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Abstract—This letter reports a correlation analysis of path loss
considering atmospheric refractivity and precipitation in an air-
to-ground radar application. For the path loss estimation, the re-
fractivity and rainfall attenuation models are derived using actual
atmospheric data. The path loss along the range and altitude is
obtained using parabolic equation software tool (PETOOL). The
digital terrain elevation data (DTED) of the Suwon-Osan area,
the radar antenna beam pattern, and environmental models are
employed in the PETOOL. Then, we expand the path loss calcula-
tion in an azimuthal scan to observe the illuminated field intensity
on the ground for a synthetic aperture radar (SAR) application.
The results confirm that the illuminated field intensity for SAR
applications is closely related to refractivity and precipitation.

Index Terms—Correlation analysis, long-range air-to-ground
propagation, path loss, precipitation, refractivity.

I. INTRODUCTION

ADVANCES in radar technologies have led to significant
improvements in the performance of long-range airborne

radar systems, particularly for air-to-ground modes. An air-to-
ground mode generally supports applications such as extract-
ing synthetic aperture radar (SAR) images, detecting ground
targets, and determining Doppler beam range [1]–[3]. In such
applications, the wave propagation of the airborne radar system
needs accurate on-target illumination to produce high-resolution
images or precise target detections. However, wave propagations
occasionally have severe attenuation due to external factors
such as clutters, multipath interferences, wave refractions, and
rainfall attenuations. In particular, it is considerably difficult to
compute precise path losses when the airborne radar system is
affected by the refractivity of an abnormal atmospheric envi-
ronment and the attenuation of high precipitation. To overcome
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these problems, many studies on accurately estimating path loss
considering atmospheric and weather conditions have used var-
ious propagation models, such as the ITU terrain model [4], the
two-ray ground-reflection model [5], and the Egli model [6].
These investigations have achieved highly accurate path loss
predictions considering only the single factor of refractivity or
rainfall attenuation within the range of 50 km. However, an
in-depth consideration of the relation between path loss and
major environmental weather conditions, such as rainfall, and
atmospheric refractivity is still needed.

In this letter, we propose a correlation analysis of path loss
considering atmospheric refractivity and precipitation in air-
to-ground radar applications. For the path loss estimation, the
refractivity model is calculated using atmospheric data extracted
from the Osan meteorological observatory in Korea [7]. Fur-
thermore, the rainfall attenuation model is provided using the
precipitation based on the P.530-17, P.837-7, and P.838-3 models
[8]–[10]. Then, the path loss along the range and altitude for
airborne radar wave propagation is calculated using parabolic
equation MATLAB software tool (PETOOL) [11]. Herein, we
employ the digital terrain elevation data (DTED) from the
Suwon-Osan area, the radar antenna beam pattern, and the
environmental models of specific cases in PETOOL [12]. To
consider the detailed air-to-ground situation, the calculated
path losses on the ground terrain are obtained for each case.
We expand the path loss calculation in an azimuthal scan to
observe the illuminated field intensity on the ground for an
SAR application. Finally, the entire atmospheric data from
2016 to 2020 are used to evaluate path loss correlation with
refractivity and precipitation. The results for the last five years
show that path losses are closely related to refraction and
precipitation.

II. PROPOSED ANALYSIS

A. Path Loss Estimation Using Refractivity and Rainfall
Attenuation Models

Fig. 1 shows a conceptual figure of an air-to-ground beam
steering scenario for the field illumination intensity observations
of wave propagation in accordance with weather conditions. An
aircraft, located at a height (hA) of 5 km, tilts the steering angle of
the antenna toward the ground to observe the field illumination
intensities of the wave propagation on ground terrains. The
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Fig. 1. Conceptual figure of an air-to-ground beam steering scenario of wave
propagation in accordance with weather conditions.

antenna beam pattern operating at 10 GHz is steered with an
elevation angle (θE) of 2.5°, which has a half-power beamwidth
(θBW) of 2°. In the examination of wave propagation, it is
important to consider external environmental factors, such as
air temperature, air pressure, relative humidity, and precipita-
tion, because these factors can cause serious wave refractions
or attenuations of wave propagation. For wave refractions, it
is essential to calculate the modified refractivity M along the
altitude by using (1) and (2), as follows [13]:

N =

(
77.6× 10−6 × P

T
+ 0.373× e

T 2

)
× 106 (1)

M = N + 0.157× h (2)

where N is the refractive index, P is the air pressure in millibars,
and e is the water vapor pressure in millibars. T is the absolute
temperature in K, and h indicates the altitude in km. In fact, the
gradient of modified refractivity �M according to the altitude is
critical since the wave propagation direction is bent depending
on �M. According to the levels of �M, the wave refraction can
conventionally be divided into four types of refraction: normal,
sub, super, and duct [13].

