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Abstract: The differential interferometric synthetic aperture radar (DInSAR) method is based on phase
variation between the complex value of pixels of timely separated scenes in interferometric SAR pairs.
This phase variation has five components: surface topography, curvature of planet’s surface, terrain
displacement, volume scatterers, and atmospheric propagation effects. The terrain displacement
is the main product of the DInNSAR method, while the last two effects are unpredictable and bring
inaccuracy into the terrain displacement measurements. In this work, the propagation conditions
in the troposphere and ionosphere were studied during two DINSAR measurements examining the
Zagreb 22 March 2020 earthquake, with terrain raising of up to +3 cm at the epicenter. For the
troposphere, the vertical profile of the modified refraction index, which incorporates local curvature
change with height, was reconstructed using aerological balloon probing data. Ionospheric conditions
were determined based on total electron content (TEC) calculated from the Croatian positioning
system (CROPOS) and global navigation satellite system (GNSS) reference stations’ measurements.
One of the DInSAR measurements was conducted in unfavorable tropospheric refractive conditions,
which resulted in an overall bias of —2 cm. The variability of propagation conditions indicates the
need for examining the atmospheric propagation effects when calculating terrain displacements
using the DINSAR method. The results of DInSAR indicate slight displacements, comparable with
the amplitude of atmospheric variations, and should therefore be approached with caution.
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1. Introduction

Several geodynamic processes could produce terrain displacements: volcanic erup-
tions, earthquakes, landslides, surface subsidence, avalanches, glacier movements, flooding
sedimentation, dune displacements, etc. Observation, detection, and relatively precise mea-
surements of these phenomena are available today thanks to the synthetic aperture radar
(SAR), which is mainly satellite-borne. Due to the high velocity of the radar platform, the
radar antenna (aperture) changes its position rapidly during the period between emitting
and receiving a radar impulse, producing an effect of synthetic enlargement of the aperture,
which results with much better resolution of the radar image [1,2]. During March 2020,
both Sentinel-1A and Sentinel-1B SAR satellites were active, and their data are used in this
work. The differential interferometry SAR (DInSAR) is based on a pair of SAR images: the
reference image and the complex conjugate secondary image (amplitudes and phases of the
SAR image are converted in the form of complex numbers) to achieve the phase variation
between them [2,3].

The influence of the atmosphere on the propagation of SAR radio waves is not neg-
ligible, and is difficult to predict [4]. In the mid-1990s, some of the first publications on

Remote Sens. 2023, 15, 701. https:/ /doi.org/10.3390/rs15030701

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15030701
https://doi.org/10.3390/rs15030701
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0001-8917-1073
https://orcid.org/0000-0002-3989-3630
https://doi.org/10.3390/rs15030701
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15030701?type=check_update&version=2

Remote Sens. 2023, 15, 701

2 0f23

atmospheric artifacts on DInSAR [5-7] identified spatial and temporal variations in the
atmospheric condition as their main causes. Sentinel-1 satellites orbit the Earth at the
altitude of 693 km, at the edge between the thermosphere and exosphere, and the sig-
nals of their SAR instruments must pass twice through the thermosphere, mesosphere,
stratosphere, and troposphere. The thermosphere and upper mesosphere (defined by the
temperature profile) coincide with the layers of the ionosphere (defined by the content of
charged particles) [8]. The lower mesosphere and stratosphere can be considered stable
in terms of refractive conditions for radio waves, but the ionosphere and troposphere are
highly variable; the ionosphere due to charged particles, and troposphere due to water
vapor content [9]. At the global level, regular measurements are performed for the tropo-
sphere and ionosphere, and based on their results, the current propagation conditions in
these two atmospheric layers can be reconstructed and investigated [8,10-13]. Detection
of unfavorable refractive conditions in the troposphere and ionosphere would suggest
additional caution in interpreting the terrain displacements measured using the DINSAR
method.

Impact of tropospheric and ionospheric effects on DINSAR measurements and its
corrections have been studied in numerous recent scientific papers [14-21]. Murray, Bekaert,
and Lohman [22] determined that the quality of estimated tropospheric delay is related
to local properties of the troposphere and the spatial and temporal scale of the observed
area, as well as the spatiotemporal resolution and accuracy of the applied correction
method. The overview of tropospheric correction requirements and approaches is nicely
outlined and described in the papers by Liu, Zeng, and Zhang [21] and Milczarek, Kopec,
and Glabicki [18]. Three main requirements for a tropospheric correction method to be
effective are highlighted in [21] as: (1) it should account for different components in the
troposphere [6,23-26], (2) the time difference between the acquisition of SAR images and
atmospheric data should be minimal or as close as possible [16,27], and (3) the spatial
scale of the correction should capture changes in tropospheric delay in the horizontal
direction [26]. Furthermore, tropospheric and ionospheric correction techniques based on
DInSAR can generally be categorized as [18]: (1) empirical [28-34], (2) based on weather
models [21,35-37], (3) based on spectrometer data [38,39], or (4) based on GNSS data [40,41].

A catastrophic geodynamic event, the earthquake that took place on 22 March 2020
with the epicenter on the southeast slope of the Medvednica mountain near Zagreb, the
capital of Croatia, was observed using two SAR interferometric pairs, with Sentinel-1B (11
and 23 March 2020) and with Sentinel-1A (17 and 29 March 2020). The geological setting,
tectonics overview, and the seismicity of the observed area can be found in the work of
Markusic et al. [42]. The observed line-of-sight (LOS) terrain displacements in the vicinity
of the epicenter were about 3 cm [42], which is close to the absolute error of the DINSAR
method with Sentinel-1 instruments [43]. The relatively low absolute value of the terrain
displacement actuated detailed research of the atmospheric refractive conditions during
the days of the SAR acquisitions, especially in the troposphere and ionosphere, the two
atmospheric layers with dominant effects on the propagation of the SAR signals.

In this paper, we analyzed the tropospheric and ionospheric refractive conditions
corresponding to the aforementioned Sentinel-1A and Sentinel-1B acquisitions. Deter-
mined atmospheric conditions proved to be useful in explaining the bias between the
displacements calculated by DINSAR processing of two subsequent image pairs.

2. Materials and Methods
2.1. Error Sources in Differential Interferometry SAR

The phase variation between SAR interferometric images could be transformed into
terrain displacement (if the displacement occurs in the interval between reference and
secondary image acquisition) using technological availability of very accurate determina-
tion of the satellite positions during the acquisition of the reference image and secondary
image [3,13,44-47].
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The phase variation A¢ between the reference and secondary image depends on five
components [3,43]:

AP = APpEm + Afiar + Adgisp + Ddatm + APnoise @

where A¢pgy is the topographic phase, which came into existence due to the surface
topography; Ay, is the flat Earth phase derived from the curvature of the planet’s surface;
Adgisp is the phase component that came into existence if any terrain displacement occurred;
Ay is the phase difference due to atmospheric (radio refraction) effects; A¢,,yise is the
unpredictable influence of the volume scatterers on the surface and the different look
angles.

The noise term is greatly reduced on the Sentinel-1 SAR due to the use of terrain
observation with a progressive scan (TOPSAR) mode instead of older ScanSAR technologies.
TOPSAR provides the same coverage but with a nearly uniform radar signal parameters,
both distributed target ambiguity ratio (DTAR) and signal to noise ratio (SNR) [43].

The goal of the DINSAR method is the determination of the terrain displacement so
that Equation (1) could be expressed to obtain Adg;sp:

Agisp + (Datm + DPuoise) = Ap — AppEM — D fias- 2)

The topographic phase A¢pey and the flat Earth phase A¢y,; (2) are proportional to
the slant range displacements shown in Figure 1. In fact, both are geometrically determined
as [3]:

_ _ 4 q9 B
APDEM =~} Ging R
_ 4 B
APfiat = =% fang B ®)

where (as shown in Figure 1) S; is the location of satellite taking reference image, Sy is the
location of satellite taking secondary image, B, is the perpendicular baseline between S;
and S, successive acquisition points, R is the range measured from the S, g is the ground
altitude difference due to actual terrain (relief), 8 is the acquisition (incidence) angle for
a particular image pixel, A is the wavelength of radar wave, the central frequency of the
Sentinel-1 SAR is 5.405 GHz, which means a wavelength of 5.55 cm in space (slightly less
in the atmosphere due to the refractive index), d is the change in R due to the vertical
displacement of the surface.
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Figure 1. The basic geometry of DInSAR.

With precise knowledge of the satellite positions and times of acquisition at S; and S
in Figure 1, it is possible to compute and correct both topographic and flat Earth influences.
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This procedure is called the “interferogram flattening”. That way, the right side of Equation
(2) is ready for use. However, the left side of Equation (2) still has two non-negligible
terms: the atmospheric (refractive index profile) A, and unpredictable surface scatterers
Adpoise. The atmospheric influence appears as a low-frequency spatial variation of the
computed d in the last row of Equation (3).

In order to be suitable for the displacement computing by Equation (2), both images of
the interferometric pair should have strong similarities, i.e., the images in the interferometric
pair must have a significant amount of coherence [48]. Estimation of the coherence between
the master and the slave image is estimated as the quantitative measure of the phase
information quality in the interferometric pair. Low-coherence values indicate that the
phase information may not be usable, because the weak coherences usually produce poor
results during the unwrapping phase in the DINSAR processing.

2.2. Atmospheric Refractive Conditions

The mesosphere and the stratosphere have refractive index profiles [8] which are
stable enough to preserve the refractive profiles during the acquisition of both SAR images
in the interferometric pair, resulting in no phase difference due to the influence of these
two atmospheric layers. The refractive stability of the stratosphere was confirmed over
the Adriatic [10] and Alpine [49] regions in two studies that used the standard aerological
balloon probing technique for altitudes up to 40 km. The studies have shown that in the
observed areas, the vertical profile of the stratospheric refractive index was on the brink
of subrefraction, but very stable, starting from the tropopause up to the highest altitudes
reached by aerological balloons.

The troposphere, as the lowest atmospheric layer, contains almost all the atmospheric
water vapor, the most variable ingredient of the atmosphere with a strong influence on
electromagnetic propagation. The signal path through the troposphere, though relatively
short (twice 10-12 km; 67 ps to 80 us), can introduce heavy phase disturbances to the SAR
signal.

In the ionosphere, at heights between 50 km and 2000 km, the free electrons and ions
are present in quantities sufficient to affect the propagation of radio waves. The ionosphere
is also very variable and causes phase advance of the signal. Unfortunately, there is no
simple, deterministic model of the refractive index profile for the entire atmosphere. The
atmospheric phase screen (APS), the faulty phase shift in the interferometric pair caused
by atmospheric refractive conditions [14,50], cannot be determined quantitatively, due to
the lack of appropriate rocket atmospheric soundings up to the satellite orbits. Instead,
the regular sounding of the troposphere and ionosphere should be used qualitatively to
determine and examine the anomalies in the vertical profile of the refractive index in these
two observed layers.

2.2.1. Determination of the Tropospheric Refractive Conditions

Tropospheric refractive conditions depend on vertical profiles of air temperature, total
air pressure, and humidity of the air [4]. The profile of the air humidity has the greatest
effect, due to the dipole structure of the water molecule. During decades of atmospheric
radio propagation research, several empirical equations for refractive conditions were
developed [12,51]. All these equations use measurements of air pressure (total or water
vapor pressure), air temperature, and humidity (absolute, relative, or specific humidity).
Some of the equations are applicable to surface measurements only, due to the relatively
narrow temperature range. An equation with a wide enough temperature range (—100 °C
to +50 °C) was developed by the Naval Research Laboratory [52], in the form of refractive
index n determination:

pa]  373-10°[K?]
+ty- T2 [KZ}

n=1+ |77.6 [K : Pa’l} L 1079, @)

T[K]
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where the thermodynamic air temperature (T) and total air pressure (p) come from the
aerology sounding data (hydrogen-filled balloons with ceiling up to 40 km). The humidity
of the air was determined in the “wet” term of the Equation (4) with y, a function of relative
humidity (rh) of the air:

T —273.15[K] T
T5'31'1n<273.15[1<]>]’ (5)

and the relative humidity could be computed as a ratio of partial pressure of water vapor
pressure (¢) to saturated vapor pressure (e;):

y =6.105-rh-exp (2522

e

rh = ;/ (6)
S
I 1 1
e—enool (7 7,) ”
I 1 1
es—eso-exp[Rv(TO—Tﬂ. (8)
v

The constant values in Equations (7) and (8) are the pressure of the saturated water
vapor at 0 °C ey = 6.11 hPa, the latent temperature of vaporization I, = 2.5 x 10° J kg~!
and the gas constant of the water vapor R, = 461.5 ] K~! kg~1. All of the variables in
Equations (4)—(8) are available from aerological balloon soundings. These soundings take
place in regular intervals at 6:00, 12:00, 18:00, and 24:00 UTC, simultaneously, all over
the world (many countries contribute with just one or two soundings daily). The nearest
aerological station to the observed Zagreb earthquake area is the Zagreb Maksimir station,
with World Meteorological Organization (WMO) index 14,240, where measurements are
conducted at 12:00 and 24:00 UTC.

In order to describe refractive conditions in the atmosphere (normal or anomaly, so-
called ANAPROPs), the curvature of the radio propagation path has to be considered too
in the ratio of height over surface and radii of the Earth (h/R,), producing the modified
refraction index M [52,53]:

M= Lﬁ:”’l_l)}'m )

Even though M is a dimensionless physical quantity, it is usually referred to in so-
called “M units”. The vertical gradient of the M is used to describe refractive conditions,
normal or three types of anomalous propagation conditions, ANAPROPS (Table 1). The
commonly used units of the vertical gradient of the modified refraction index are M
[dimensionless]/km, but one has to be aware that its variability is significant over much a
smaller height range than a kilometer.

Table 1. Types of radio propagation [52,53].

Type of Propagation Gradient of the Modified Refraction Index [km—1]
ducting, channeling dM/dh <0
superrefraction, downward 0<dM/dh <79
normal refraction 79 <dM/dh < 157
subrefraction, upward dM/dh > 157

2.2.2. Determination of Ionospheric Refractive Conditions

The ionospheric refraction causes the group delay and phase advance proportional to
the level of ionization, quantified by the total electron content (TEC):

TEC = / N,ds, (10)
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where N, is the number of electrons on the signal path between the satellite and ground,
with a cross-section of 1 m? [54]. The ionospheric sounding used to determine the number
of electrons can be conducted using ionosondes, satellite in situ measurements, and global
navigation satellite systems (GNSSs) signals [11]. The ionospheric error, expressed as an
error in calculated distance between the satellite and the observed ground Alg, is calculated
using Equation (11):
Al = 4(])('228TEC [s]. (11)
The frequency f used in Sentinel-1 SAR is 5.405 GHz, while GNSSs use several frequen-
cies in the L band. As GNSS-derived ionospheric data are captured by a limited number of
GNSS receivers, in the areas between the received signals’ paths, the state of ionosphere
needs to be defined. It can be executed either by normalizing the values of measured
ionospheric errors and interpolating in the areas between, or by driving an ionospheric
model with such locally available data [55]. In this research, we used a single-layer model
of ionosphere, located at a height of 350 km, where the ionization level (which affects
the signal propagation) is the highest [56]. All the slant values of ionospheric error were
translated to vertical values on locations where the signals crossed the 350 km height layer,
in order to be comparable and useful for interpolation. The translation of slant values
to vertical ones, and vice versa, is conducted using a mapping function. As the satellite
elevation El (complementary to incidence angle 6) lowers down from the zenith towards
the horizon, the signal path through the ionosphere gets longer, and the ionospheric error
increases from the zenith value by the factor of M:

My = ! , (12)

1— ReAcos El 2
Re+hy

with Re being the Earth radius and Fy the height of 350 km [56].

