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ABSTRACT

In recent years, space-based GPS Radio occultation (RO) data have been recognized as a valuable resource
in the advancement of various fields such as meteorology, numerical weather forecasting, climate studies,
and ionospheric research. Although the atmospheric temperature profiles derived from this space-based
technique have been used in a few national studies, long-term evaluation of these data and their widespread
use has not been performed, especially by Iranian meteorologists. In this paper, RO temperature profiles
obtained from COSMIC, SACC, GRACE, TerraSAR-X, KOMPSAT5, METOP-A, and METOP-B
satellite missions were compared with their corresponding radiosonde measurements in five different
geographic regions of Iran. Based on the data collected from 2006 to 2018, statistical assessments were
carried out at 4km height intervals between the altitudes 0—36 km. The RO temperature data that occur
300 km away and 2 hours from radiosonde measurements were selected for comparison. The results in all
stations show that, compared to radiosonde, GPS RO is acceptable for measuring the atmospheric
temperature over the study area. Agreement of space-based GPS RO derived temperature below 28 km
with respective values obtained from radiosonde in terms of mean bias and standard deviation were 1. 0.24
Kand 1.5 K, respectively. Overall, seasonal comparisons indicated that there is no significant relationship
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between the behavior of mean bias and seasonal changes.

1. Introduction

Global weather and climate modeling requires proper
monitoring of atmospheric parameters such as air
temperature and humidity. In recent years, due to global
warming resulted from climate change, the analysis of
behavior and anomaly of these parameters have received
much attention. Therefore, a deeper understanding of the
changes and behavior of parameters, such as atmospheric
temperature, has been taken into account with the help of the
data of different elevation layers obtained by new methods
(Sobrino et al., 2014; Chang et al., 2018). Furthermore, long-
term, stable, high-accuracy temperature data are critical to
understanding climate processes and changes in the
troposphere and stratosphere (Seidel et al., 2011; Thorne et
al., 2011).
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Conventionally, atmospheric properties used to be
described through limited parameters close to the Earth's
surface, such as temperature and relative humidity measured
at meteorological stations. Radiosondes play a vital role in
collecting atmospheric data that have been in use since the
1930s. Today, there is a network of more than 800
radiosonde stations worldwide (Kuo et al., 2005).
Atmospheric parameters, such as temperature, pressure,
humidity, and wind, are measured at different altitudes using
meteorological balloons, which are valuable resources in
climate studies and weather forecasts.

Radiosondes are common instruments for detecting
temperature changes in the troposphere and lower
stratosphere. Radiosonde upper-air atmospheric data can be
utilized in data assimilation to improve numerical models of
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weather forecasting, evaluation, and validation of remote
sensing data, and in the study of the vertical structure
atmosphere (Zhang et al., 2007). However, these data have
limitations including, high cost, poor temporal resolution,
inhomogeneous spatial coverage, and the need for sensor
calibration (Kuo et al., 2005). Radiosonde data are usually
available inland and suffer from low spatial resolution
(Divakarla et al., 2006; Bohlinger et al., 2014). The vertical
structure of the atmosphere is determined using local data,
such as Radiosonde balloon measurements at specific times.
However, the quality of different radiosonde sensors varies
at different altitudes (Luers, 1997).

On the other hand, it is more than two decades that the
GPS RO technique, which uses Low Earth Orbit (LEO)
satellites, such as CHAMP, SACC, GRACE, COSMIC and
some others, has been recognized as a new method for
atmospheric profiling (Reigber et al., 2005; UCAR, 2006).
The basis of this method is the delay and bending of radio
signals from GPS satellites when passed through the
atmosphere to reach receivers onboard LEO satellites
(Kursinski et al., 1997). In this method, the vertical profiles
of temperature, pressure, water vapor in the neutral
atmosphere, and electron density in the ionosphere are
obtained by calculating the refractive index values using
the inverse Abel transformation. Hence, GPS RO provides
valuable information on the vertical structure of the
ionosphere, stratosphere, and troposphere. Besides, this
atmospheric remote sensing method has unique features,
such as global coverage, high vertical resolution, high
accuracy, applicability to any weather conditions, and no
need for calibration (Reigber et al., 2005). It should be noted
that RO profiles are unaffected by the presence of clouds and
have the same quality throughout the day and night.

Many studies have reported that GPS RO data are a
valuable source of climatic and meteorological studies
(Healy et al. 2005; Aparicio & Deblonde 2008; Renine,
2010; Le Marshall et al., 2012). Due to the unique features
of GPS RO, its products can be used to improve numerical
weather prediction models, prepare accurate geopotential
heights, determine atmospheric gravity waves energy, and
study the anomalies of electron density in the ionosphere
(Anthes et al., 2000; Tsuda & Hocke, 2004).

Various studies have been conducted to validate the
temperature profiles of GPS RO techniques that have shown
the high quality of these products (Ware et al., 1996; Rocken
et al., 1997; Wickert et al., 2001; Rossiter, 2003; Hajj et al.,
2004; Wickert et al., 2004; Zhang et al., 2007; Kishore et al.,
2009; Ho et al., 2012,2017). Based on previous studies, the
accuracy of GPS RO temperature profiles has been reported
to be about 1 K in the lower troposphere up to 40 km (\Ware
et al., 1996; Rocken et al., 1997). The temperatures of mid-
to high latitudes were estimated to be less than 1 K using the
CHAMP and GPS/MET missions, and less than 0.5 K using

the ECMWF model implemented close to the tropopause and
at altitudes 12 to 20 km (Wickert et al., 2001).

Rossiter (2003) compared RO profiles with different
types of radiosonde measurements and showed that the RO
technique is able to recognize the performance of various
types of radiosonde. Another study found an accuracy of £
0.6 K for temperature profiles obtained from the CHAMP
mission between 5 to 15 km (Hajj et al., 2004).