Fig. 2(a) represents the refractivity along the altitude in accor-
dance with each wave refraction, where the solid, dashed, dotted,
and dash-dotted lines indicate the actual refractivity on January
27 (sub), March 8 (normal), May 4 (super), and July 29 (duct) in
2020 for Cases 1-4, respectively. In addition, the attenuation of
wave propagation occurs due to rainfall. The rainfall attenuation
Lr according to the range can be calculated by the P.530-
17, P.837-7, and P.838-3 models in terms of precipitation, as
follows [8]–[10]:

Lr = γrdeff [dB] (3)

γr = κρα [dB/km] (4)

deff =

Rt

0.477R0.633
t ρ0.0173α0.01 f0.123 − 10.579 (1− exp {−0.024Rt})

[km] (5)

where f is the frequency in GHz, γr is the specific rainfall
attenuation in dB/km, and Rt is the target range in km. ρ is

Fig. 2. Refractivity and attenuation models in terms of the atmospheric and
weather conditions in the Suwan-Osan area. (a) Refractivity along the altitude
for four cases. (b) Rainfall attenuation along the range for Cases 1 and 4.

the rainfall precipitation in mm/h, and deff is the effective prop-
agation distance. α and κ are the rainfall attenuation parameters
depending on the frequency, polarization state, and angle of the
signal path. Fig. 2(b) shows the rainfall attenuation according
to the range in terms of precipitation. The solid, dashed, and
dotted lines denote the average daily precipitations for Case 1
(1.4 mm/h) and Case 4 (87 mm/h), respectively. The maximum
attenuation level is 2.4 dB for the low precipitation of Case 1;
however, the attenuation dramatically increases to 42.8 dB for
the hard rainfall weather in Case 4.

To observe the field intensity of the wave propagation, we
estimate the path loss levels using PETOOL software [11], where
the DTED nearby Suwon-Osan in Korea, the beam steering
pattern, the refractivity model, and the rainfall attenuation model
are included as input parameters. Fig. 3(a) presents the path
losses according to the range from 0 to 150 km considering the
aforementioned refractivity and rainfall attenuation models for
the four cases. These path losses are obtained at a height of
1.8 m from the terrain ground to observe the illuminated field
intensity. For all cases, the low path loss levels are perceived in
the range from 80 to 120 km because the range site is under the
steered beam of the airborne radar. In this range, some drastically
high path loss levels are also observed due to the shaded area
of the terrain with the ground reflections. The average path
losses in the steered beam region for Cases 1-3 are 168, 166,
and 164.4 dB, respectively. In contrast, for Case 4, the average
path loss level is 204 dB, which is dramatically higher than the
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Fig. 3. Estimated path loss results along the range. (a) Considering the
aforementioned refractivity and rainfall attenuation models for the four cases.
(b) Simulation verification using AREPS software and the ITU-R. 528 model.

Fig. 4. Conceptual figure of a 2-D azimuthal scanning scenario.

other cases since the high precipitation leads to the considerable
attenuation of the wave propagation. To verify these simulation
results, we compare the path loss results using other propagation
models such as AREPS software [14] and the ITU-R. 528 model
[15], as shown in Fig. 3(b). The path losses are calculated
on the assumption of normal atmospheric conditions with no
precipitation, and the results demonstrate that all path losses
agree well with each other.

