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Atmospheric duct is a common phenomenon over large bodies of water, and it can significantly affect the performance
of many radio systems. In this paper, a two-month (in July and August, 2014) sounding experiment in ducting conditions
over Bosten Lake was carried out at a littoral station (41.89° N, 87.22° E) with high resolution GPS radiosondes, and
atmospheric ducts were observed for the first time in this area. During the two months, surface and surface-based ducts
occurred frequently over the Lake. Strong diurnal variations in ducting characteristics were noticed in clear days. Ducting
occurrence was found at its lowest in the early morning and at its highest (nearly 100%) in the afternoon. Duct strength was
found increasing from early morning to forenoon, and reaching its maximum in the afternoon. But contrarily, duct altitude
experienced a decrease in a clear day. Then the meteorological reasons for the variations were discussed in detail, turbulent
bursting was a possible reason for the duct formation in the early morning and the prevailing lake-breeze front was the main
reason in the afternoon. The propagation of electromagnetic wave in a ducting environment was also investigated. A ray-
tracing framework based on Runge—Kutta method was proposed to assess the performance of radio systems, and the precise
critical angle and grazing angle derived from the ray-tracing equations were provided. Finally, numerical investigations on
the radar performance in the observed ducting environments have been carried out with high accuracy, which demonstrated
that atmospheric ducts had made great impacts on the performance of radio systems. The range/height errors for radar
measurement induced by refraction have also been presented, too, which shows that the height errors were very large for

trapped rays when the total range was long enough.
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1. Introduction

As an anomalous propagation mechanism in the ma-
rine troposphere or above other large bodies of water, atmo-
spheric ducts can significantly affect the electromagnetic wave
(EMW) propagation from the UHF band to sub-millimeter
wave, which would lead to some unexpected effects for radars,
high power microwave (HPM), GPS, wireless communication
systems, and so on, such as extending the maximum detection
range of radars, enhancing radar clutter, creating radar holes
(or shadow zone), and causing positioning errors.!!=! So an
accurate knowledge of the ducting information will be needed
to assess the performance of radio systems, especially for radar
and HPM.

Atmospheric duct frequently occurs over oceans, seas,
and coastal areas all over the world where humidity decreases
rapidly with altitude. The most famous ducting area is the
Persian Gulf which is entirely surrounded by desert landmass.
Lots of pages of scientific research about the local boundary
layer conditions have been published until now.*~>! In Europe
and South Asia, the ducting conditions over the Baltic Sea,*’]
the English Channel, 39! the Mediterranean region,[lo] and the
Indian Ocean!'!! have been reported. As for China, lots of in-
vestigations have been made on the ducting conditions over
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the East China Sea and South China Sea during the last two

s.[12-16] I recent years, a ship-based ducting measure-

decade
ment both over the South China Sea and the Eastern Indian
Ocean has been reported.!'”! The horizontal inhomogeneity of
evaporation ducts and their impact on the EMW propagation
has also been reported.!'8] However, previous researches were
always focusing on the large seas around the world; fewer re-
searches have been done with the endorheic lakes, especially
for Qinghai Lake and Bosten Lake in China. In this paper,
a short-term meteorological sounding experiment was carried
out over Bosten Lake during July and August, 2014, and the
clear-air ducting conditions over the Lake are shown for the
first time. Then a ray tracing framework for modeling EMW
propagation based on Runge—Kutta method is presented.
During the last two decades, although two new impor-
tant techniques have been developed to determine ducts over
large bodies of water, i.e., Simulated Model based on numeri-
cal weather prediction (NWP) techniques!'®2% and refractiv-
ity from radar clutter (RFC) technique,>'->*! there were some
disadvantages about the two techniques. As showed by Guo
X M et al.,!" the predicted duct altitudes via NWP tech-
niques were not so accurate compared with the direct mea-
suring results. As for RFC technique, the accuracy of the esti-
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mated refractivity heavily depends on a priori information that
given.?¥ In this work, we would employ the conventional way
using modern high-resolution GPS radiosonde to determine
the vertical refractivity profiles over Bosten Lake, which will
be shown in Section 2. The duct characteristics, i.e., ducting
occurrence, duct strength, and layer thickness, will be shown
in that section, as well as the diurnal variation of ducts. In
Section 3, meteorological reasons for diurnal ducting varia-
tion will be given. In Section 4, we will present a ray trac-
ing framework for modeling EMW propagation, and then a
rigorous result about the EMW propagation characteristics in
a ducting layer, i.e., critical angle and grazing angle, will be
given. Finally, a simulating result of EMW propagation under
the existed ducting environments over the Lake will be pre-

sented with high accuracy.

2. Ducting conditions over Bosten Lake

As one of the largest inland freshwater lakes of China,
Bosten Lake, which is located in the southern part of Xin-
jiang Uygur Autonomous Region, covers an area of nearly
1200 km?, its maximum dimensions are about 56 km in length
and 25 km in width, and the Lake surface is about 1048 m high
above the sea level. It is entirely surrounded by Gobi-desert
landmass, which is similar to the Persian Gulf, and a temperate
desert climate prevails in the area all around generally. Previ-
ous studies stated that atmospheric ducts can be easily formed
by advection of warm, dry air coming from the desert over
cooler water,!*>23] thus from this point of view, the Lake is
a high-occurrence ducting area theoretically. Ducting condi-
tions predict negative vertical gradient of modified refractivity
as a result of strong gradients of temperature and humidity in
the atmosphere. The modified refractivity M is defined by the
empirical equation
RH - e z

= % 10° 1

P
M= 77.6? 4373256

where P (in unit hPa) is the total atmospheric pressure; T
(in unit K) is the atmospheric temperature; RH (in non-
dimensional unit) is the relative humidity; es (in unit hPa) is
the saturated pressure of water vapor at temperature 7'; z (in
unit meter) is the height above the surface of the earth; and a.
(in unit meter) is the local Earth’s effective radius. It is certain
that the elevation height of a plateau lake should be taken into
consideration for a.. The first two terms in Eq. (1) represent
the refractivity N, and the additional term is the result of taking
consideration of Earth’s curvature when modeling the EMW
propagation. There exist several types of ducts, e.g., surface
duct, surface-based duct, evaporation duct, elevated duct, and

complex duct, which are illustrated in Fig. 1.
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Fig. 1. Idealized M-profiles of (a) surface duct, (b) surface-based duct,

(c) elevated duct, (d) evaporation duct, and (e) complex duct. The duct

altitude D, duct thickness Th, and duct strength AM are illustrated on
elevated duct.

2.1. Measurements

Conventionally, meteorological data, i.e., atmospheric
pressure P, temperature 7, and humidity RH, can be de-
In this
work, a modern high resolution GPS radiosonde (Changfeng

termined via radiosonde sounding measurement.

CF-06-A%1) tied to a carrier of captive balloon was em-
ployed to measure meteorological parameters at different alti-
tudes. Compared with classical ones, GPS radiosondes have
higher vertical resolution (sampled at 1-s intervals) which
would make the diagnosis of small scale duct structures

17.261 The use of captive balloon can provide a much

possible. !
higher vertical resolution of less than 1 meter by controlling
the carrier’s ascent rate manually, which outclasses the res-
olution of Vaisala RS products used in EU and India.!!!-?7]
All the radiosondes were launched over a new littoral station
(41.89° N, 87.22° E) on the south bank of the Lake, just near
the bottle-neck between the main lake and the small adjacent
lake in the southeast corner. In this paper, the maximum height
to which the balloon went was limited to 500 m, which was
high enough for us to detect almost all of the ducting events
over the Lake. Since the specific humidity Q decreases sharply
(the most important reason for which ducting events happen)
within the first 200-m layer over the Bosten Lake Basin ac-
cording to an analytical result of historical radiosonde data
recorded at a classical radiosonde station which lies more than
ten kilometers southeast of the littoral station, which is shown
in Fig. 2. Figures 2(a) and 2(b) show the mean potential tem-
perature 8 and specific humidity Q in August, 2014. Although
there exist some differences in @-profiles and Q-profiles over
the two stations (see Figs. 2(c) and 2(d)), fortunately, as shown
in Figs. 2(c) and 2(d), the discrepancy is much larger just near
the underlying surface, at an altitude higher than 150 m over
the Lake, both the 0-profiles and Q-profiles tend to be equal,
so an maximum detection height of 500 m is high enough.
From Figs. 2(c) and 2(d) we can see that the discrepancy of
0-profiles over the two stations is much larger than that of Q-
profiles, the main reason is that lake breeze dominates along
the lakeshore before the sunset in a clear day and a temper-
ature inversion is prevailing over the littoral station, but over
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the classical station far away from the Lake, the hot landmass
heats the surface air continually, air temperature will decrease
rapidly within the first 60-m layer which results in a drop of
potential temperature near the surface.
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Fig. 2. (color online) The mean (a) potential temperature 8 and (b) specific
humidity Q in August, 2014 over the classical radiosonde station. Typical
profiles of (c) potential temperature 6 and (d) specific humidity Q observed
over the two stations on 11 August 2014 at 2000-h CST. Lines with cir-
cles represent the profiles observed over the classical radiosonde station,
and lines with stars represent the profiles observed over the littoral station.

It should be emphasized that there is a discrepancy be-
tween the local time (LT) and China Standard Time (CST),
that is LT = CST-0200 h, and the high noon at the local area
is about 1400-h CST. As a general rule in China, CST will
be used in this paper. On the basis of the weather conditions
in a day over the Lake, days are divided into early morning
(0800-h to 1000-h CST), forenoon (1000-h to 1400-h CST),
and afternoon (1400-h to 2100-h CST, i.e., between the noon
and sunset). The sounding experiments began on 15th July
and finished at the end of August. Because of some techni-
cal reasons, only a few data were collected during July. All
of the radiosondes were launched on clear days and majority
of these radiosondes were launched during the forenoon with a
time interval about one hour or two. Similar to Zhao Xiao-feng
et al.,!"”l we employed several data quality control methods to
eliminate unreasonable measurements before taking statistics.
Evident inaccurate datasets were eliminated at the first sight,
and singular points, which were common for high-resolution
GPS radiosonde measurements, were eliminated by a Kernel

smoother. For points with a great difference between measure-
ments and smoothing results were eliminated.

2.2. Identification of atmospheric ducts

During the two months, 102 datasets were obtained, six
of which were invalid. For each dataset, M-profiles were
calculated from temperature, pressure, humidity, and altitude
via Eq. (1), and then duct altitude, corresponding strength,
and its thickness were calculated from M-profiles. Following
Basha G er al.,/'!] we define the duct altitude as the altitude
of the top of the trapping layer. The duct thickness refers
to the difference between the base altitude and the duct al-
titude (see Fig. 1(c)). Yet, in this work, only an M-profile
that has a negative gradient structure with a difference larger
than 4.4 M-units, compared with the M-profile of standard at-
mosphere, can be identified as a duct. Since the measurement
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Fig. 3. (color online) M-profiles for several types of ducts observed over
Bosten Lake in 2014: (a) surface duct observed on 26 July at 1140-h CST;
(b) surface-based duct observed on 7 August at 1130-h CST; (c) evaporation
duct observed on 28 August at 1230-h CST; (d) elevated duct observed on
22 August at 0830-h CST; (e) complex duct observed on 1 August at 1820-h
CST; (f) standard atmosphere condition observed on 1 August at 1140-h CST.
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uncertainty of modified refractivity is about 4.4 M-units un-
der a common condition over the Lake where T = 25 °C,
P = 880 hPa, RH = 65%. Among the 96 valid sets of data,
78 (81%) ducting events were observed, more detailed results
will be shown later.

Ducting occurs when the gradient of modified refractiv-
ity, i.e., dM/dz, turns negative. Fortunately, all the five types
of ducts mentioned earlier were observed over the Lake, which
are illustrated in Fig. 3. According to an analysis of the 78 ob-
served ducting events and their corresponding M-profiles, sur-
face ducts and surface-based ducts occurred frequently over
the Lake in the daytime, figures 3(a) and 3(b) show the typical
profiles of surface duct and surface-based duct observed over
the Lake. The other three types of ducts were rarely observed.
However, not all the observed surface and surface-based ducts
have an idealized M-profile that listed in any textbook. Most
generally, as illustrated in Fig. 3, small-scale variations along
the profiles always occurred. The small-scale variations were
omitted when the profiles were being normalized to idealized

ones that shown in Fig. 1.

2.3. Diurnal variation of ducts

Ducting conditions are significantly influenced by the me-
teorological conditions. As for Bosten Lake, it experiences a
strong diurnal variation in air temperature and humidity during
the daytime; therefore there will be significant variations in the
ducting occurrence, duct altitude, duct strength, and its thick-
ness. Figure 4 presents a typical example of the diurnal duct-
ing variations observed on 22 August 2014. The figures show
that elevated ducts were observed (Figs. 4(a) and 4(b)) in the
early morning, followed by standard atmosphere (Fig. 4(c))
and surfaced-based ducts (Figs. 4(d) and 4(e)), lastly surface
ducts (Figs. 4(f)—4(h)) were observed in the afternoon. Addi-
tionally, in the early morning, the observed ducts have a higher
altitude, but weaker strength; by contrast, the ducts observed
after the noon have a lower altitude, but stronger strength.
Moreover, the statistical result can be seen below.
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Fig. 4. (color online) Ducting variations on 22 August 2014: (a) observed at 0830-h CST, (b) observed at 1030-h CST, (c) observed at 1130-h CST, (d)
observed at 1220-h CST, (e) observed at 1410-h CST, (f) observed at 1610-h CST, (g) observed at 1820-h CST, (h) observed at 2000-h CST.

As mentioned earlier, 78 ducting events were observed
within the 96 valid datasets obtained during the two-month
experiments. Table 1 shows the daily distribution of ducting
events along with the number of obtained datasets and their

corresponding ducting occurrence in detail.

According to Table 1, we can see that the ducting occur-
rence probability in a clear day was at its minimum in the early
morning, followed by forenoon, and then reached its maxi-
mum in the afternoon, that is between the noon and sunset.

However, some occurrence probability data listed in the table
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are not so accurate because of the limited sampled data in early
morning; a meteorological analysis result will draw the same
conclusion later.

Table 1. Distribution of ducting events during daytime along with num-
ber of datasets.

Parts of a day

Duct characteristics Early morning  Forenoon  Afternoon
Ducting events/datasets 5/11 49/61 24/24
Ducting occurrence 45.5% 80.3% 100.0%

Besides the ducting occurrence, other duct characteris-
tics, i.e., duct altitude, duct strength, and duct thickness, are
very important while assessing the EMW propagation, for they
determine the trapping capability of a duct. The mean duct
altitude, duct thickness, duct strength, and their correspond-
ing standard deviations in every part of a day during the two
months are listed in Table 2. It must be noted that, for a com-
plex duct, only the first ducting layer was taken into account.

Table 2. Statistical results of duct characteristics during a day.

Parts of a day

Duct characteristics ~ Early morning  Forenoon  Afternoon
Duct altitude/m 14294799  59.24£32.1 43.7422.8
Duct thickness/m 43.9+25.8 39.84+23.8 42.6+£22.9
Duct strength/M-units 7.5£2.8 13.7£79 31.3=£12.1

From Table 2, it is observed that the mean duct altitude
experienced a decrease in a clear day during the two months:
the duct altitude was at its maximum in the early morning, and
decreased in the forenoon, finally reached its minimum in the
afternoon. Contrarily, the duct strength was at its minimum in
the early morning, and then followed by the forenoon, finally it
reached its maximum in the afternoon. We can also see from
Table 2 that the discrepancy in values between the duct alti-
tude and duct thickness before the noon (in the early morning
and forenoon) was larger than that in the afternoon, this im-
plies that elevated duct and surface-based duct were prevailing
before the noon, but surface duct dominated after the noon
(see Fig. 4), because the duct thickness was the same as duct
altitude in a surface duct. Additionally, the maximum duct
altitude observed was about 269 m, which was observed on
22 August 2014 at 0930-h CST (due to the limited space, it
was not listed in Fig. 4), and its corresponding strength and
thickness was about 8.1 M—units and 80.6 m respectively. The
maximum duct thickness observed was about 112 m, which
was observed on 26 July 2014 at 1140-h CST (surface duct,
Fig. 3(a)), and its corresponding strength was about 33.3 M—
units. The strongest duct strength observed was about 53.1
M-—units, which was observed on 12 August 2014 at 2040-h
CST (surface duct), and its corresponding thickness was about
11.1 m.

Briefly, the ducting conditions experienced a strong di-
urnal variation in a clear day during the two months. In a
clear day, the ducting occurrence increases from early morn-
ing to forenoon, and then reaches nearly 100% in the after-
noon. Similarly, the duct strength increases from early morn-
ing to forenoon, and then reaches its maximum in the after-
noon. Higher altitude duct (as well as thicker duct) is observed
in the early morning when elevated ducts may occur, then fol-
lowed by forenoon, and becomes lower in the afternoon when
surface ducts prevail.

3. Meteorological reasons for diurnal ducting
variation

In the preceding section strong diurnal variations in duct-
ing condition are noticed in clear days. The main reason for
the strong diurnal variations is large diurnal changes in air con-
ditions, i.e., potential temperature and specific humidity over
the Lake.

In a calm, early morning of a clear day in the two hottest
months (July and August) in Bosten Lake Basin, just during
the two more hours after the sunrise, temperature inversion re-
sulting from radiative cooling of the surface still keeps alive
with an altitude of several hundred meters, which is favor-
able for the formation of a stable boundary layer (SBL). Since
the surface is emitting more radiation energy than it is receiv-
ing from solar radiation during that time. The strong stability
in an SBL will suppress the vertical convection of water va-
por, so the specific humidity in a radiation inversion layer will
vary slowly with height generally, a sharp decrease at high al-
titudes is unusual, but as shown earlier, elevated duct might
happen in the early morning. As an accepted scenario, the
main reason for the formation of elevated ducts is subsidence

43.1L161 which can last for several days, but some ob-

motion!
served elevated-duct cases did not predict subsidence motion,
such as the elevated duct observed on 22 August 2014, and
why this happened? Stull R B?8! and Ohya Y et al.!*°! in-
dicated that occasional bursting of turbulence could be found
in a SBL with strong stability, and a turbulent bursting would
cause sporadic vertical mixing. If a bursting event occurs on
the ground or lake surface, it will bring an abundance of water
vapor upward at a high altitude over the Lake due to buoyancy,
and the temperature inversion will prevent it from diffusing
into a higher layer above the inversion layer. When water va-
por associated with turbulence bursting advect over the Lake,
an elevated duct will occur. Sun J L et al.*"! have once ob-
served that a solitary wave with high specific humidity was
propagating in a nocturnal SBL at Leon, Kansas, USA in Oc-
tober 1999. The elevated duct observed in the early morning
of 22 August has certainly resulted from turbulent bursting, for
an obvious potential temperature inversion (the so called over-
turn) was observed at a depth of about 150 m (see Fig. 5(a)).

024101-5



Chin. Phys. B Vol. 25, No. 2 (2016) 024101

Contrary to temperature inversion, a potential tempera-
ture inversion is defined as a localized decrease of potential
temperature versus height, which is generated by turbulence or
Kelvin—Helmholtz billows.3! As illustrated in Fig. 5(b), high
specific humidity was observed in the range of 60 m—150 m
deep where was the duct structure located, which suggest that
the turbulence might be initiated at the ground and propagated
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upward to about 150 m since the water vapor concentrations
normally decreases with the altitude in a thick SBL. Because
the subsidence motion and turbulent bursting do not frequently
occur in the two months, and the stability in a thick SBL will
suppress the convection of water vapor, the Lake experiences
a lower ducting occurrence and weaker strength in the early

morning.
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Fig. 5. (color online) Typical profiles of potential temperature 6 and specific humidity Q observed on 22 August 2014: (a) potential temperature
and (b) specific humidity profiles observed at 0830-h CST; (c) potential temperature and (d) specific humidity profiles observed at 1220-h CST;
(e) potential temperature and (f) specific humidity profiles observed at 1410-h CST; (g) potential temperature and (h) specific humidity profiles

observed at 2000-h CST.

As time passes, the surface receives more energy from so-
lar radiation than emitting radiation, then the surface heats the
air continually, at last, the inversion will be eliminated in the
mid-morning, air temperature will decrease linearly near the
surface, so does the specific humidity, as a result, standard at-
mosphere will be observed, which is shown in Fig. 4(c). From
then on, transpiration and evaporation over the land near the
Lake becomes stronger, the atmosphere is dominated by ver-
tical air motion, and enormous water vapor is erupted into the
surface layer. To a lesser extent, both of the potential temper-
ature and specific humidity have a uniform distribution in the
mixed layer, (28] which is illustrated in Figs. 5(c) and 5(d), as
a result, surface-based duct will be observed, just as shown in
Fig. 4(d).

After the noon, lake-breeze prevails along the lakeshore
line, and becomes stronger and stronger as time passes in the
afternoon, which is the main reason for the ducting formation
during that time. Cool air from the Lake moves across the

warm land near the lakeshore line with a velocity of several
meters per second, a return circulation (the anti-lake-breeze)
aloft brings the warmer, low-humidity air back to the mid-
dle of the Lake where it descends toward the Lake surface to

2832331 a5 a result, a temperature inver-

close the circulation,!
sion with a depth less than 100 m and an increase in humidity
over the warm land near the lakeshore line will be formed,
which is depicted in Figs. 5(e) and 5(f). This is known as cap-
ping inversion, which will “shut off”” almost all the convection
and result in a sharp decrease in specific humidity (Fig. 5(f)).
Consequently, a stronger surface or surface-based duct hap-
pens (see Figs. 4(e)—4(g)). In the later afternoon, just near the
sunset, the land surface temperature reaches its maximum dur-
ing a day, then will decrease as time goes on, for the surface
emits more radiation energy than receives from solar radia-
tion because of the lower sun angle at that time, lake-breeze
also becomes weaker, too. As a result, a thinner surface tem-
perature inversion will be observed (Fig. 5(g)). Because of
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the large heat capacity of the Lake, evaporation will continue,
and enormous water vapor will advect over the land, simulta-
neously, the very thin surface temperature inversion will sup-
press the convection of water vapor which will prevent it to
diffuse into a higher layer and result in a sharp decrease in
specific humidity (Fig. 5(h)). As a result, the strongest surface
duct will be observed in the later afternoon (Fig. 4(h)). Briefly,
lake-breeze circulation is the most prevalent phenomenon be-
tween the noon and evening in a clear day around a lake, so
the ducting occurrence is very high during that time.

4. Ray-tracing framework for EMW propaga-

tion

To assess the performance of radar or HPM in a ducting
environment, an EMW propagation model must be provided.
Although parabolic wave equation method are widely used to
model the field distribution of EMW, ray-tracing can provide
a rather intuitive tool for modeling the propagation character-
istics, such as propagation paths, critical angle, shadow zone,
refraction angle, grazing angle, and etc.,[**3> which is also
widely used in recent years, t00.12351 However, most of the
previous methods for ray-tracing were based on small angle
approximation, here we will present a ray-tracing technique
based on Runge—Kutta method.

4.1. Ray-tracing equation

Consider a ray passes through a stratified atmosphere
above a spherical Earth where refractive index n depends on
the height above the Earth’s surface H only, the path of a radio
wave will obey the Snell’s law

n-r

T = constant, 2)
14 (dr/rd¢)

n-r-cos(o) =

where « is the local elevation angle of the ray; r = a. + H
where a, is the local earth’s effective radius; ¢ is the polar an-
gle. We use the conformal transformation provided by Levy
M to convert the spherical coordinate system to a plane
one, which is given by

{x:ae-(]), (3)

z=4a.-In(r/a,).

After the transformation, the Snell’s law becomes
n-exp(z/de) ~ m

V1+@z/ax? 1+ (dz/av?

where m is the modified refractive index, i.e., m = n+ z/ae.

= constant, 4)

Since z is very small compared to the Earth’s radius ae, the
exponent term in Eq. (4) can be approximated by the Taylor
method. Then a nonlinear differential equation (DE) can be
obtained by using the derivative of Eq. (4) with respect to x

L, 1477 0m
z = —_—,
m dz

®)

where the prime denotes differentiation with respect to x. This
equation is the so-called ray-tracing equation. In conjunc-
tion with the proper boundary conditions, equation (5) can be
solved using Runge—Kutta algorithm, which can provide a sta-
ble and fourth-order accurate method. As for a second order
DE like Eq. (5), it can be changed into a system of DEs of first

order

zi' = filx,z1,22) = 22,
1+25 dm (6)
m 9z’

ZZ/ = f2(va17Z2) =

where z; represents the variable z, and z, represents 7’ respec-
tively. Suppose the value of the numerical solution at the point
x = x; is denoted by (x;, z1;, z2;), choose a step size h, the

Runge—Kutta formula is given by
koi = fi(xj,21j,225)
kii = fi(xj+h/2,21;+ hko1 /2,205 + hko2 /2),
koi = fi(xj+h/2,z1j+hki1 /2,225 + hki2/2), 7
(

ksi = fi(xj+h,z1j+ hka1, 20j + hkao),
Zi j+1 = Zij + (koi +2k1; + 2ko; + k3;)h /6,

where the subscript i represents 1 and 2. Additionally, the path
length (range) at the interval [x;, x; + /] can be calculated using
trapezoidal numerical integration method.

h
ALJ = E [m(ZIj)\/TZ%j—Fm(ZL]"’FI)m ) (8)

which can avoid the singular point of the traditional path
length integral for radar measurement, but is equivalent to the
traditional one. When a ray reaches the surface, it will be re-
flected, and then the step size h should be updated. That is
if z1; > T(x;) but z1, j41 < T(x; + h), where T (x) is terrain
height at x, the solution (xjy1, 21 j+1, 22,j+1) Will be elimi-
nated, and replaced by a new point (x; + hw, 21, j+1, 22, j+1),
where the new step size hy should be selected to make 2 41
meet the terrain surface. A robust iteration method, such as
bisection method, 3! is used to solve hy. When a ray is inci-
dent on an irregular terrain with a slope angle of 3, z» should
be replaced by the slope of the reflected ray K

_ tan2f — Ky

— tansp —Ro 9
1+ Kptan2f’ ©)

where Kj is the slope of the incident ray, i.e., 25, j4+1 that men-
tioned earlier.