Zhang et al. (2007) compared the atmospheric profiles of
the CHAMP mission with the corresponding values obtained
from radiosonde measurements in Western Australia. They
found that the difference between the values of RO and
radiosonde temperatures was less than 1 K at altitudes less
than 14 km and less than 3 K near the tropopause. Ho et al.
(2012) estimated the accuracy of GPS RO temperatures and
the precision of the temperature trend of about 0.1 K and 0.06
K/5years, respectively.

Also, comparing the retrieval of different centers and
examining the differences in co-located profiles of different
GPS RO missions have shown the stability of temperature
profiles attained from the space-based GPS meteorology
(Anthes et al., 2008; Foelsche et al., 2009; Ho et al., 2011).
The atmospheric profiles obtained from GPS observations of
LEO satellites using the RO approach are of particular
importance in meteorological applications and have the
potential to improve atmospheric analyses (Le Marshall et
al., 2010). So far, several studies have been conducted by
both ground-based and space-based GPS meteorology in the
study area (e.g., Sharifi et al., 2013a,b; Sharifi et al., 2016;
Khaniani & Ghahremani, 2019; Khaniani et al., 2020).
However, beneficial GPS RO data are not well-known by
Iranian meteorologists and the number of studies using this
technique is limited. Therefore, it is important to understand
and compare these data using conventional methods, i.e.,
radiosonde, in the study area. In this study, the GPS RO
temperature profiles of several satellite missions in Iran from
2006 to 2018 have been compared with those of radiosonde
measurements. To this end, the data from the COSMIC,
SACC, GRACE, KOMPSAT5, METOP-A, and METOP-B
satellites will be compared with observations from five
radiosonde stations over the study period.

Section 2 introduces the datasets and the study area. Then,
Section 3 presents the retrieval of atmospheric profiles using
the GPS RO technique. The results of long-term comparison
of temperature profiles derived from GPS RO and
radiosonde measurements are given in section 4. In this part,
the differences between these two datasets at different
altitudes and seasons will be statistically assessed over the
period of 13 years. finally, the conclusions are drawn in the
final section.

2. Data and study area

In this work, in order to measure the accuracy and

stability of GPS RO temperature data in Iran, the observed
2
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temperature profiles at five radiosonde stations from 2006 to
2018 are used as reference values. The radiosonde used in
this study is of the Visala RS92 type, and the observations
were made at 00 and 12 UTC. Table 1 presents the
geographical characteristics of the radiosonde stations used
in this study. Also, Fig. 1 shows the spatial distribution of
approximately homogeneous selected radiosonde stations.
According to Fig. 1, for comparison purposes, the radiosonde
observations in Tehran, Tabriz, Birjand, Kermanshah, and
Shiraz Provinces are used. It should be noted that the climatic
conditions of these areas are different. Therefore, the results
of this statistical evaluation using the data of 13 years will
have better reliability.

The RO technique initially used to determine the
atmosphere of other planets such as Venus and Mars

(Phinney & Anderson, 1968; Bird et al. 1992). Then, in 1996,
the GPS / MET satellite mission was first launched to
produce the Earth's atmosphere profiles using the RO
techniques. Here, to study the accuracy of GPS RO
temperature data, we have attempted to use the maximum
number of profiles of LEO satellite missions. For this
purpose, all available data of the 7 GPS RO missions listed
in Table 2 were used. For each of the GPS RO missions, the
number of profiles in latitudes 25-40 degrees North and
longitudes 44-64 degrees East is given in Table 2. It also
shows the time intervals during which the RO missions
prepared data in the study area.

Table 1. Characteristics of the radiosonde stations used in this study.

Station Name Longitude(°N) Latitude(°E) Height(m)
Olll 35.6857 51.3036 1191.0
OIMB 32.8939 59.2903 1509.0
OISS 29.5392 52.5898 1484.0
OICC 34.3459 47.1581 1319.0
OITT 38.1305 46.2402 1359.0
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Figure 1. Spatial distribution of radiosonde stations in the study area.
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For long-term comparison between RO and radiosonde
temperatures, COSMIC data of 13 years, GRACE data of 11
years, SACC data of 6 years, TerraSAR-X data of 11 years,
KOMPSAT-5 data of 4 years, METOPA data of 12 years,
and METOP-B data of 6 years were collected from the
University Corporation for Atmospheric Research (UCAR)

website (http://www.cosmic.ucar.edu).

Among all datasets obtained in the region, the RO
temperature profiles within a radius of 200 km from the
radiosonde station position and less than 3 hours apart from
the radiosonde observations were selected for statistical
comparisons.

Table 2. Details of the GPS RO data used in this study from 2006 to 2018.

GPS RO missions

Data availability

Number of Profiles

COSMIC 2006-2018
GRACE 2007-2017
SACC 2006-2011
TerraSAR-X 2008-2018
KOMPSAT-5 2015-2018
METOP-A 2007-2018
METOP-B 2013-2018

43725

2638

1858

4131

2497

15994

8642

3. GPS RO temperature retrieval

About 30 GPS satellites are continuously transmitting
signals in the L band frequency. Meanwhile, LEO satellites,
which also have GPS receivers, rotate around the Earth in
their orbit. At certain time intervals, GPS and LEO satellites
are located on either side of the Earth and lose direct
visibility between them, but due to the refraction gradient in
the Earth's atmosphere, the GPS signal path bends and is
received at LEO satellite. In such circumstances, the so-
called Occultation occurs. Using GPS and LEO satellites
ephemeride data via an inverse problem, the atmospheric
profiles, such as temperature, pressure, and water vapor, can
be retrieved (Hajj et al., 1994; Kursinski et al., 1996; Rocken
et al., 1997). