE, FOR DIFFERENT VALUES OF AN.

Frequency Band AN =10 AN =20 AN =40
S-band ~ 2.70 km ~ 1.35 km ~ 0.70 km
C-band ~ 1.35 km =~ 0.70 km ~ 0.35 km

Either Equation (2) or Equation (3) allow to estimate just
the refractivity change between the transmission of two pulses.
The potential of refractivity change measurements has been
discussed in [22]. However, the parameter of most interest is
the absolute refractivity. To obtain the absolute refractivity it is
necessary to know the absolute refractivity at the transmission
of a first reference pulse. Then, two approaches may be
considered. The absolute refractivity can be obtained either by
accumulating the refractivity changes obtained from compar-
ing the received phases of consecutive pulses transmitted just
after the first reference pulse or by measuring the refractivity
change of each transmitted pulse with respect to the first pulse.
If the first approach is implemented [19], [22], the phase
noise of the consecutive measurements accumulates so that
the error of the measured absolute refractivity increases with
the number of pulses transmitted after the reference pulse.
To ensure the error of the absolute refractivity is within preset
limits, recalibration, that is, measuring the absolute refractivity
at the transmission of a new reference pulse would be required
rather frequently as in [19], [22].

Now, regarding to the second approach [11], as the time
of transmission of the current pulse w.r.t. the transmission of
the reference pulse increases, the refractivity change increases
and wrapping may happen. That is, for a given distance to
the stationary target 70 if Equation (2) is used, or for a given
distance between the targets 70 and 7'1 if Equation (3) is
used, there is a maximum value of the refractivity change
that may be measured. Let us put it another way, to ensure
correct measurement of the highest refractivity change that
may happen at a given location, the maximum distance to the
stationary target or the maximum distance between the targets
T0 and T'1, has to be reduced (see Tables I and II).

Besides, for the implementation of this approach, the refer-
ence pulse and the corresponding absolute refractivity have
to be established. The reference pulse phase (or the refer-
ence pulse phase difference) and the corresponding absolute
refractivity are determined by averaging, to reduce the noise
due to the clutter, the phases (or phase differences) received
during a short period of time in which it can be assumed a
homogeneous refractivity field in the area of interest [11].

Additionally, to reduce the noise, mainly due to the clutter,
the refractivity measurements obtained from the backscattered
phase of all stationary targets or target pairs, within an area
where the refractivity can be considered statistically homoge-
neous, are somehow averaged as in [11], [4], [5], [10].
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Besides the clutter noise, other sources of error have been
identified and discussed in [11], [7]. Not accounting for the
real height of the stationary targets is one of them, specially
if there is a significant change of the refractivity gradient
between the reference pulse and the received pulse. The error
due to not considering the height of the stationary targets
increases as the height difference between the targets and the
radar increases, leading to useless results in non-flat areas.

Thus, in [19] the case when the “strictly flat earth” as-
sumption cannot be considered and changes of the refractivity
gradient need to be taken into account was studied. In this
case the phase difference is given by:

27
A®ror1(m) = _?fLO(le — k70)2AR+

27T(fc7:‘fL0) [(070(m) — 671 (m))+

(Lro(m) — Lr1(m)) + (Leo(m) — Lei(m)]
+o1r1 — dro + ¢71 (M) — 65 (m)
In [23] it was shown that the variation of (é7¢(m) — dr1(m))
and (Lco(m) — Lei(m)) with N and Y (that is, with time)
can be neglected compared to the variation of (Lpg(m) —
Lr1(m)) with N and ZF. Then, the dependence with m

of those terms can be dropped and the phase difference,
Ad®rpo 1(m), is well approximated by:

“4)

A®rg r1(m) = —Q%fLo(le — kr0)2AR'+
27T(fc7:f1:0) [(670 — 671) + (Lo — Len )]
+ér1 — dro + ¢T1 (m) — 7] (M)

"'Q%(fc + fro)(Rro — Ry1)N(m) - 1070+
[hTO hry ON (m)

.107°
oh 0

)]
Therefore, the phase difference change, A®pq 71 (m1,m2), is
given by:

2 —h
%( RRTl]

—h
R Rro — 3

fe+ fro) 5

ADror1(me, me) = Alpor1(ma) — AP r1(mi) =

2 —
L (fe+ Jr0)(Rro — Re)AN 1070+

2m hro — hr hri — hg ON
?(fc+fLO)[ B Ry — 5 RTl]A%'IO +
CT (my) — ¢ (ma) — $5T (m1) + $5E (m1) o

which shows how the phase difference change relates to both,
the change of the refractivity at the radar height, AN =

N(mgy) — N(my), and the change of the gradient of the

refractivity, A2 = 2 (my) — 2 (my), [19].

oh T~ oh

Clearly, to obtain the refractivity change, either the change
of the gradient of the refractivity is obtained by any other
means or it has to be jointly estimated with the refractivity
change. This last approach was the one considered in [19]. A
linear least squares approach was used to estimate the change
of the refractivity and the change of the refractivity gradient
from measurements of the phase difference change from
several pairs of stationary targets. Changes of the refractivity
and of the refractivity gradient were obtained from the phase

difference change between consecutive pulses to minimize the
probability of wrapping. The higher probability of wrapping
in hilly areas prevented the obtaining of the change of the
refractivity and the refractivity gradient from the phase differ-
ence variation between the current received pulse and a former
received pulse at known tropospheric conditions. Then, to
obtain absolute values of the refractivity and of the refractivity
gradient, consecutively measured changes of the refractivity
and its gradient were accumulated from a first reference pulse
for which the refractivity and the refractivity gradient were
known. As in the case of “strictly flat earth”, accumulating
consecutive estimates of the changes of the refractivity and
its gradient caused a continuous increase of the variance of
the refractivity as well as of the variance of the refractivity
gradient estimates. To keep the error of the estimates within
reasonable values, frequent recalibration of the system was
required. Avoiding the need for frequent recalibration has been
one of the objectives during the development of the method
proposed in this paper, which is based on a non-linear least
squares approach.

III. ESTIMATION OF THE REFRACTIVITY AND ITS
GRADIENT: A NON-LINEAR
LEAST SQUARES BASED APPROACH

The approach to be derived in the following is based on
the expression for the phase of received signals given in
Equation (1). To obtain that expression a constant refractivity
gradient in the lower part of the troposphere was assumed.
Therefore, the following approach will provide estimates of the
refractivity at the radar height and of the refractivity gradient
assuming it does not vary with height.

Let us consider K pairs of stationary targets.
Ao, 71, (m) is the phase difference measured for the
m-th transmitted pulse corresponding to the k-th target pair.
Let us denote by A®rq, 71, (N, %—1}\[) the phase difference
for that target pair as a function of N and %—I}Y under clutter
free conditions. The values of the refractivity and of the
refractivity gradient, at the time the m-th pulse is transmitted,
can be estimated using a least squares based approach.
Obtaining of N and %—]}Y from minimizing the sum of squares

of residuals,
K PR

. o 7’
§ {4<6JA‘1>T0k,T1k(N’7daA;’1

k=1

) . e~ iAPTo, 11, (m))} 2

may lead to large errors in noisy situations due to the “peri-
odicities” of the sum of squares of residuals. To avoid this, N
and %—]If are obtained from minimizing the weighted sum of
the sum of squares of residuals and a function of the variation
of the refractivity and of the refractivity gradient from the
previous measurement, f(AN, AON/Oh):

. e*jAéTok,le (m)):|2 + (1 — wa) . f(Aﬁ, A@N’/@h))
(7

K
) N /
E {4 (€JA<I>Tok,T1k (N7, 255
k=1

— ON
N2
" Oh

= arg min
N7 9N’
N/’ Oh



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. XX, NO. Y, APRIL 2022 5

A®ro, 1, (N, %—I}Y) is readily obtained from Equation (5):
A®ro, 11, (N, Z) = Ay + BN + C %Y 3)
with:

9 2
Ay = _%fLO [(kr1,, — k70, )2AR'] + ?W(fc +.f10)

(670, — 71,) + (Leo, — Ler, )] + o1, — dr0,
2T
By = ?(fc + fro)(Rro, — Rr1,)-107°
2w h —h h —h
Crp=—(fc+ fLO)(MRTOk - e TR
c 2 2
“Rpy,) - 1077

Ak, By and Cj, are unknown since the range to the station-
ary targets, Rpo,, Rri1,. their heights hpo,, hri, and the
backscatter phase of the stationary targets, ¢ro,, ¢11, are
unknown.

To obtain estimates of Ay, Bj and C) and therefore, the
phase difference function corresponding to each pair of station-
ary targets, the refractivity, as well as its gradient are modelled
as random processes. Let us define the event H : (N; <
N < No,(ON/Oh); < ON/Oh < (ON/Oh)z) such that, the
range of values of the phase difference, A®ro, 71, (N, %—Z}Y)
for values of N and ON /Oh within such event H, is within
an interval of length 27. In this case, the expected value of
the phase difference of each target pair (70, T1;) given the
event H is well approximated by:

ONp
oh
where Ny = E {N/H } is the mean value of the mean
refractivity given H, 25 = E {2V /H} is the mean value

of the refractivity gradlent given the same event H.

Now, E {A®r¢, 71, /H} can be estimated from measure-
ments of the phase difference if simultaneous measurements of
the mean refractivity, IV and its gradient, ON, /Oh are available.
The sample circular mean of all phase measurements taken
at a time at which according to the alternative measurement
method the refractivity and its gradient belong to the event
H, is calculated to get an estimate of E {A®y, 11,/H}.
It is of interest to remind here that though phase difference
measurements are noisy due to the clutter, the expected value
of this noise, as discussed in the Appendix, is zero. At the
same time, the refractivity and refractivity gradient values
corresponding to the event H, are averaged to obtain the
estimates of Ny and %.

Then, calculating the expected value of the phase difference
for several events H allows obtaining estimates of Ay, By and
C}, by linear least squares, that is, allows obtaining an estimate
of the phase difference function A®ro, 71, (N, Z¥).

To this point a coherent transmitter has been assumed, that
is, neither f. nor fro change with time. This is not the
case if magnetron transmitters are considered. In this case,
the magnetron frequency changes with time and the local
oscillator frequency is set up to follow the frequency of the
magnetron. Let us consider that the magnetron frequency has
varied Af Hz w.rt. f. and analogously, the local oscillator

E{A®po, 71, /H} = Ap + B - Ny + Ci, )

frequency has varied Af Hz wrt. fro. Now the phase
difference between targets T'0; and T'1; is a linear function

of N, 2 W and Af, as:
A(I)Tokyle (Nv 837]}\[7 Af) Ay + BkN + Ck iy DiAf (10)
with:
2
Dy = - [(kr1, — kr0, )2AR']
4
+ — [(5T0k 5T1k) + (LCOk - LClk)]
Consequently, measuring A®rq, 71, (N, ah N Af) in this

case requires to generalize the definition of the event H as H :
(N1 < N < Ny, (ON/Oh); < ON/Oh < (ON/Oh)2), Afi <
Af < Afy. Then, as for the coherent transmitters, definition
of enough events allows linear least squares estimation of Ay,
By, Cy and Dy, that is, of the phase difference function.

Once the phase difference function has been determined for
all target pairs, the refractivity and the refractivity gradient
can be estimated from phase radar measurements by the least
squares based approach defined in Equation (7).

IV. ALGORITHM IMPLEMENTATION

To implement the algorithm to estimate the refractivity
and its gradient it is necessary to identify and pair the
stationary targets within the radar coverage area and to find
the phase difference function A®rq, 71, (N S ) for all pairs
of targets. Estimation of the phase difference function is based
on averaging as many measurements as possible in order to
average out measurement errors as well as the noise due to
clutter. The technique presented in this paper is different to
previous approaches that do not consider the estimation of
the phase difference function, but just the estimation of the
value of the phase difference function for a known value of
the refractivity. For that, those methods looked for a period
of time, relatively short, a few hours at most, during which
refractivity conditions in the atmosphere could be considered
stable in time and spatially homogeneous. Though data need
to be recorded only for some hours, determining such period
of time with stationary conditions may require observation of
the troposphere conditions for a much longer time. For the
calibration proposed here, backscattered data for several days
to several weeks, depending on the type of the transmitter
and the number of scans per day, are required. However, it
is important to point out that recording of the calibration data
does not affect the radar operation. Once the scanning strategy
of the radar has been defined, including a low elevation
scanning for refractivity estimation, the radar operation is not
changed for calibration. During the first days or weeks, the
data obtained at each low elevation scanning are just recorded,
no refractivity estimations are produced. This recorded data
are used for the calibration. Once the calibration is performed
refractivity and refractivity gradient estimates are produced
after each low elevation scan.

With all data recorded, the first step is to identify the
stationary targets. Identification of stationary targets has been
addressed in [6], [12], [21]. In all cases the objective was
to identify, from radar measurements, the ground targets that
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remained unchanged with time. The difficulty encountered
by all methods is that the effects of target movements and
atmospheric refractivity changes on the radar signal cannot be
separated. All methods consider that refractivity changes are
slow with time, so the intensity and phase of the backscattered
pulses, within a scan, from a stationary target should remain
practically invariant. Considering this, and the large number
of scans available at the calibration stage, the following
stationarity index, SI, has been defined:

Zej(mn $in)
5T = -1)/2 2
k£l
where ¢, is the phase of the n-th pulse of the k-th scan. NV
consecutive pulses at each scan and K scans randomly chosen
are used. All targets whose ST is over a predefined threshold,
set up at a conservative 0.95, are considered stationary.

Now, to pair the stationary targets, the events H : (N1 <
N < Ny, (ON/Oh); < ON/Oh < (ON/Oh)2),Afi < Af <
Afs), for the general case of a magnetron transmitter, need
to be defined. The stationary targets are paired verifying that
the two targets of a pair are in the same azimuth direction and
that its phase difference change for the maximum refractivity
and refractivity gradient changes within each one of the
defined events H does not wrap. There is a trade-off here.
If the events H have been defined too wide, the maximum
distance between the stationary targets of a pair has to be
reduced to avoid wrapping, if the events H are too narrow,
the maximum distance between the stationary targets of a pair
can be higher and more pairs would be available, but the time
to obtain enough samples for each event will be longer, and
consequently, the time required for the calibration.

To perform the calibration, that is to obtain the phase
difference function for all pairs of stationary targets, refrac-
tivity and refractivity gradient data for the period of time
during which radar data were recorded, are required. These
refractivity and refractivity gradient data have to be obtained
by an alternative measurement method in the radar area
as, for example, automatic weather stations within the radar
coverage area. Alternatively, ERAS reanalysis data provided
by the European Centre for Medium-Range Weather Forecasts
(ECMWF) may be used, such as in [24] [25]. ERAS data
have a temporal resolution of 1 hour, a spatial resolution
of 30 km and resolve the atmosphere using 137 levels that
extend from the surface up to 80 km. The refractivity and its
gradient can be calculated from the temperature, the humidity
and the geopotential height data. In any case, the refractivity
and refractivity gradient measurements obtained allow to de-
termine the phase difference measurements corresponding to
a given event so that, the sample circular mean estimator is
used to compute the expected value of the phase difference
for each event H, E {A®po, 11,/H} and for each pair of
targets. At the same time, the sample mean of the refractivity
and of the refractivity gradient measurements corresponding
to each event H provides estimates of Ny and ONg/Oh.
It is during these averaging steps, that it is expected to
average out the measurement errors, not only of the radar
phase measurements but also of the refractivity and refractivity
gradient measurements obtained by an alternative method.

(1)

Now, from the estimated values of E {A®ro, r1,/H},
Ny and ONy /Oh for several events H, the phase difference
function for all pairs of stationary targets is obtained using
linear least squares estimation. Just events H with a large
number of samples are considered. Finally, a residue analysis
is performed. Those pairs of targets with a large standard
deviation of the residues are discarded.

At this point, the real-time estimation of the refractivity and
its gradient starts. The phase from all stationary targets and the
local oscillator frequency are read. Then the phase difference
is calculated for all previously selected pairs of targets. Finally,
using the phase difference function calculated in the calibration
stage, estimates of the absolute refractivity and of the absolute
refractivity gradient are obtained by means of Equation (7).

V. RESULTS

Data from different radars at different locations have
been used to evaluate the refractivity estimation algorithm.
Data collected during the International HoO project 2002
(IHOP_2002) [26], that took place in the Southern Great Plains
of the United States from May 13, 2002 to June 25, 2002,
remain open access. These data have been used for the initial
validation of the algorithm. The NCAR/EOL’s S-Pol radar [27]
was used during this project. This radar operates at S-band
with a klystron based transmitter. Additionally, the Portuguese
Institute for Sea and Atmosphere (IPMA, Instituto Portugués
do Mar e da Atmosfera) and the Regional Meteorological
Agency of Galicia, Spain (Meteogalicia) have collected data
with their radars. IPMA collected data with two radars located
at Arouca and Coruche respectively. Meteogalicia collected
data with its radar located at Cuntis. These radars are located
in the west coast of the Iberian Peninsula. The radar operated
by Meteogalicia at Cuntis has collected data for different
periods of time since July 19, 2019. The radar operated by
IPMA at Arouca started to collect data on August 6, 2019,
the one at Coruche started to collect data on July 15, 2021.
In all cases radar phase measurements were taken every five
minutes. All these radars work at C-band with magnetron-
based transmitters. The radar configurations for the phase
measurements are summarized in Table III.

TABLE III
RADAR PARAMETERS USED DURING THE PHASE MEASUREMENTS.

Parameter = NCAR/EOL’s S-POL Arouca Coruche Cuntis
Height (amsl) 875m 1097m 193m 762m
Frequency 2.8 GHz 5.63 GHz 5.64 GHz 5.6 GHz
Beam Width 0.918° 0.95° 0.95° 0.95°
PRF 1200 Hz 890 Hz 890 Hz 890 Hz
Scan Rate 10 /s 18 °/s 18 /s 18 °/s
Pulse Duration 1us 1pus 0.88 s 1us
Range Resolution 150 m I50m 125m 150 m
Scan Elevation Angle 0° -0.1° 0.1° -0.5°

ERAS data have been used to calculate the mean refractivity
at the radar height and its gradient at the calibration step of
the algorithm. ERAS data are available for all radars and
for the entire time that data were being recorded. For the
NCAR/EOL’s S-Pol radar, during IHOP_2002 project and for
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Fig. 1. Maps of the terrain around each radar. Radar location is shown. Black grid shows the ERAS cells used for calibration.

the Meteogalicia radar at Cuntis there are also weather station
data that can be used for calibration. However, it was preferred
to calibrate all radar data using the same data source and,
where refractivity data from other sources were available, to
use them for further evaluation and discussion of the results.
Figure 1 shows the map of the terrain height and the limits of
the ERAS cells used to calculate the refractivity data needed
for the calibration at each radar: the refractivity at the radar
height and the refractivity gradient. Lowest ERAS levels, up
to the radar height, are used to estimate the refractivity and
refractivity gradient. Regarding the terrain orography, the areas
around the radars at Oklahoma and Coruche are relatively flat,
with height differences between the radar and the stationary
ground targets identified around 100 m or less. Around Cuntis
and Arouca radar, the terrain is much hillier, with height
differences between the radar and the stationary ground targets
up to 1000 m.

Regarding the identification of the stationary targets, in
the case of the radars at Cuntis, Arouca and Coruche, the
stationarity index defined in Equation (11) was considered. In
the case of the NCAR/EOL’s S-Pol radar at Oklahoma, only
phase data, already integrated, were available. Consequently,
the reliability index defined in [6] was used to identify the
stationary targets. In all cases, after the stationary targets were
identified, they were paired. For that, the events H for the

calibration had to be defined. In the case of the NCAR/EOL’s
S-Pol radar at Oklahoma the events defined were of 10 N-
units length in refractivity and of 30 N-units/km length in
refractivity gradient. For the Meteogalicia radar at Cuntis and
the IPMA radars at Arouca and Coruche, with magnetron-
based transmitters the events were of 10 N-units length in
refractivity, 20 N-units/km length in refractivity gradient and
100 kHz length in LO frequency variation. For Meteogalicia
and IPMA radars, the events were defined smaller since
the phase difference wraps faster due to the higher height
differences between the radars and the stationary targets. In
all cases, those pairs of targets, whose phase difference wraps
for refractivity and refractivity gradient variations within an
event, are discarded. To estimate the phase difference between
the stationary targets of a pair, the height of each target is
estimated as the mean height of the terrain at the range gate
where the target is located and the range of each target is
estimated as the distance to the range gate center. Estimates of
the mean refractivity at the radar height and of the refractivity
gradient for the four radars are now presented.

A. Mean refractivity at the radar height for a klystron-based
radar

Figure 2 shows the radar refractivity estimates obtained
from measurements with the NCAR/EOL’s S-Pol radar at
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Fig. 2. Radar and ERAS refractivity estimates. NCAR/EOL’s S-Pol radar data
were used. Radar refractivity is calculated at the radar height (875 m amsl).
Radar refractivity are field estimates up to 45 km range.

Radar refractivity and ERAS refractivity estimates at the
radar height are shown. Radar refractivity estimates are field
estimates up to 45 km range, and no time averaging is
performed. Within the coverage area of the radar, up to 45 km,
8968 stationary target pairs were identified. ERAS refractivity
estimates are obtained from the values of refractivity at the
ERAS cells depicted in Figure la using linear regression.
Radar data from May 11, 2002 to May 23, 2002, up to
3000 scans, have been used for calibration. The results shown
correspond to radar data scans obtained after the scans used for
calibration, from May 23, 2002, to the end of the IHOP_2002
project, in June 25, 2002. The root mean square error (RMSE)
between the radar and the ERAS refractivity estimates is 8.58
and their correlation coefficient (p) is 0.8. It can be observed
that for some periods of time, e.g. during May 24, May 28 or
June 13, ERAS refractivity estimates are significantly higher
than radar refractivity estimates. However, these high values
of the refractivity (e.g. on June 13) shown by ERAS data are
not shown by the radar data or by the WS around the radar
as can be seen in Figure 3, which shows radar refractivity
estimates versus WS measurements at Homestead and Verle,
respectively [29]. These WS (see Figure la) are located at
a height very close to the radar height, Verle height is 862
m, Homestead height is 862 m and the radar height is 875
m. Verle is approximately 30 km west of the radar while
Homestead is approximately 15 km east of the radar. Radar
refractivity estimates at Homestead and Verle are obtained
considering only those pairs of stationary targets within an area
of 8x 10 km? centered at the weather stations, 285 target pairs
were found for Homestead and 153 for Verle. The agreement
between radar refractivity estimates and WS measurements at
Homestead (RMSE=4.75, p = 0.94) and Verle (RMSE=4.1,
p = 0.97) is very good, despite the fact that ERAS data were
used for the calibration.

B. Mean refractivity at the radar height for a magnetron-
based radar

Figure 4 shows radar refractivity estimates at the radar
height obtained with the C-band, magnetron-based radar op-
erated by Meteogalicia at Cuntis in a hilly area. Within the
coverage area of the radar, up to 60 km in range, 1003 target
pairs were identified. ERAS refractivity data at the radar height

Homestead, RMSE=4.75, p=0.94
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Fig. 3. Radar and WS refractivity estimates at Oklahoma. NCAR/EOL’s S-Pol
radar data were used. Radar refractivity is calculated over an area of about
8x10 km? at WS height: (a) Homestead (862 m amsl); (b) Verle (862 m
amsl).

are also shown. A total of 10000 scans, recorded between July
19, 2019 and September 29, 2019, have been used for the
calibration. The radar refractivity estimates shown in the figure
have been obtained from radar data recorded along the summer
of 2020, one year after the calibration was performed. Good
agreement was found between radar and ERAS refractivity
estimates, with a RMSE of 5.16 and a correlation coefficient
p = 0.88.

Radar refractivity estimates for smaller areas are shown
in Figure 5. The first area (8x8 km?, 149 target pairs) is
around the EOAS WS, 22 km north of the radar, the second
area (15x15 km?, 76 target pairs), with two weather stations,
Torrequintans and Tremoedo, is located between 20 and 30
km southeast from the radar and the third area (15x15 km?2,
781 target pairs) is around the Caldas WS 10 km southeast
from the radar. Figures show radar refractivity estimates at
the height of the weather stations, EOAS WS is at 255 m
amsl, Torrequintans at 52 m amsl, Tremoedo at 72 m amsl and
Caldas at 268 m amsl. The areas have been defined to include a
sufficient number of stationary targets. The agreement between
radar refractivity estimates and WS data is very good (see
Table IV and Table V). Results in Torrequintans/Tremoedo
are noisier, probably because despite the size of the area, the
number of stationary targets is the lower. Increasing the area
size to include more stationary targets would reduce the noise
of the estimates, but the comparison of the radar refractivity
estimates with the point measurements provided by WS would
be less meaningful.

Radar refractivity estimates obtained with Coruche and
Arouca radar data are shown in Figure 6. These radars, op-
erated by IPMA, are C-band magnetron-based radars. Within
the coverage area of these radars 1600 and 1057 target pairs
were identified, respectively.The Arouca data time series is the
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Fig. 5. Radar and WS refractivity estimates. Cuntis radar data were used.
Radar refractivity is calculated at WS height: (a) EOAS (255 m amsl) over
an area of about 8x8 km?; (b) Caldas (268 m amsl) over an area of about
15x15 km?; (¢) Torrequintans (52 m amsl) and Tremoedo (72 m amsl) over
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longest. Estimates are shown for almost the whole 2021 year.
Calibration was performed with data recorded previously.

C. Refractivity gradient

The refractivity gradient is jointly estimated with the re-
fractivity. RMSE and correlation coefficients are calculated
using all estimates while in Figure 7 only part of the time
series of refractivity gradient estimates from radar data and
ERAS data are shown so that the diurnal variations can be
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Fig. 6. Radar and ERAS refractivity estimates. Radar refractivity are field
estimates up to 60 km range at radar height: (a) Coruche radar (193 m amsl)
data were used; (b) Arouca radar (1097 m amsl) data were used.

appreciated. Estimates of the refractivity gradient are very
noisy, so just field estimates of radar refractivity gradient have
been considered. That is, data from all stationary targets within
the coverage area of the radarare used to obtain a refractivity
gradient estimate. This is in agreement with the tropospheric
refractivity model assumed for the theoretical modelling of
the radar phase. This model considers that the tropospheric
refractivity gradient variations with distance from the radar
can be neglected for the considered radar coverage areas. As
expected (see Figure 8) , the accuracy of the refractivity gradi-
ent estimates is worse in flat areas as Oklahoma and Coruche,
than in hilly areas as Cuntis and Arouca with significantly
higher height differences between the radar and the stationary
targets. Particularly, in Oklahoma, though refractivity gradient
estimates follow the diurnal variations, they present large
biases at high superrefractive conditions. The reduced accuracy
of the refractivity gradient estimates at Oklahoma is due to the
small height differences between the stationary targets and the
radar.

Tables IV and V summarize the achieved results in the dif-
ferent areas for both the mean refractivity and the refractivity
gradient estimates.

VI. CONCLUSIONS

A non-linear least squares approach was used to present and
analyze a novel method for estimating tropospheric refractivity
from radar phase observations. The proposed technique allows
the joint and simultaneous estimation of the radio refractivity
and its vertical gradient in the lower part of the atmosphere.
Therefore, it works in both flat and hilly areas. It operates in
the S- and C-band frequencies and can be used in radars with
magnetron or klystron-based transmitters. Important properties
of the method presented are that estimates of the refractivity
and its gradient are not cumulative, so their variance does not
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Fig. 7. Radar and ERAS refractivity gradient estimates. Radar refractivity
gradient are field estimates: (a) Oklahoma; (b) Cuntis; (c) Coruche; (d) Arouca

TABLE IV

SUMMARY OF THE REFRACTIVITY-RELATED EVALUATION RESULTS.

Radar Area Reference Source RMSE p Bias
Oklahoma 45-km range area ERAS 8.58 0.8 -3.52
Oklahoma Homestead WS (Homestead) 475 094 -1.74
Oklahoma Verle WS (Verle) 410 097 -1.34
Cuntis 60-km range area ERAS 5.16 0.88 0.22
Cuntis Caldas WS (Caldas) 7.02  0.83 -1.42
Cuntis EOAS WS (EOAS) 6.03 0.88 -1.42
Cuntis Tremoedo WS (Tremoedo) 890 0.71 1.15
Cuntis Torrequintans WS (Torrequintans) 133 062 -6.29
Coruche  60-km range area ERAS 490 094 0.68
Arouca 60-km range area ERAS 732  0.87 032

increase with time, and the range of refractivity values that
can be measured is not limited.
Refractivity and refractivity gradient estimates were derived
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Fig. 8. Histogram of radar minus ERAS refractivity gradient estimates: (a)

Oklahoma; (b) Cuntis; (c) Coruche; (d) Arouca

TABLE V

SUMMARY OF THE GRADIENT-RELATED EVALUATION RESULTS.

Radar Area Reference Source RMSE p Bias
Oklahoma 45-km range area ERAS 177 047 7.10
Cuntis 60-km range area ERAS 15.68 0.75 6.23
Coruche  60-km range area ERAS 21.70 0.7 -1.29
Arouca 60-km range area ERAS 13.36 0.74 0.86

using data from four different radars to validate the method
for different systems and locations. The obtained estimates are
in good agreement with the ECMWF ERAS dataset as well
as with data from local weather stations, but there are a few
aspects that need to be explored and studied further in order

to improve the performance of the presented technique.

The accuracy of the final estimates is heavily determined
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by the quality of the observations. Hence, improving the
identification of stationary targets within the coverage area
should enhance the estimation performance. In addition, it
is necessary to study how different stationary target pairing
methods can expand the range of refractivity and refractivity
gradient values for which the least squares function does not
wrap.

The other determining factor in the performance of the
algorithm is the calibration stage. The proposed calibration
technique is based on the large amount of data that can be
available, allowing the noise in the radar data as well as the
noise in the calibration reference data to be averaged out.
Consequently, the demands on the accuracy and precision of
the reference data can be relaxed. On the other hand, due to the
large amount of data required, starting to generate radar-based
refractivity estimates might take several weeks. In any case, the
calibration time is small in comparison to the radar operational
life. Furthermore, while the results showed that the calibration
is valid for long time spans, once the method is implemented in
the radar, randomly selected scans can be recorded to increase
the amount of data available for calibration, which can then
be recalculated off-line without interrupting the radar routine.

Finally, it should be pointed out that the proposed method
was designed without the need for any hardware additions or
modifications in order to facilitate its actual implementation.
Likewise, ERAS data (with global coverage) were used for
calibration to avoid the need for extra measurement equipment
during the calibration process, although if data from other
sensors are available they can also be used for calibration.
That is, the proposed refractivity estimation procedure can
be directly implemented on most radars within the European
weather radar network to expand their utility without any
additional requirements besides the actual radar hardware.

APPENDIX
RADAR RECEIVED SIGNAL PHASE MODEL

Obtaining the variation of the refractivity and its gradient
from the changes they cause in the phase of the electro-
magnetic waves requires to know how the received signal
phase at the radar relates to the tropospheric refractivity and
its gradient. To this end, let us start considering the m-th
transmitted pulse by the radar that is given by:

spx(t,m) = A.dCrfettérx(m) o< <7 (12)

with A the amplitude of the transmitted pulse, 7" the time
length of the pulse, f. the carrier or transmitter frequency
and ¢rx the transmitter phase of the m-th pulse. For later
discussions it is of interest to point here that the transmitter
frequency, f., as well as the transmitter phase, ¢rx, may
change from pulse to pulse.

As discussed in [11] and subsequent papers on the topic, for
radar refractivity estimation, the signals of interest are those
backscattered from stationary targets though the signal at the
receiver input is due, not only to backscattering of the transmit-
ted pulse by a stationary target, but also to backscattering from
the terrain surrounding the stationary target within the same
resolution radar cell (i.e. clutter). Let us consider a stationary

target , 70, placed at a surface distance dy from the radar.
Then, the received signal, the addition of the desired signal
from the stationary target and the undesired signal from the
clutter, can be expressed as:

r(t,m) = sox (t,m)  (Acr (t,m)e’?ertm)

+ Apoe?®T05(t — tpo(m)))  (13)

where the symbol =« indicates convolution in ¢,
ACT(t,m)ej‘bCT(t””) represents the backscattering response
of the clutter at the time the m-th pulse is transmitted and
Apoed9To§(t — tro(m)) the backscattering response of the
stationary target at the same time. The time variable ¢ is
related to the distance travelled by the m-th pulse from
the radar. In particular, t7o(m) is the time delay due to
propagation, to and from the target 70 at the time the m-th
pulse is transmitted. The backscattering coefficient of the
surface clutter, Acr(t,m)e??er (™) can be modelled as
a complex stochastic process, both in ¢ and m. Acr(t, m)
is the random amplitude and ¢cr(t,m) the random phase
of the scattering coefficient. The stationary target 70 is
characterized by a backscattering coefficient with constant
amplitude and phase, Apgel?70.

In [8], [9] it was shown that the phase of the received signal
is determined not only by the transmitter frequency but also
by the local oscillator frequency at the downconversion stage.
Additionally, the receiver filter is considered here. Then, the
received signal rpx (t) is given by:

rrx (t,m) = (srx(t,m) * (Acr(t, m)ej¢CT(t,m)

+ AT0€j¢TU(5(t — tTo(m)))) . e_j(2ﬂfLot) * hmf(t) (14)

where fro is the sum of all the frequencies of the different
downconversion stages and A, () is the receiver filter. The
matched filter to the baseband transmitted pulse (in this case,
a rectangular pulse of length 7°) has been considered.
Performing the convolutions, the contributions to the re-
ceived signal due to both, the stationary target and the clutter
are obtained. These two contributions are described below.