In SAR-related literature, the ionospheric error is usually defined by equations that
express the amount of phase error [29,57], but for clarity and comparison with the amount
of DINSAR calculated displacements, in this paper we quantified the ionospheric error with
distance error Alg instead.

If the level of ionization in the area of interest would be equal in the periods of taking
a pair of SAR images to be used for differential interferometry, the ionosphere would
not affect the measurement quality. However, that is rarely the case, as the ionosphere
is dynamic and prone to spatial and temporal changes. The ionization of the ionosphere
changes diurnally, seasonally, with solar and geomagnetic activity, and with geomagnetic
coordinates. For a location of interest there is no spatial change, and DInSAR is usually
calculated from subsequent satellite passes that occur at the same local time, twelve days
apart. Therefore, diurnal and seasonal variations can also be neglected, and geomagnetic
conditions remain the main driver of possible ionospheric variations.

During March 2020, the 11-year solar activity cycle was in its minimum, between solar
cycles 24 and 25, and the geomagnetic field was not affected by coronal mass ejections.
In such a middle-latitude location and quiet ionospheric conditions, the GNSS-derived
ionospheric data (such as global or local ionospheric maps) can be used to assess the
ionospheric delay of the Sentinel-1 SAR signal [57]. As Sentinel-1 satellites orbit the Earth,
they are located within the top layers of the ionosphere. On top of that, the ionospheric
error, calculated from GNSS signals originating from medium-earth orbit, contains the
contribution of the topside ionosphere situated above the Sentinel-1 satellites, which has a
share of 15-20%. Due to the higher frequency of Sentinel-1 signals compared to the L-band
GNSS and L-band SAR signals, the contribution of ionospheric error for Sentinel-1 signals
is an order of magnitude lower, so the topside ionosphere error contribution is usually
neglected [57].
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3. Results
3.1. Tropospheric Refractive Conditions

The aerological soundings are very useful, because any sudden change in telemetri-
cally measured data (temperature, dew point, geopotential, or air pressure) is reported as
a “significant level” which could signal an anomalous propagation [49]. Using methods
for determining refractive conditions in the lower layers of the atmosphere, as described
in Equations (4)—(8), we have researched the vertical profiles of the refraction index for
radio waves, computed from aerological probing data. Data were obtained from the Atmo-
spheric Soundings Website, University of Wyoming, College of Engineering, Department
of Atmospheric Sciences (http://weather.uwyo.edu/upperair/sounding.html, accessed
on 20 September 2022). Measured data are presented in Appendix A at the end of the
article in Tables A1-A4, corresponding to the aerological measurements nearest to the
time of SAR measurements used in this research. Along with the available measurement
data, Tables A1-A4 contain the data computed within the scope of this research, including
modified refraction index M, refractive index n, vertical gradient of the modified refraction
index dM/dh, and the type of refraction.

3.1.1. Tropospheric Refractive Conditions for the Sentinel-1A Interferometric Pair

During the aerological sounding on 17 March 2020 at 12:00 UTC (13:00 locally), which
was the closest in time to the acquisition of the first image of the Sentinel-1A interferometric
pair that started on 16:50 UTC that day, almost normal refractive conditions prevailed all
over the troposphere and stratosphere up to the height of 31,803 m above ground (data
available in Table A1l). Figure 2a depicts the vertical profile of the modified refraction
index M for radio waves. The profile shows the almost linear dependence of the modi-
fied refraction index, according to the height through the troposphere. Figure 2b shows
the vertical profile of the modified refraction index gradient (dM/dh in Table A1). The
only exception in refractive conditions is a layer with slightly subrefractive conditions
(dM/dh = 160.08 km~!), which lies between the heights of 1171 m and 1467 m above the
ground. The wind data, which are not applicable for the calculations within the scope of
this paper, are preserved to illustrate relatively calm conditions all over the heights of up
to 32 km above ground. According to the 17 March 2020 12:00 UTC soundings, the upper
boundary of the troposphere was at 10,909 m. The stratospheric modified refraction index
was stable on the brink of subrefractive conditions, which is consistent with the model of
the standard atmosphere [8] and findings of a research with the same methodology [10].

The tropospheric refraction profile shows expected variations of the gradient of the
modified refraction index (Figures 2b,d and 3b,d) mostly due to the variability of moisture
in the troposphere (water vapor pressure e in Appendix A; Tables A1-A4). The same
information is available graphically in thermodynamic diagrams in Figures 4 and 5, where
the small difference between air temperature and dew point represents the moist layer.

The second image of the Sentinel-1A interferometric pair was acquired on 29 March
2020 16:50 UTC and the closest aerological sounding occurred at the Zagreb Maksimir
station on 12:00 h UTC. The refractive conditions computed from the measurements show
normal refractive conditions all the way up to 31,451 m above ground (data available in
Table A2). Figure 2c depicts the change in the modified refraction index M with height, and
Figure 2d depicts the vertical gradient of the modified refraction index. The descriptions
are almost identical to the situation depicted in Figure 2a,b. Please note the two layers with
almost superrefractive refraction at levels between 3653 m and 3847 m. Such conditions are
not uncommon, especially in the lower half of the troposphere, and were recorded in some
earlier works [10,49]. The upper boundary of the troposphere was at 11,202 m, slightly
higher than on 17 March.
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Figure 2. Tropospheric refractive conditions during aerological probing over Zagreb, Croatia, nearest
in time to the acquisition of the Sentinel-1A pair of images: (a) vertical profile of the modified
refraction index on 17 March 2020, 12:00 UTC; (b) vertical profile of the modified refraction index
gradient on 17 March 2020, 12:00 UTC; (c) vertical profile of the modified refractive index on 29 March
2020 at 12:00 UTC; (d) vertical profile of the modified refraction index gradient on 29 March 2020,

12:00 UTC.
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Figure 3. Tropospheric refractive conditions during aerological probing over Zagreb, Croatia, nearest
in time to the acquisition of the Sentinel-1B pair of images: (a) vertical profile of the modified
refraction index on 11 March 2020, 12:00 UTC; (b) vertical profile of the modified refraction index
gradient on 11 March 2020, 12:00 UTC; (c) vertical profile of the modified refraction index on 23
March 2020 at 12:00 UTC; (d) vertical profile of the modified refraction index gradient on 23 March

2020, 12:00 UTC.
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Figure 4. Vertical profiles of air temperature (right) and dew point (left) based on probing data
over Zagreb, Croatia, on 11 March 2020, 12:00 UTC. The right solid black curve is profile of the
air temperature while left black solid curve is the dewpoint profile, heights at which significant
differences in temperature profiles occur compared to the standard atmosphere (so-called “significant
levels”) are marked (source: University of Wyoming website, URL http://weather.uwyo.edu/
upperair/sounding.html, accessed on 20 September 2022).
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Figure 5. Vertical profiles of air temperature (right) and dew point (left) based on probing data
over Zagreb, Croatia, on 23 March 2020, 12:00 UTC. The right solid black curve is profile of the
air temperature while left black solid curve is the dewpoint profile, heights at which significant
differences in temperature profiles occur compared to the standard atmosphere (so-called “significant
levels”) are marked (source: University of Wyoming website, URL http://weather.uwyo.edu/
upperair/sounding.html, accessed on 20 September 2022).

3.1.2. Tropospheric Refractive Conditions for the Sentinel-1B Interferometric Pair

The Sentinel-1B interferometric pair was acquired under more unfavorable meteoro-
logical conditions in the troposphere which resulted in less standard vertical profiles of the
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refraction indexes. The first image of the Sentinel-1B interferometric pair was acquired on
11 March 2020 at 16:50 UTC. The aerological probing nearest in time to that image took
place on the same day, at 12:00 UTC (data available in Table A3). The vertical profile of
the modified refraction index and its gradient show usual variability in the lower half of
the troposphere, but still inside the boundaries of the normal refraction (Figure 3a,b). The
exception from normal conditions existed in two layers where a refraction anomaly, the
subrefraction, was detected. One was a shallow surface layer, and the other one was an
elevated layer between 4745 m and 4814 m, at the upper boundary of the dry air layer. An
examination of the Figure 4, based on the data from the Table A3, shows that a layer of ex-
ceptionally dry air was present between 3335 m and 4814 m with an elevated subrefractive
layer at the upper boundary. Strong NNW wind was present over the upper half of the
troposphere. The air in the stratosphere was dry, as expected in the standard model of the
atmosphere [8].

The second image of the Sentinel-1B interferometric pair was acquired on 23 March
2020 at 16:50 and the aerological probing nearest in time to that image took place on the
same day at 12:00 UTC (data available in Table A4). The refractive conditions of the probing
are depicted in Figure 3c,d. They were mostly within boundaries of normal conditions,
with the exception of a superrefractive layer between 3806 m and 3841 m. Figure 5 shows
that this superrefraction is tied to the lower boundary of unusually dry air above 3714 m
height.

In the lower part of the stratosphere, the vertical profile of the modified refractive
index M for radio waves and its gradient with height showed stable and predictable
refractive conditions [10], still normal, but very close to the subrefraction (Figures 2 and 3).
These findings are consistent with the standard model of the atmosphere and confirm the
negligible influence of the stratosphere on DINSAR errors [11,12].

The refractive conditions’ variability was caused mostly by sudden changes of the
moisture profile. These phenomena are characteristic in thermodynamically complex
situations, especially in the lower half of the troposphere. The exact refraction conditions
(normal or ANAPROP) are determined by the value of the vertical gradient of modified
refraction index dM/dh. Figure 2b,d and Figure 3b,d confirm that the troposphere, even
though it is a relatively thin atmospheric layer, can introduce variability in the modified
refraction index gradient. However, the tropospheric refractive conditions were normal
for the Sentinel-1A pair, but showed subrefraction and superrefraction for the Sentinel-
1B images. Diagrams in Figures 4 and 5 show an overview of the vertical profile of the
moisture and reveal the presence of layers with sudden differences of the air temperature
and dew points marking the layers of the ANAPROP refraction conditions.

3.2. Ionospheric Refractive Conditions

To evaluate geomagnetic conditions in the observed area during the INSAR measure-
ments, the geomagnetic K indices [58], which represent the disturbance of geomagnetic field
which affects the state of ionosphere, were analyzed. The Chambon la Foret observatory is
situated on a latitude of 48.025°N, similar to the observed area, and for 15-18 h UTC on
the dates 11, 17, 23, and 29 March 2020 had K index values of 1, 1, 2, and 3, respectively.
Such values represent low ionospheric activity, with some variations towards the end of
the month, and slightly higher geomagnetic activity during the acquiring of the second
Sentinel-1A image. The Lonjsko polje geomagnetic observatory’s (situated very close to
the earthquake epicenter at coordinates 45.41°N 16.66°E) K index data in the periods of
interest were very similar, with values of 1, 2, 2, and 3 for 11, 17, 23, and 29 March 2020,
respectively [59]. The global Dst index for the observed time and dates had values of
7nT, =10 nT, —11 nT, and —11 nT [60,61]. Dst indices also confirm the quiet state of the
ionosphere. The value on the 11 March, when the first Sentinel-1B image was taken, differs
from the rest of the values, but as Dst is a global index, it does not necessarily represent the
local geomagnetic and ionospheric conditions [60].
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As shown in Equation (11), the ionospheric error is frequency dependent, so the
ionization of the ionosphere can be determined using GNSS signals on two frequencies. In
this paper we used receiver independent exchange format (RINEX) data [62] from CROPOS
reference GNSS stations in Cakovec (CAKO) and Zagreb (ZAGR), containing the GPS and
GLONASS dual frequency L band (L1 and L2) data generated in the time of Sentinel-1
InSAR measurements. The Ciraolo calibration [63] was applied to RINEX observation and
navigation files to calculate calibrated Slant TEC (STEC) for each satellite visible from a
GNSS station. STEC values from satellites with an elevation angle lower than 20° were
discarded to mitigate the signal multipath errors.

As GNSS satellites travel across the sky, their azimuth and elevation angles constantly
change in respect to the ground location of interest, and are different to the azimuth and
elevation angles of the Sentinel-1 satellites. To calculate the ionospheric conditions over
the observed area, the calibrated STEC derived from GNSS measurements was divided
by M to calculate the vertical equivalent TEC (VTEC) on the coordinates of ionospheric
pierce points (IPPs), i.e., the points where signals crossed the 350 km height. After such
normalization, the ionospheric error, expressed as Als on 5.405 GHz using Equation (11),
was interpolated between the locations of IPPs, revealing the ionospheric conditions in the
observed area.

Figure 6 presents the interpolated vertical ionospheric distance errors for a single
crossing of the 5.405 GHz signal through the ionosphere in the time of acquiring each
Sentinel-1A and Sentinel-1B SAR image. From Figure 6, the state of the ionosphere in
the observed area can be evaluated and compared between image pairs. As expected,
the ionization was higher towards the Equator, and above the earthquake area it equaled
around 10 cm for the first three observed periods. On 29 March 2020 the ionization was
overall higher, reaching up to 20 cm, increasing the potential for the biased results for the
Sentinel-1A pair. Figure 7 presents the difference between the vertical single ionospheric
crossing errors for Sentinel-1A and Sentinel-1B DInSAR pairs. Depending on those values,
the degradation of DINSAR results for each image pair can be assessed.

Looking at the ionosphere, the Sentinel-1A pair was more influenced by the changes
in the ionization between the two images, while between the images of the Sentinel-1B
pair, there was no noticeable change in ionization in the observed area. To transform
the presented VTEC into an ionosphere-induced Sentinel-1 DInSAR distance error, the
Sentinel-1 elevation should be taken into account; multiplying the vertical ionospheric error
by the factor of M, with further multiplication by the factor of two to represent the two
crosses of the SAR signal through the ionosphere on its way towards the Earth and back to
the satellite after reflection [63]. In the analyzed SAR images, the Zagreb earthquake area
was located on the eastern part of the middle Sentinel-1 interferometric wide (IW) burst
IW2. The corresponding incidence angle equaled 4041 degrees, with a complementary
elevation angle of 49-50 degrees. As both image pairs were taken during the ascending
passes, and the Sentinel-1 antennas are always pointing right, the satellites were positioned
to the west of the observed area. Therefore, the Sentinel-1 SAR signals” IPPs were also
located to the west of the Zagreb area, above north-eastern Italy.

Both the observed area and the locations of Sentinel-1 IPPs were situated in middle
latitudes, where the ionosphere is less dynamic than in polar and equatorial latitudes and
no high gradients are expected, except in case of extreme geomagnetic conditions [29].
Therefore, the difference in ionospheric conditions at the time of recording of each INSAR
image of the DINSAR pair could introduce a bias in the observed DINSAR image, but not
the ionospheric features of local character. Considering the higher variation in ioniza-
tion between the images, Sentinel-1A DINSARO-based displacements were more prone to
ionospheric bias.
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Figure 6. Vertical single ionospheric crossings interpolated between IPPs at the time of taking
Sentinel-1A images for a DInSAR pair (a,b) and Sentinel-1B images for a DInSAR pair (c,d).

3.3. DInSAR Displacements during Observed Atmospheric Conditions

The main sources of errors in the determination of the displacement of terrain by the
DINnSAR method are phase decorrelation, atmospheric effects, difficulties due to phase
unwrapping, and, in much smaller effects, errors in the baseline and digital elevation model
(DEM) [48]. Weakly correlated and unwrapped pixels usually produce high-frequency
spatial changes in the final displacements, presented as false local liftings or sinkings, so
they have to be further filtered to be interpreted correctly [3,48]. The atmospheric effects,
on the other hand, are usually spread over large areas as a false low-frequency spatial
displacement, sometimes connected with meteorological orographic effects [16,48].

Coherence for both the Sentinel-1A and Sentinel-1B pairs is estimated and presented
in Figure 8a,b. As expected, urban areas have significantly higher coherence than forest
areas. However, the epicenter of the Zagreb 22 March 2020 earthquake, marked in Figure 8
with a yellow star, was located in such a forested and mountainous area that the coherence
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around the epicenter was poor, suggesting that caution be exercised with the interpretation
of displacement results.
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Figure 7. Difference between vertical single ionospheric crossing errors for Sentinel-1A (a) and
Sentinel-1B (b) DINSAR pairs.
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Figure 8. Estimated coherence for: (a) Sentinel-1A interferometric pair (17 and 29 March 2020);
(b) Sentinel-1B interferometric pair (11 and 23 March 2020).
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The line-of-sight (LOS) displacement results are only accurate and reliable if the
coherence between the interferometric pair is high. Figure 9 shows the masking of the
displacement according to the coherence on both the Sentinel-1A pair (17 and 29 March
2020) and the Sentinel-1B pair (11 and 23 March 2020) for coherence masks with y > 0.0,
v > 0.3, and y > 0.6. LOS displacements with strong coherence, as shown in the Figure 9ef,
are considered the most reliable, but leave vast gaps in the displacement data.
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Figure 9. Line-of-sight displacements on the interferometric pairs of Sentinel-1A images (first column:
(a,c,e)) taken on 17 March and 29 March and Sentinel-1B images (second column: (b,d,f)) taken on 11
and 23 March 2020. First row (a,b) represents displacements without regard of the coherence between

them (y > 0.0); second row (c,d) represents displacements masked to appear for medium coherences
v > 0.3; third row (e,f) represents displacements masked to appear for strong coherences y > 0.6.
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Atmospheric effects on DINSAR terrain displacements are best studied if the coherence,
as a source of error, is not present [14]. Figure 9a,b shows the high influence of coherence-
associated errors, appearing as localized spots with pronounced displacement, to the final
displacement calculation. As Figure 9e,f lacks most of the DInSAR displacement data,
Figure 9c,d represents the best option for analysis of the effects introduced to DInNSAR
measurements, due to the atmospheric refraction conditions. Figure 9¢, based on Sentinel-
1A data, shows positive DINSAR LOS displacement in the area close to the epicenter,
and almost no displacement in the areas at the edges of the figure. Figure 9d, based on
Sentinel-1B data, depicts a similar difference between the displacements in the epicenter
and the displacements at the edges of the shown area, but with a —2 cm offset if compared
to Figure 9c. The consequence of the offset in the Figure 9d is that there are virtually no
displacements in the epicenter area, and false negative displacement is present at the edges.
As influences of other error sources were minimized, these differences in the results of
DInSAR terrain displacements closest in time to the earthquake can be associated with the
difference in atmospheric refractive conditions at the time of acquisition of SAR images.
The Sentinel-1A interferometric pair was acquired in favorable tropospheric refractive
conditions, but the ionospheric ionization changed between the acquisition of the two
images. The Sentinel-1B interferometric pair had almost no ionospheric influence, but the
tropospheric ANAPROP conditions were opposite in the two images of the interferometric
pair, with subrefraction appearing in the vertical refraction profile closest to the first image,
and superrefraction appearing in the vertical refraction profile closest to the second image.

4. Discussion

In the absence of a vertical profile of the refraction index for radio waves of the C-band
for the entire atmosphere, it is worth focusing on the two layers of the atmosphere where
the changes in the vertical profile of the refraction index appear to be the largest: the
ionosphere and the troposphere. We were able to base our research on regular geophysical
measurements of the troposphere and ionosphere. Despite the fact that they do not repre-
sent a comprehensive refraction model for the entire atmosphere [8], they were still able to
provide objective warnings of the occurrences of strong anomalous phenomena.

The tropospheric vertical profile of the refraction index can be obtained from aero-
logical balloon soundings. The advantage of this approach is that the refraction profile is
accurate. On the other hand, balloon soundings were conducted from aerological stations
located at some distance from the area covered by the DInSAR scene. In addition, the time
of the balloon sounding does not coincide with the time of acquisition of the satellite image.
This can be partially compensated by a mathematical model of atmospheric dynamics,
whereby the state of the atmosphere at the desired moment above the observed area is cal-
culated from the nearest meteorological measurements. Several authors have successfully
used the weather research and forecasting model (WRF) for this purpose [21,64].

In the case of the interferometric pair obtained from the Sentinel-1B satellite, the
occurrences of anomalous refractions of different signs coincided in such a way that their
effects added up, leading to a bias of —2 cm in the wider area of the interferometric scene
around the earthquake epicenter (Figure 9b). Both elevated phenomena of anomalous
refraction are quite pronounced: subrefraction at 4745 m 11 March 2020 (Table A3), and
superrefraction at 3806 mm which appeared on the sounding of 23 March 2020 (Table A4).
In such cases, the qualitative analysis of the vertical profile of the refractive index indicates
possible errors of the DINSAR method due to refraction in the troposphere. From the
tropospheric influence on DInSAR point of view, it is advisable to avoid SAR pairs acquired
in such conditions if alternative pairs are available.

Regarding the ionosphere, as the GNSS data are collected continuously, with multi-
GNSS receivers receiving the signals from dozens of satellites, the temporal and spatial
resolutions of such ionospheric data are sufficient for the recognition of ionospheric condi-
tions during DInSAR pair acquisition, even in severe ionospheric conditions. However, if
all the observed DINSAR pairs would be affected by such conditions, then the correction of
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ionospheric effects should be applied. In the case of disturbed ionospheric conditions with
steep ionization gradients, which usually appear in times of higher solar activity and in low
or high latitudes, the split-spectrum method of mitigation of ionospheric errors [29] or the
range group-phase delay difference method [28] of mitigation of ionospheric errors should
be used to compensate for the ionospheric effects on SAR interferograms, even though the
reliable tools that would utilize such methods and allow the input of locally acquired TEC
data are yet to be developed.

5. Conclusions

To investigate the tropospheric and ionospheric refraction conditions and their influ-
ence on the DINSAR LOS displacements, we analyzed two subsequent Sentinel-1B (11 and
23 March 2020) and Sentinel-1A (17 March and 29 March) pairs related to the Zagreb earth-
quake that took place on 22 March 2020. The interferometric pair, acquired by Sentinel-14,
had similar tropospheric refractive conditions in both images, which is desirable. The iono-
spheric ionization was higher in the second image, introducing difference in the ionospheric
signal propagation and possible bias. The interferometric pair, acquired by Sentinel-1B,
had significant differences in the refractive profiles of the atmosphere due to the unusually
dry upper half of the troposphere with a sharp gradient in humidity on the day of the
second acquisition. The ionospheric conditions for Sentinel-1B were similar for both SAR
images of the pair. The difference in the refractive conditions between the two produced
DInSAR measurements produced an offset between the calculated LOS displacements. In
the case of ground displacements with small magnitudes, reaching only few centimeters,
which is close to the absolute error of the DInNSAR method applied on Sentinel-1 SAR satel-
lites, a study of the refractive conditions in the troposphere and the ionosphere produces
important information about the quality of the particular interferometric pair.

Author Contributions: Conceptualization, M.V,, ].V. and L.R.; methodology, M.V. and ].V.; analysis,
M.V. and ].V.; data curation, M.V,, ].V. and L.R.; writing—original draft preparation, M.V. and J.V,;
writing—review and editing, M.V, ].V. and LR.; visualization, M.V. and L.R., funding acquisition, J.V.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Acknowledgments: We are thankful to Croatian State Geodetic Administration for providing us
with RINEX data of CROPOS reference GNSS stations. We are thankful to Chambon la Foret (CLF)
magnetic observatory staff for providing the local K index data, calculated and made available by the
Bureau Central de Magnétisme Terrestre (BCMT) of France. We are thankful to the Department of
Geophysics, Faculty of Science, University of Zagreb for providing the local K index data of Lonjsko
Polje Observatory.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
Tables A1-A4 contain the following data:

Height over the ground;

Modified refraction index M (dimensionless) computed by Equation (9);
Refraction index n (dimensionless) computed by Equation (4);

Water vapor pressure ¢;

Total air pressure p;

Air temperature T;

Dew point Ty;

Wind speed Wg;

Wind direction W; (in geographic degrees);

The vertical gradient of the modified refraction index dM/dh (dimensions km~1);
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e  The type of the refraction is determined in accordance with Table 1 (norm—normal re-
fraction conditions, subrf—subrefractions and SUPER—for superrefractive conditions
in the layer).

Vertical gradient of the modified refraction index dM/dh was computed using finite
differences and represents the value between current and the next level (rows in a table),
which is why these values are not present in the last rows of the Tables A1-A4.

Table A1l. Aerological soundings data and refractive profiles on 17 March 2020 at meteorological
station Zagreb Maksimir (WMO index 14240).

Height e p t ty W Wy, dM/dh

[m] M " [hWPal  [hPa]l  [°Cl  [C]  [ms 1 [F]  [km-1]  Refraction
0 313.63 1.000313630 5.2 1014.0 16.8 —2.2 1 100 143.97 norm
118 330.62 1.000312094 5.2 1000.0 14.8 —2.2 2 210 135.87 norm
643 401.96 1.000301009 52 939.0 9.8 -2.2 88.51 norm
770 413.20 1.000292310 4.2 925.0 9.8 —5.2 4 20 124.83 norm
1171 463.25 1.000279403 3.5 881.0 7.6 —7.4 160.08 subrf
1467 510.63 1.000280311 5.0 850.0 54 —2.6 9 25 130.91 norm
1897 566.93 1.000269101 4.6 806.0 2.2 —3.8 130.78 norm
2243 612.17 1.000260019 4.4 772.0 0.6 —4.4 92.63 norm
2538 639.50 1.000241034 2.0 744.0 —-0.5 —14.5 128.35 norm
3026 702.14 1.000227058 1.2 700.0 —4.1 -21.1 5 345 129.19 norm
3810 803.42 1.000205250 0.1 633.0 —8.3 —45.3 142.5 norm
4121 847.74 1.000200743 0.4 608.0 -99 -319 139.8 norm
5597 1054.08 1.000175351 0.3 500.0 -21.7 —34.7 10 310 143.03 norm
5745 1075.25 1.000173285 0.4 490.0 —22.7 —-32.7 139.1 norm
6540 1185.83 1.000159050 0.1 439.0 —28.3 —43.3 141.21 norm
6804 1223.11 1.000154882 0.1 423.0 —-30.5 —47.5 143.18 norm
7207 1280.82 1.000149321 0.1 400.0 —339 —479 12 305 143.95 norm
8066 1404.47 1.000138108 0.1 353.0 —41.9 —46.6 144 norm
9147 1560.13 1.000124051 0.0 300.0 —-51.3 —59.3 11 325 145.12 norm
9366 1591.91 1.000121448 0.0 290.0 —53.3 —60.3 144.15 norm
9500 1611.23 1.000119730 0.0 284.0 —54.3 —64.3 145.23 norm
9915 1671.50 1.000114845 0.0 266.0 —57.7 —62.2 144.88 norm
10,297 1726.84 1.000110211 0.0 250.0 —60.5 —65.5 17 320 145.71 norm
10,322 1730.49 1.000109936 0.0 249.0 —60.7 —65.7 143.78 norm
10,786 1797.20 1.000103798 0.0 231.0 —61.9 —67.9 14 310 140.67 norm
11,092 1840.25 1.000098806 0.0 220.0 —59.5 —-75.5 145.31 norm
11,687 1926.71 1.000091851 0.0 200.0 —60.5 -79.5 7 300 147.35 norm
11,749 1935.84 1.000091247 0.0 198.0 —60.9 —80.9 125.32 norm
11,812 1943.74 1.000089256 0.0 196.0 —57.1 —82.1 146.01 norm
13,107 2132.82 1.000075021 0.0 160.0 -52.3 —85.3 149.12 norm
13,537 2196.94 1.000071631 0.0 150.0 —-52.9 —85.9 10 305 150.01 norm
15,235 2451.65 1.000059755 0.0 115.0 —55.7 —87.7 150.67 norm
16,127 2586.05 1.000054111 0.0 100.0 —54.1 —88.1 2 230 152.42 norm
18,397 2932.04 1.000043711 0.0 70.0 —56.9 —88.9 5 310 153.61 norm
20,527 3259.24 1.000036501 0.0 50.0 —57.5 —89.5 2 920 154.41 norm
20,641 3276.84 1.000036203 0.0 49.1 -579 —899 154.35 norm
22,303 3533.37 1.000031799 0.0 37.8 —53.5 —89.5 155.13 norm
23,759 3759.24 1.000029077 0.0 30.1 —54.7 —89.7 156.03 norm
23,797 3765.17 1.000029041 0.0 30.0 —54.7 —89.7 3 30 155.56 norm
26,407 4171.18 1.000025281 0.0 20.0 —51.5 —88.5 5 80 155.85 norm
26,739 4222 .92 1.000024897 0.0 19.0 —50.9 —88.9 156.07 norm
27,457 4334.98 1.000024231 0.0 17.0 —-53.1 —89.1 156.22 norm
30,618 4828.80 1.000021774 0.0 10.4 —52.7 —89.7 156.39 norm
30,897 4872.44 1.000021611 0.0 10.0 —51.5 —88.5 4 175 156.42 norm

31,803 5014.16 1.000021089 0.0 8.7 —49.1 -87.1 — —
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Table A2. Aerological soundings data and refractive profiles on 29 March 2020 at meteorological
station Zagreb Maksimir (WMO index 14240).

Height e P t tg W Wy dM/dh .
[m] M " [hWPal  [hPa]l  [°Cl  [C]  [ms 1 [F]  [km-1]  Refraction
0 323.26 1.000323260 8.0 999.0 15.8 3.8 1 170 128.01 norm
642 405.44 1.000304646 6.7 925.0 9.2 1.2 3 235 132.35 norm
903 43998 1.000298209 6.4 896.0 6.6 0.6 121.11 norm
1335 492.30 1.000282705 5.2 850.0 3.8 —2.2 3 355 129.53 norm
2874 691.65 1.000240432 29 700.0 -95 —-10.1 5 340 133.57 norm
3018 710.88 1.000237054 2.8 687.0 -10.3 -10.3 129.43 norm
3653 793.07 1.000219549 1.9 632.0 —149 —15.2 79.03 norm
3677 794.96 1.000217671 1.6 630.0 —15.3 —-17.2 85.95 norm
3847 809.57 1.000205591 0.3 616.0 -14.3 —-35.3 138.03 norm
5397 1023.51 1.000176181 0.2 500.0 —24.1 —39.1 8 350 146.29 norm
5455 1032.00 1.000175565 0.3 496.0 —24.5 —-36.5 139.04 norm
5737 1071.21 1.000170501 0.2 477.0 -269 —40.9 127.94 norm
5798 1079.01 1.000168724 0.1 473.0 —27.1 —49.1 140.91 norm
6380 1161.02 1.000159360 0.2 436.0 —-30.1 —41.1 118.82 norm
6413 1164.94 1.000158099 0.1 434.0 —-30.1 —49.1 139.45 norm
6662 1199.66 1.000153726 0.0 419.0 —31.3 —55.3 142.19 norm
6815 1221.42 1.000151465 0.1 410.0 —32.1 —-50.1 143.58 norm
6997 1247.55 1.000149021 0.1 400.0 -33.5 —49.5 11 310 143.47 norm
7372 1301.35 1.000143946 0.1 379.0 —36.5 —46.5 143.01 norm
7725 1351.83 1.000139005 0.1 360.0 —39.7 —52.7 145.87 norm
7878 1374.15 1.000137304 0.1 352.0 —41.3 —49.3 138.69 norm
7975 1387.60 1.000135525 0.0 347.0 —419 —63.9 144.19 norm
8642 1483.78 1.000126986 0.0 314.0 —47.3 —61.3 145.33 norm
8726 1495.99 1.000126008 0.0 310.0 —479 —-559 141.75 norm
8790 1505.06 1.000125030 0.0 307.0 —48.3 —62.3 143.99 norm
8947 1527.67 1.000122991 0.0 300.0 —48.9 —-56.9 14 330 143.35 norm
9327 1582.14 1.000117801 0.0 283.0 -50.9 —69.9 145.04 norm
9655 1629.71 1.000113875 0.0 269.0 —53.1 —65.1 144.25 norm
10,127 1697.80 1.000107861 0.0 250.0 —54.9 —67.9 15 320 145.43 norm
11,079 1836.25 1.000096847 0.0 215.0 -59.1 —74.1 14 315 143.58 norm
11,537 1902.01 1.000090701 0.0 200.0 —-57.1 —82.1 7 295 143.47 norm
11,965 1963.42 1.000084915 0.0 187.0 —535 —-85.5 147.31 norm
12,576 2053.42 1.000078988 0.0 170.0 —-53.9 —85.9 14717 norm
13,387 2172.78 1.000071021 0.0 150.0 —50.3 —86.3 8 300 148.27 norm
13,563 2198.88 1.000069489 0.0 146.0 —49.7 —86.7 150.33 norm
14,674 2365.89 1.000062072 0.0 123.0 —-529 —87.9 150.83 norm
16,017 2568.46 1.000053791 0.0 100.0 —-52.1 —88.1 4 335 152.48 norm
18,317 2919.16 1.000043391 0.0 70.0 —54.1 —89.1 7 300 153.64 norm
20,467 3249.49 1.000036171 0.0 50.0 —53.5 —90.5 7 240 154.70 norm
22,798 3610.09 1.000030804 0.0 34.7 —55.7 —-91.7 155.13 norm
23,737 3755.76 1.000029051 0.0 30.0 —54.9 -90.9 5 290 155.48 norm
25,667 4055.84 1.000026121 0.0 222 —52.5 —89.5 155.85 norm
26,347 4161.81 1.000025331 0.0 20.0 —53.1 —90.1 3 265 156.04 norm
28,013 4421.77 1.000023729 0.0 15.4 —56.5 -925 156.10 norm
29,144 4598.32 1.000022712 0.0 12.9 —52.7 —89.7 156.35 norm
30,777 4853.63 1.000021641 0.0 10.0 —53.7 —-90.7 11 230 156.45 norm
31,451 4959.08 1.000021273 0.0 9.0 —54.3 -90.3 —_ —_—
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Table A3. Aerological soundings data and refractive profiles on 11 March 2020 at meteorological
station Zagreb Maksimir (WMO index 14240).

Height e P t tg W Wy dM/dh .
[m] M " [hWPal  [hPa]l  [°Cl  [C]  [ms 1 [F]  [km-1]  Refraction
0 318.33 1.000318330 7.2 1001.0 17.2 2.2 3 210 171.68 subrf
12 320.39 1.000318506 7.4 1000.0 17.6 2.6 2 225 129.18 norm
658 403.84 1.000300534 6.2 926.0 11.2 0.2 132.15 norm
669 405.29 1.000300257 6.2 925.0 11.2 0.2 5 300 115.57 norm
732 412.57 1.000297646 6.4 918.0 12.6 0.6 129.30 norm
972 443.60 1.000290996 6.6 892.0 13.0 1.0 131.80 norm
1377 496.98 1.000280791 6.2 850.0 10.2 0.2 11 330 129.95 norm
2955 702.05 1.000238115 35 700.0 -29 —7.4 15 310 143.40 norm
2966 703.63 1.000237968 35 699.0 -29 -7.3 112.07 norm
3335 744.99 1.000221395 1.9 667.0 —4.5 —15.5 132.50 norm
4381 883.58 1.000195763 0.9 583.0 -95 —-23.5 139.81 norm
4622 917.27 1.000191616 1.0 565.0 -10.7 -22.7 140.42 norm
4745 934.55 1.000189585 1.0 556.0 —11.5 —22.5 193.13 subrf
4814 947.87 1.000192072 1.7 551.0 —-12.3 —16.8 138.35 norm
5354 1022.58 1.000182002 1.4 513.0 —-16.1 —18.5 137.61 norm
5557 1050.52 1.000178071 1.3 500.0 —17.5 —-19.9 25 340 139.80 norm
5753 1077.92 1.000174699 1.2 487.0 —-19.1 —-20.6 98.99 norm
5799 1082.47 1.000172027 0.9 484.0 -19.3 —243 137.94 norm
5922 1099.44 1.000169686 0.8 476.0 —199 —249 141.00 norm
6515 1183.05 1.000160195 0.7 439.0 —249 -274 137.71 norm
6749 1215.28 1.000155687 0.5 425.0 —-26.1 -299 118.52 norm
6800 1221.32 1.000153720 0.4 422.0 —26.1 —34.1 143.48 norm
7078 1261.21 1.000149964 0.4 406.0 —28.1 —33.1 137.05 norm
7187 1276.15 1.000147791 0.3 400.0 —28.5 —-35.5 29 330 140.48 norm
7703 1348.63 1.000139259 0.2 372.0 —31.1 —42.1 143.75 norm
8210 1421.52 1.000132550 0.1 346.0 —355 —475 146.84 norm
8311 1436.35 1.000131523 0.1 341.0 -36.3 —44 .3 143.71 norm
8620 1480.76 1.000127420 0.1 326.0 —39.1 —-52.1 145.04 norm
8984 1533.55 1.000123062 0.1 309.0 —42.1 —53.1 148.01 norm
9094 1549.83 1.000122072 0.1 304.0 —43.1 —479 145.07 norm
9187 1563.32 1.000120961 0.1 300.0 —439 —49.9 34 325 145.32 norm
9716 1640.20 1.000114788 0.0 277.0 —48.3 —55.3 146.04 norm
9981 1678.90 1.000111883 0.0 266.0 —50.5 —55.5 146.41 norm
10,129 1700.57 1.000110317 0.0 260.0 —51.7 —54.3 144.64 norm
10,254 1718.65 1.000108772 0.0 255.0 —525 —58.5 146.30 norm
10,387 1738.10 1.000107341 0.0 250.0 —53.3 —57.6 33 330 146.29 norm
11,169 1852.50 1.000098967 0.0 221.0 —58.7 —61.6 146.58 norm
11,667 1925.50 1.000093781 0.0 204.0 —61.7 —67.7 145.03 norm
11,787 1942.90 1.000092341 0.0 200.0 —61.9 —-739 34 330 145.00 norm
11,818 1947.40 1.000091974 0.0 199.0 —61.9 —74.9 147.45 norm
12,006 1975.12 1.000090178 0.0 193.0 —63.1 -72.1 32 330 142.41 norm
12,407 2032.22 1.000084321 0.0 181.0 —58.7 —88.7 145.58 norm
12,655 2068.32 1.000081485 0.0 174.0 —57.7 —85.7 148.40 norm
12,988 2117.74 1.000078624 0.0 165.0 —59.1 —-85.1 147.41 norm
13,503 2193.65 1.000073679 0.0 152.0 —58.3 —87.3 145.97 norm
13,587 2205.92 1.000072761 0.0 150.0 —57.5 —87.5 26 350 145.13 norm
13,936 2256.57 1.000068618 0.0 142.0 —52.1 —88.1 151.00 norm
16,026 2572.16 1.000056078 0.0 102.0 —61.5 —89.5 148.48 norm
16,157 2591.62 1.000054971 0.0 100.0 —59.3 —89.3 17 340 152.01 norm
18,407 2933.63 1.000043731 0.0 70.0 —57.1 —89.1 3 330 153.07 norm
18,846 3000.83 1.000042008 0.0 65.3 —56.9 —89.9 153.60 norm
19,538 3107.12 1.000039654 0.0 58.5 —58.1 —-90.1 153.04 norm
19,916 3164.97 1.000038158 0.0 55.1 —55.3 —89.3 154.17 norm
20,537 3260.71 1.000036401 0.0 50.0 —56.3 —-90.3 2 200 154.43 norm
21,563 3419.15 1.000033759 0.0 425 —57.5 —-90.5 154.91 norm
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Table A3. Cont.