4.2. EMW propagation characteristics

Furthermore, equation (5) can be partially solved to a
nonlinear DE of lower order

pPP=C-m*—1, (10

where p is the first derivative of z, i.e., p = dz/dx; C is a con-
stant determined by the initial conditions. It is apparent that
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the critical angle can be calculated precisely from Eq. (10).
Critical angle 6. denotes the corresponding launching angle
when the ray travels horizontally at the duct top, so

0. = arctan\/ (m}/m2) — 1, (11)

where m( and m, denote the modified refractive index at the
height of the transmitting antenna and that at the top of the
ducting layer, respectively. Eq. (11) implies that only the rays
launched by a source located in the ducting layer at an angle
o less than the critical angle (Ja| < 6;) can be trapped in the
duct. If the source is located above the ducting layer with a
launching angle o within the interval [—6,, 0), the rays will

be totally reflected, no signal can reach the ducting layer and
below. In a similar way, the grazing angle 8,, i.e., the comple-
ment of the incident angle, can be calculated precisely, too

tan? 1
6, = arctan <\/ng1> +B, (12)
my

where m, denotes the modified refractive index at the surface;

B is the slope angle of the terrain; o is the initial launching
angle.

Additionally, assume that the target is located at (xt,zr)
in the new coordinate, the refractive errors of the range AR and
height AH for radar measurement can be calculated,

AR=R— \/(ae +H0)2 + (ae +zT)2 —2cos (xr/ae) (ae + Hp)(ae + z1), (13)

AH = \/ (ac + Ho)? + B2 + 2sin (o) R(ae -+ Ho) — ac — 2, (14)

where Hj is the height of the transmitting antenna; R is the
measured range by a radar.

4.3. Numerical experiments

To visualize the ducting effect on the radar or HPM per-
formance, here we will show some simulation results about
EWM propagation in the ducting environments observed over
the Lake (shown in Fig. 3) using the ray-tracing technique
presented earlier. As for an arbitrary M-profile, the partial
derivative of m with respect to variable z can be calculated by
using numerical difference method. However, in this paper,
all the observed elevated duct, surface duct and surface-based
duct were normalized to tri-linear profiles, and the observed
evaporation duct was also normalized to a standard one, which
made us to calculate the partial derivative of m more easily.

Table 3. Parameters in the simulation and the corresponding ducing
characteristics.

Duct type
Parameters SurD? SurbDP EvaD¢ EleD¢
Antenna height/m 5 5 35 100
Beam-width/(°) 2 2 2 2
Elevation angle/(°) 0.5 0.5 0.5 -0.5
Duct altitude/m 111 40.4 14 169.1
Duct thickness/m 111 40.4 14 86.2
Duct strength/M-units 33.3 11.4 24.6 8.0

aSurface duct; PSurface-based duct; “Evaporation duct; dElevated

duct.

Figure 6 shows the ray-tracing result of EMW paths
through several ducting environments, which were listed in

Fig. 3, with a launching angle step of 0.02°. Moreover, other

simulation parameters for the antenna and the corresponding
ducting characteristics were listed in Table 3.

As for the simulations illustrated in Fig. 6, the last two
cases use the same antenna parameters as the first one does,
and the last case use the same M-profile as the second one
does. Compared with the standard atmosphere condition in
Fig. 6(e), the radar beams can be partially trapped in the duct-
ing layers (Figs. 6(a)-6(d)) when propagated in a ducting envi-
ronment, which will “split” a beam into two parts. Certainly,
only when the transmitter is located in the ducting layer and
its launching angle less than the corresponding critical angle
can ray trapping happen. According to Eq. (11), we can calcu-
lated the corresponding critical angles for the four simulation
cases (Figs. 6(a)-6(d)), which are 0.4569°, 0.2274°, 0.0991°,
and 0.1529° respectively. From this we can see the trapping
ability of each duct apparently. The maximum grazing an-
gles of the trapped rays for the first three cases (Figs. 6(a)—
6(c)) are 0.4675°, 0.2144°, and 0.4015° respectively. For case
4 (Fig. 6(d)), the trapped rays cannot reach the surface, but
we can calculated the grazing angle of the boresight which is
0.3360°. From the first four simulation cases shown in Fig. 6,
we can see that there are some areas in the x—z plane (the right
panels in Figs. 6(a)-6(d)) above or below the ducting layer
that it has no rays there, which indicates a very low ray den-
sity and very weak field strength there; they are the so-called
shadow zones or radar holes. Moreover, we can see that it
has a higher ray density in some areas in the x—z plane, which
means a stronger intensity of electromagnetic field there. Fig-

ure 6(f) shows that when the trapped ray paths meet an ir-
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regular terrain, they will be reflected, and most of them will
not be tapped again. According to the simulation, we can get
some refractive errors of radar measurements. Here, we will
show some refractive errors of radar measurement in the sur-
face duct listed in Table 3 (case one of Fig. 6), just as shown
in Table 4. In this table, it is shown that as the total range in-
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creases, both the range and height errors increase. Compared
with the height error, the range error is much smaller. If a ray
is tapped (elevation angle is less than the critical angle) in the
ducting layer, the height error is much larger than the condi-
tion that no trapping happens when the total range is longer
than 60 km.
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Fig. 6. (color online) EWM propagation in different environments: ray-tracing paths in (a) surface ducting environment, (b) surface-based ducting en-
vironment, (c) evaporation ducting environment, (d) elevated ducting environment, (e) standard atmosphere environment, and (f) surface-based ducting
environment over irregular terrains. The left panels show the corresponding M-profiles normalized from Fig. 3.

The ray tracing method present in this work is a conve-
nient tool to assess the performance of radar, HPM or com-
munication systems in a ducting environment which can pro-
vide a rather intuitive picture for EMW propagation, as well as
some precise propagation characteristics. In addition, we com-
pared the square of the first derivative of z (i.e., p? in Eq. (10))

with the analytical solution shown in Eq. (10). The result has
shown that the relative error was less than ten-millionth per-
cent for most of the cases, only when the absolute value of p
became less than 1.0 x 10~ did the relative error turn to about
ten thousandth percent. That means the method can provide a

very high accuracy for ray paths.
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Table 4. Range/height errors of radar measurement in a surface duct. The
values in the bracket represent the refractive height errors of radar measure-
ment.

Elevation angle/(°)

Total range/km 0.10 0.25 0.40 0.60
40 12.7(190.6)  12.5(273.5)  12.1(365.4)  10.9(200.4)
60 19.1(385.8)  18.9(542.5)  18.5(639.1) 16.1(332.9)
80 25.7(645.9) 25.3(820.7)  24.5(990.8) 21.1(476.1)
100 32.5(956.7) 32.1(1200.0) 31.7(1456.9) 25.9(630.0)

5. Conclusion

The effect of the atmospheric ducts upon EMW propa-
gation is important for many radio systems. In this paper we
present a two-month (in July and August, 2014) observation of
the atmospheric ducts over Bosten Lake using high resolution
GPS radiosonde for the first time. Strong diurnal variation in
ducting characteristics is noticed in a clear day and the features
of the ducting environments are discussed in detail. Ducting
occurrence increases from early morning to forenoon, and then
reaches its maximum (nearly 100%) in the afternoon. So does
the duct strength. But contrarily, duct altitude experiences a
decrease in a clear day. The main reason for the diurnal duct-
ing variation is as follows:

(i) In the early morning, radiative inversions do exist,
thicker SBL will suppress the convection of water vapor, a
possible reason for duct formation is turbulent bursting which
means a lower ducting occurrence and weaker duct strength,
and elevated duct may occur at that time, which means that
higher altitude duct and thicker duct will be observed.

(i1) During forenoon, evaporation becomes stronger, ver-
tical air motion dominates in the surface layer, then the duct-
ing occurrence and duct strength will increase, duct altitude
and thickness will decrease.

(iii)) After the noon, lake-breeze prevails over the
lakeshore, thinner and stronger front inversion layer will
last for several hours, thus, the ducting occurrence and duct
strength reaches their maximum in a day. Surface duct domi-
nates during that time, which means a lower duct altitude and
thinner duct thickness.

A novel ray-tracing framework based on Runge—Kutta
method is present to assess the performance of radio systems
in a ducting environment, and precise critical angle and graz-
ing angle for a duct derived from the ray-tracing equations are
provided. The range/height errors for radar measurement in-
duced by refraction has also been presented, too. Numerical
experiments on EMW propagation in the observed ducting en-
vironments with the ray-tracing framework have been carried

out with high accuracy. The results of the numerical investi-

gations have demonstrated the significant influence on radio
systems of atmospheric ducts, for example ray trapping, beam
splitting, detecting shadow, refractive errors, and so on.

This study will also serve as a complementary study of
atmospheric duct for the endorheic lakes in Xinjiang Uygur
Autonomous Region. In future studies, ducting conditions in
other seasons would be investigated, and new technique for

determining ducts can be used.
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