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ABSTRACT

Global Navigation Satellite System (GNSS) Radio Occultation (RO) is an active limb sounding
technique, where GNSS satellites transmitted signals passing through the atmosphere of the
Earth and received by a GNSS receiver on low earth orbiter (LEO) satellite. RO provides
accurate atmospheric refractivity profile. RO technique has been widely used to study the
atmosphere of planets. This paper investigates the use of GNSS RO for tropopause height
(TPH) estimation as one of the key climate parameters over Egypt. TPH is also very important
in determining the wet delay in GNSS analysis. Two years (2016 and 2017) of MetOP A and
B satellites data are used. ROPP software package is used in the analysis. For validation of the
results, RO-derived TPH is compared with European Centre for Medium-Range Weather
Forecast (ECMWF) model as well as radiosonde (RS). Good agreement and high correlation
are found between TPH from RO and ECMWF and RS on the other hand. TPH varies between
14 and 16 km over Egypt. It decreases with latitude and shows no clear trend with longitude.
Tropopause temperature is found to increase with latitude.
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1. Introduction

Global Navigation Satellite System (GNSS) Radio
Occultation (RO) technique is one of the most impor-
tant meteorological applications of GNSS. This study
focuses on the application of GNSS RO in atmospheric
observation technique to calculate tropopause height
(TPH) for Egypt. TPH is a very important parameter
for weather and atmospheric phenomena. Studying the
tropopause structure necessitate detailed vertical atmo-
spheric profile information (Fueglistaler et al. 2009;
Randel et al. 2007; Holton et al. 1995).

GNSS RO technique derives atmospheric profiles
with a high vertical resolution and makes the spatial
distribution of the data more homogenous (Fu 2011).
Atmospheric profiles coming from GNSS RO are not
affected by geographic areas as compared to radio-
sonde (RS). Generally, RS data have vertical resolu-
tion ranging from a few hundred metres to about
a kilometre, and this is also considered as
a limitation for tropopause.

Throughout this paper, ROPP V.9 is used to pro-
cess the measurement data for the RO. This research
gives details of TPH distribution over Egypt. This
includes investigating the spatial and temporal varia-
tions of TPH. It is found that TPH varies between 14
and 16 km. Generally, TPH decreases with latitude
while no clear relation is found between TPH and
longitude.

2. GNSS radio occultation concept

GNSS RO is a relatively new remote sensing techni-
que for exploring the atmosphere of the Earth
(Kursinski et al. 1997; Hajj et al. 2002). It delivers
key properties of the free atmosphere, such as pres-
sure and temperature. RO measurements are based
on radio signals emitted by GNSS satellites (Anthes
2011; Steiner et al. 2011). The rays are refracted by
the atmosphere of the Earth and are received by
a LEO satellite in a limb-sounding geometry
(Figure 1).

GNSS RO for investigating the atmosphere of the
Earth was first proposed for the NASA Earth
Observing System and demonstrated successfully in
1995, when measurements by a GPS receiver onboard
GPS/MET confirmed the potential of the technique
(Ware et al. 1996; Kursinski et al. 1997). GNSS RO
has since then emerged as remote sensing technique
for the atmosphere of the Earth that is relatively
inexpensive, has high precision, accuracy, long-term
stability, all-weather-capability and high vertical reso-
lution. These properties also indicate the general suit-
ability of RO for climate applications (Anthes et al.
2008; Steiner et al. 2011).

Bouguer’s formula (Born and Wolf. 1999), which
represents the equation for the ray trajectory in
a spherically symmetrical refractive field, and replaces
Snell’s law for a plane stratified medium:
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Figure 1. Geometry of GNSS - LEO satellite occultation.

nrsin¢ = const = a (1)

The quantity rsing represents the perpendicular dis-
tance from the origin to the ray path tangent. As r
goes to infinity (straight line), n goes to unity, so that
the constant term in the previous formula must equal
the impact parameter (a). Generally, ¢ is the angle
between the radius vector and the ray path and in
Figure 1, ¢ equals 90° at the tangent point
so sing = 1 (unity) and this leads to a = n (r;) 1, =
n r;.. Where r; is the tangent point radius, which
represents the distance between the centre of curva-
ture and the tangent point as defined in Figure 1.
Ontheotherhand a is the so-called impact parameter
that is defined with range units and constant along
a ray trajectory.

In RO, the change of that quantity, i.e. % in ms~
or the Doppler shift fpin Hz is the key observable
(e.g. Kirchengast et al. 2006):

fdL

fD = _EE (2)

1

Where:

fp: denotes the excess Doppler shift on the carrier
frequencies f; caused by the neutral atmosphere
and the ionosphere.
c: is the light speed in vacuum.
t: is time.

The signals L1 and L2 travel on different paths
because ionospheric bending depends on the fre-
quency. A linear combination leads to the removing
of the first-order ionospheric effect:

_f12AL1 —fZZALZ
f=F
AL, contains the neutral atmosphere particular frac-
tions (Foelsche 1999). Vorob’ev and Krasil’'nikova
(1994) suggested to use the combination of the two

bending angles (a; and ;) at the same impact
factors:

AL, (3)

Earth

GNSS

_ fla(a) — fo(a)
ff=F

a1 (a) and a, (a) are the bending angles (uncorrected) of
the signals L1 and L2. This method is known as bending
angle correction and is preferred to the first method
(Steiner 1998). Using the Abelian transformation
(inverse problem), we retrieve the refractive index:

_ fla(a) — fa(a)
fi—F

where a; = n(r;) X r; is the impact parameter. It is
noticed that the integral of the equation needs an infi-
nite upper boundary limit so a background information
is used for statistically optimisation the profiles of bend-
ing angle. The refractivity based on the parameters of
the neutral atmosphere, is given by the formula (Smith
and Weintraub 1953) as:

(4)

ac(a)

ac(a)

(5)

p
N=(n—1) - 10°=77.65+ 3.73x10°=  (6)

T2
where P is the total atmospheric pressure in [hPa]
and T is the atmospheric temperature in [K] and e is
the water vapour pressure in [hPa]. To convert the
refractivity profiles into pressure and temperature
profiles the dry air assumption is usually made. RO
observations processing is summarised in the follow-
ing block diagram (Figure 2).

3. Tropopause heights algorithm

There are many definitions to determine the tropopause
location. Among these many definitions of the tropo-
pause, lapse rate tropopause (LRT) is the most common
used for measuring climatological variability (Santer
et al. 2003). TPH according to the World
Meteorological Organization (WMO) definition is
defined as ‘the lowest level at which the lapse-rate
(Fwmo) decreases to 2 k/km or less, provided that the
average lapse-rate between this level (z) and all higher
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Figure 2. Block diagram for typical RO observations processing.

levels within 2 km above (z +2) does not exceed 2 k/km’.
(WMO, 1957)

The ROPP tropopause tool is developed to
derive the TPH and tropopause temperature
according to four different definitions: A bending
angle-based, a refractivity-based and two tempera-
ture-based tropopause definitions. The tempera-
ture-based tropopause can be derived either from
the WMO definition or it can be derived from the
cold point definition (ROM SAF Validation Report,
2018). Here, we used the LRT. The LRT is com-
puted by the algorithm described by Reichler et al.
(2003). This method uses a thermal definition of
the tropopause. For calculating the tropopause
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temperature, we have to interpolating between ver-
tical levels.

In this research, we calculate the TPH derived
from about 2 years of GNSS RO data and compare
the results with ECMWF model and heights reported
from RS data. The algorithm is summarised in the
following block diagram (Figure 3).

4. Data
4.1. MetOp RO data

The location of study area (Egypt) is between the
latitudes of 22° and 32° North and longitudes of 25°
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Figure 3. Block diagram for calculating TPH from temperature profile.
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and 37° East. For determination the TPH, GNSS RO
data provided by the MetOp-A and MetOp-B satellite
missions are used. RO profiles including 24 months
during the time period spanning from January 2016
to December 2017 of MetOp without any gap
(approximately 3597 occultation events). The data
are downloaded from the ROMSAF (2016) website
(http://www.romsaf.org). Figure 4 shows RO events
distribution in 2016 and 2017. Occultations may be
either setting or rising based on how LEO see GNSS
satellite rises or sets. In Figure 4, The red and blue
triangles indicate rising and setting occultations,
respectively. From Figure 4, one can understand
that the number of occultation events is extremely
high and has good coverage over Egypt.

4.2. Radiosonde data

RS data provide atmospheric parameters (such as
temperature and pressure profiles). In this study, the
RS data were used for validating the GNSS RO

results. There are only six RS stations distributed in
Egypt. These stations are ASWAN, HELWAN,
MERSA MATRUH, FARAFRA, EL ARISH and
SOUTH VALLEY UNIV. RS data are downloaded
from NOAA (2017) web portal (https://ruc.noaa.
gov). Very few data from stations FARAFRA, EL
ARISH and SOUTH VALLEY UNIV are available,
so we will use only the three other stations
(ASWAN, HELWAN and MERSA MATRUH)
(Figure 5). A total of 96 profiles of RS observations
recorded in Egypt were used to verify the RO
technique.

5. Results and discussion
5.1. Analysis of RO TPH

Here, the values of TPH as well as its variation are
investigated. TPH is plotted according their latitude
in 2016 and 2017 as shown in Figure 6. It is shown
from the Figure that generally TPH inversely

Figure 4. Radio occultation events distribution in 2016 and 2017 over Egypt.
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Figure 5. Map of radiosonde stations used in the validation.
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Figure 6. Tropopause height with latitude in 2016 and 2017.
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Figure 7. Tropopause temperature with latitude in 2016 and 2017.

correlates with latitude. So, it is obvious that the Generally, tropopause temperature inversely corre-

higher TPH occurs at low latitudes. lates with TPH. So, it is obvious that the higher
Figure 7 shows tropopause temperature estimated  tropopause temperatures occur at high latitudes.

from RO data versus latitude in 2016 and 2017 and  TPH is plotted according to their longitude in 2016

demonstrates ~ that  tropopause  temperature  and 2017 as illustrated in Figure 8.

increases with latitude so the low TPH (high TPH As shown in the previous Figure, it’s obvious

temperature) occurs at high latitudes. that TPH shows small variations with longitude.
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Figure 8. Tropopause height with longitude in 2016 and 2017.
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Figure 9. The zonal average tropopause height from the RO data. Units in [Km].
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Figure 10. The zonal standard deviation of tropopause height from the RO data. Units in [Km].

The contour maps demonstrating the geographical ~ shown in Figure 11. The main changing range of
variation of TPH in 2016 and 2017 is shown in  TPH is from 14 km to 16 km and it’s obvious form
Figure 9. Figure 10 illustrates the zonal standard  the following Figures that TPH decrease with
deviation of TPH from the RO data. Contour plots  Latitude. Standard deviation here represents scatter
of tropopause temperature for 2016 and 2017 are  around the mean difference.
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Figure 11. The zonal average tropopause temperature from the RO data. Units in [K].



5.2. Validation the TPH with the background
(ECMWF model)

The accuracy of TPH from dry temperature calculated
from RO is validated against the tropopause heights
estimated from the co-located ECMWF background
profiles over the time span January 2016 to
December 2017. The TPH is evaluated by estimating
the difference between the RO and the ECMWF model.

We consider that any difference between the TPH
calculated from RO and the ECMWF model greater
than 2.5 km as an outlier. The outliers are due to the
vertical resolution difference between the RO and
ECMWF model. For 2016, the total profiles are
1812 profiles and after deleting the outlier (108 pro-
files) the remaining profiles become 1704 profiles and
this ratio (6%) is not significant. For 2017, the total
profiles are 1783 profiles and after deleting the outlier
(126 profiles) the remaining profiles become 1657
profiles, and this ratio (7%) is not significant.

Comparison of TPH estimated from RO data
and ECMWF model in 2016 and 2017 is shown
in Figures 12 and 13.

It is clear from Figures 12 and 13 that there is
a good agreement between the results of TPH calcu-
lated from RO and ECMWF. The histograms in
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Figures 14 and 15 indicate a normal distribution
nearly with a bias of 0.013 and —0.092 km and with
a standard deviation of 0.563 and 0.607 km in 2016
and 2017, respectively.

Figures 16 and 17 illustrate comparison of the
tropopause temperature estimated from RO data
and ECMWF model in 2016 and 2017, respectively.

As it is clear from the previous Figures there is
a good match between the tropopause temperature
calculated from RO data and ECMWF model.

5.3. Validation of TPH using radiosonde data

RO TPH is evaluated against TPH calculated from the
three RS stations in Egypt. Table 1 gives the coordinates
of the three stations. Here, 2016 data are used. The
result of the comparison is given in Table 2.

We considered geometric constraint to co-locate
RO profiles using Circle of radius 1° Latitude (about
111 km). TPH is evaluated by determining the differ-
ence between the RO and the RS stations.

The agreement between calculated TPH from
RO and TPH from RS is very good. It goes with-
out saying that RO offer superior spatial and
temporal resolution. RO always underestimate
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Figure 13. Comparison of tropopause height estimated from RO data and ECMWF model in 2017.
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Figure 14. Histogram for tropopause height difference between RO and ECMWF model in 2016.
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Figure 15. Histogram for tropopause height difference between RO and ECMWF model in 2017.
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Figure 16. Comparison of tropopause temperature estimated from RO data and ECMWF model in 2016.

TPH for ASWAN and HELWAN while it gives  calculated to see how close the relationship is
almost perfect match (with RS) at MERSA  between the RS and the RO derived TPH for
MATRUH The correlation coefficient was selected stations (see Table 2).
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Figure 17. Comparison of tropopause temperature estimated from RO data and ECMWF model in 2017.

Table 1. The used radiosonde stations for validation, including WMO identification number, latitude, longitude and elevation

and number of co-located profiles.

Station Name WMO ID Lat [°N] Long [°E] Elev [m] No. of co- located profiles
ASWAN 62,414 23.97 32.78 194 20
HELWAN 62,378 29.87 3133 14 43
MERSA MATRUH 62,306 3133 27.22 30 33
Table 2. The results of comparison between RO TPH and TPH ~ Acknowledgments

calculated from the three RS stations.

Mean dif-  Standard Correlation

ference  deviation between RO and
Station name TPH (km) (km) RS stations
ASWAN - 06179 0.939 0.899
HELWAN -0.179 0.887 0.939
MERSA MATRUH 0.094 0.745 0.945

6. Conclusions

The tropopause height is investigated over Egypt (22°
~32° N, 25°~37° E) based on 3597 occultation profiles
covering the period from January 2016 to
December 2017. We used the TPH algorithm described
by Reichler et al. (2003). The results are validated using
ECMWF model and RS data. The validation results
show very good agreement with both ECMWF model
and RS. For ECMWF model, the mean difference is
about —0.092 and 0.013 km for year 2017 and 2016,
respectively. The scatter around the mean is about 0.607
and 0.563 km for year 2017 and 2016, respectively.

Analysis of the results shows that RO is a very
promising technique for detailed investigation of cli-
mate and environmental parameters such as TPH.
Analysis of MetOp data show that TPH varies between
14 and 16 km. Generally, TPH decrease with latitude.
TPH doesn’t show any clear pattern with longitude.
The TPH temperature increases with latitude and var-
ies between 197 and 206 K. It is recommended to use
more data spanning much longer time to reveals the
climate trend of the TPH over Egypt.
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