Height e P t ty W Wy dM/dh .
[m] M " (WPal  [wPal  [°Cl  [Cl [ms ' [l [l Refraction
23,777 3762.12 1.000029131 0.0 30.0 —-565  —90.5 4 125 155.43 norm
24,057 3805.64 1.000028691 0.0 28.7 -573 =903 155.39 norm
25,467 4024.73 1.000026411 0.0 23.0 —-527  —89.7 155.82 norm
26,367 4164.97 1.000025351 0.0 20.0 —-535 —-895 4 20 156.05 norm
28,738 4534.97 1.000023104 0.0 13.8 —55.1 —90.1 156.16 norm
29,803 4701.28 1.000022209 0.0 11.7 —495 875 156.38 norm
30,837 4862.98 1.000021571 0.0 10.0 —49.1 —87.1 6 80 156.48 norm
31,381 4948.11 1.000021293 0.0 9.2 -50.3  —883 — —
Table A4. Aerological soundings data and refractive profiles on 23 March 2020 at meteorological
station Zagreb Maksimir (WMO index 14240).
Height e p t ty W Wy, dM/dh .
[m] M " (hWPal  [hPal  [°Cl  [C]  [ms '] []  [km1  Refraction
0 321.85 1.000321850 3.4 1014.0 2.2 -7.8 6 10 130.66 norm
110 336.22 1.000318950 3.2 1000.0 0.4 —8.6 8 55 130.70 norm
617 402.49 1.000305621 29 938.0 —4.7 -9.7 122.70 norm
728 416.11 1.000301814 2.8 925.0 —55 —10.5 10 15 127.33 norm
1384 499.63 1.000282342 2.1 850.0 -11.3 -141 13 25 129.07 norm
2649 662.91 1.000247017 1.1 718.0 -21.7 =219 123.46 norm
2773 678.22 1.000242859 0.9 706.0 —-225 =243 109.79 norm
2839 685.47 1.000239747 0.7 700.0 -225 =275 20 45 131.61 norm
2944 699.28 1.000237072 0.6 690.0 -233 283 135.47 norm
3321 750.36 1.000228963 0.6 655.0 -265  —281 132.38 norm
3600 787.29 1.000222090 0.5 630.0 —-287 =308 117.87 norm
3714 800.73 1.000217632 0.2 620.0 -29.1 -39.1 132.25 norm
3806 812.90 1.000215358 0.2 612.0 -295 =395 63.18 SUPER
3841 815.11 1.000212073 0.0 609.0 —-279  —-559 122.09 norm
3948 828.17 1.000208334 0.0 600.0 -269  —619 135.88 norm
5200 998.29 1.000181890 0.0 503.0 -333 —683 139.16 norm
5247 1004.83 1.000181051 0.0 500.0 —335 —685 17 15 135.11 norm
5606 1053.34 1.000173198 0.0 475.0 -339 —699 132.72 norm
5846 1085.19 1.000167368 0.0 459.0 -329 =719 139.17 norm
6807 1218.93 1.000150231 0.0 400.0 -365 =725 8 360 141.24 norm
8354 1437.44 1.000125862 0.0 319.0 —-415 =775 136.49 norm
8483 1455.04 1.000123209 0.0 313.0 —40.1 —78.1 143.12 norm
8777 1497.12 1.000119131 0.0 300.0 —-407 =777 13 350 144.88 norm
10,007 1675.32 1.000104221 0.0 250.0 —457 =787 13 340 146.27 norm
10,114 1690.97 1.000103072 0.0 246.0 —463 =793 142.51 norm
10,475 1742.42 1.000097845 0.0 233.0 —44.1 —81.1 147.73 norm
11,321 1867.40 1.000090003 0.0 205.0 —-495  -835 10 290 143.91 norm
11,487 1891.29 1.000087831 0.0 200.0 —48.1 —84.1 13 305 145.25 norm
11,860 1945.47 1.000083450 0.0 189.0 —46.1 —84.1 148.68 norm
13,387 2172.50 1.000070741 0.0 150.0 —49.1 —86.1 9 305 150.31 norm
15,286 2457.93 1.000058028 0.0 112.0 —52.1 —88.1 151.02 norm
16,027 2569.84 1.000053601 0.0 100.0 -509 879 6 285 152.51 norm
18,337 2922.14 1.000043231 0.0 70.0 -527  —-89.7 4 280 153.73 norm
20,497 3254.20 1.000036171 0.0 50.0 -535 =905 3 350 154.52 norm
21,581 3421.70 1.000033483 0.0 422 —55.1 —90.1 154.93 norm
23,777 3761.93 1.000028941 0.0 30.0 -527  —-897 7 55 155.62 norm
26,397 4169.64 1.000025311 0.0 20.0 —-525 —-895 7 175 155.80 norm
26,594 4200.34 1.000025082 0.0 19.4 —-519  —889 156.02 norm
27,521 4344.96 1.000024163 0.0 16.8 -533  —-90.3 155.95 norm
28,084 4432.76 1.000023572 0.0 15.4 —50.1 —88.1 156.28 norm
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Table A4. Cont.

Height e P t ty W Wy dM/dh .

[n‘lg] M n [hPa] [hPa] [°C] °Cl [ms-1] °] [km-1] Refraction
30,844 4864.10 1.000021592 0.0 10.1 —48.1 —87.1 156.54 norm
30,917 4875.53 1.000021561 0.0 10.0 —48.3 —86.3 16 125 156.49 norm
32,549 5130.92 1.000020727 0.0 7.8 —48.1 —87.1 — —
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