A. Contribution from the stationary point target T

The contribution of the stationary target 70 to the received
signal, considering that the transmitter phase, ¢rx, is cor-
rected for, is given by:

IO (¢,m) = AR, I (2nfetro(m)+ér0) pi2n(fe=fro) (IR
At —tro(m), T) =T < (t—tro(m)) <T (15)

where A% and ¢ are the signal amplitude and phase at the
receiver output due to the stationary target and A(¢,T') is the
convolution of two rectangular pulses of length 7.

B. Contribution from the clutter

To analyse the contribution of the clutter to the received
signal, a simple model for the clutter is considered in this
first approach. It is assumed that the clutter contribution
results from adding the backscattered signal of many elemental
scatterers (non statistically homogeneous) whose positions and
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orientations vary independently with time (distance) and from
pulse to pulse. The Central Limit Theorem applies and the
clutter contribution at the receiver output can be modelled as
a zero mean circularly symmetric complex Gaussian stochastic
process in m. That is, the received signal due to the clutter is
given by:

rix(t,m) = Afp(t,m) - e?crtm) (16)

where AE,.(t,m) and ¢cr(t,m) are random variables that
represent the amplitude and phase of the clutter signal at
the receiver output; ¢or (¢, m) can be modelled as a uniform
random variable.

C. Received radar phase

The received signal rpx(t), with contributions from the
clutter and the stationary targets, Equation (14), is then sam-
pled at kKT":

rex(KT',m) =
A?O . ej(_27l'fctTD(m)+¢TO+27T(,fc_fLO)(w))
. A(kT’ — tTO(m)7 T) + AgT(kT/’ m) . ej¢CT(kT/,m) (17)

The received signal sample, corresponding to k = k7, where
ko is the closest integer to t1q /7", contains the contribution
from the stationary target and a random contribution from
the clutter. Considering that the clutter follows a zero mean
circularly symmetric complex Gaussian distribution, the phase
of this sample, for the m-th transmitted pulse, let us call it
the target 70 phase ®rg(m), can be expressed as the sum
of two terms, one that accounts for the travel time to the 70
target and a second one, gb%'OT (m) that accounts for the random
contribution due to the clutter:

Pro(m) =27 f, (kT;T/ - t:F()Q(m)) + ¢10
~2nfuo (M55 + M) 4 o5Tm) a9

The additive random contribution to the target 70 phase,

ST (m), can be described as a zero mean random variable
with a probability density function that depends on the sta-
tionary signal power to clutter signal power ratio, SN R, [30]:

F(@ST) = QL ¢~SNR y ~SNRsin®(657)\ /SN /7
™

- cos(pST) (1 — erf(—V SN Rcos(o$E)))|  (19)

where erf(+) stands for the error function. Now, let us focus on
the time delay due to the two-way path to the target t7q(m)
that determines the target 70 phase expected value. It varies
with the refractivity conditions of the troposphere, in fact it is
given by:

2

tro(m) = 7/ n(r,m)dr (20)
Cro

c
with Cpro being the path that minimizes the integral and
n(r,m) the tropospheric index of refraction at path point
r at the time the m-th pulse is transmitted. Assuming that

the variation of the tropospheric index of refraction during
the propagation time of the pulse, to and from the target is
negligible and considering a spherically stratified troposphere
where the index of refraction linearly decreases with height
[20], t1o(m) can be expressed as [12], [19]:

tao(m) = 2 (Rt (m(m) + 20 0l

Rro(m)(hro — hg)? — Rig(m) On(m)
+ 12a, oh ) @D

where:

e 7i(m) is the mean refractive index at the radar height at
the transmission of the m-th pulse.

. 87:9(}:”) is the gradient of the refractive index with respect
to the height at the transmission of the m-th pulse.

e Rpo(m) is the length of the ray path to the target, which
for the applications of interest here may be up to a few
tens of km. It depends on the refractivity gradient.

e hpo is the target 70 height.

e a. is the modified Earth’s radius [20].

Now, considering Rpo(m) = kroAR' + d1(m), with:

o with AR’ being defined as ¢T”/2 for convenience. This
way, kroAR’ is the distance to the center of the range
gate considering free-space propagation

e 079(m) being the distance between the target and the
range gate center at the transmission of the m-th pulse.
It varies with time depending on the refractive conditions,
that is, it varies from pulse to pulse. Its maximum value
is around half the radar range resolution, in the order of
tens of meters.

Then, the target 70 phase can be expressed as:

Oro(m) = —27fro + ¢ro —27(fe + fro)

' [5To(m) i L7o(m) n Lco(m)

kro2AR!
C

] + ¢%0 (m)  (22)

with Lo (m) = Rro (N(m) £1070 4 hrohn ON(m) -9
where, for convenience, the refractivity N (r,m) = (n(r,m)—

1) - 105 and its gradient per km, ON(m)/Oh, have been

N2 p
introduced, and Leyo(m) = Zrothrohn) —Fro ON(m) (-9
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