B. 2-D Path Loss Estimation and Correlation With
Atmospheric and Weather Conditions

Fig. 4 illustrates the conceptual figure of a two-dimensional
(2-D) azimuthal scanning scenario to observe the field illumi-
nation on ground terrain for the SAR application. The aircraft

Fig. 5. 2-D regional path losses on the ground terrain in 2020. (a) Case 1
(Jan.27) (b) Case 2 (Mar.8) (c) Case 3 (May.4) (d) Case 4 (Jul.29).

operates a beam scanning in terms of φA to examine the field
illumination intensity on the ground terrain in the Suwon-Osan
area while flying along the West Sea in Korea. Fig. 5(a)-(d)
presents the resulting 2-D regional path losses on the ground
terrain, where red and blue blurs indicate the low and high path
loss results. Cases 1 and 4 are the cases for rainfall, and the
average path losses in the Suwon-Osan area for each case are
168.5 and 205.2 dB, respectively, as shown in Fig. 5(a) and
(d). The results demonstrate that high precipitation induces a
dramatic increase in path losses. For Cases 2 and 3, the average
path losses are 166.7 and 165.4 dB, respectively. Note that
refractivity also affects wave propagation in the air-to-ground
situation, as shown in Fig. 5(b) and (c). In particular, the super
refraction for Case 3 reduces the path loss because the wave
bends toward the ground, making the beam more concentrated
on the Suwon-Osan area compared to Case 2 (normal). To
confirm the relation of path loss with refractivity and precip-
itation, we extract one year of atmospheric and precipitation
data for 2020 from the Osan meteorological observatory and
the path losses are calculated in terms of the whole weather
and atmospheric data. Then, we also calculate the correlation
between the path loss and the massive data to clarify the rela-
tionship between path loss and the weather environment. As
a summary, the overall path loss analysis process is shown
in Fig 6.

Fig. 7(a) represents the path loss results and precipitation
according to rainy days in 2020, where the refractivity data
in the rainy days are used for the path loss calculations. The
black and red lines indicate the path loss and precipitation,
respectively. In the Korean summer from June 1 to August 31,
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Fig. 6. Flowchart of the path loss analysis process.

Fig. 7. Path loss results in the presence and absence of rainfall in 2020.
(a) With the precipitation according to the rainy day. (b) With the average
refractivity along altitude in 2020 except for the rainy day.

the path loss level particularly increases to 232.8 dB, and there
is a precipitation of 134.2 mm/h due to the heavy rainfall during
the rainy season. It is evident that the resulting path loss level
follows the precipitation trends throughout the rainy day. In
addition, we also achieve path loss results according to the
average refractivity along altitude over one year, excluding rainy
days, as presented in Fig. 7(b). Although the path loss level
according to the refractivity does not change as much as the

TABLE I
PATH LOSS CORRELATION COEFFICIENT

precipitation result, the tendency of the path loss graph over
the date is extremely similar to that of the average refractiv-
ity. Therefore, we confirm that the path losses of the air-to-
ground wave propagation are directly affected by refractivity
and precipitation. To clarify the relationship between path loss
and the weather environment, the correlation is calculated by
utilizing a Pearson correlation coefficient between X and Y as
follows [16]:

cXY =
N

∑
xiyi −

∑
xi

∑
yi√

N
∑

x2
i − (

∑
xi)

2
√

N
∑

y2i − (
∑

yi)
2

(6)

where xi and yi are sample components of X and Y with total
N samples. X is the path loss result, and Y is the refractivity or
the precipitation. The value of cXY is in the range from −1 to 1.
When cXY is equal to 1 or –1, X and Y have a completely positive
or negative correlation. However, when cXY is equal to 0, X, and
Y are absolutely not correlated. The correlation coefficients of
the path loss with refractivity and precipitation in 2020 are 0.967
and 0.999, respectively, and the results numerically explain that
the path loss trends follow refractivity and precipitation. To
confirm these trends, the correlation coefficients are calculated
using massive atmospheric data from 2016 to 2020, and the
detailed values are listed in Table I.

III. CONCLUSION

We have investigated the novel correlation analysis of path
loss considering atmospheric refractivity and precipitation in
air-to-ground radar applications. To predict the illuminated
field in airborne radar wave propagation, the path loss on the
ground terrain was extracted with the refractivity model and
the rainfall attenuation model. The 2-D illuminated field inten-
sity scenario was computed for an SAR application including
the DTED of the Suwon-Osan area, the radar antenna beam
pattern, and the environmental models. The resulting aver-
age path losses in the Suwon-Osan area for Cases 1-4 were
168.5, 166.7, 165.4, and 205.2 dB, respectively. In addition,
the correlation coefficients of the path loss with refractivity and
precipitation in 2020 were 0.967 and 0.999, respectively. The
results demonstrated that the illuminated field intensity for an
SAR application was closely correlated with refractivity and
precipitation.
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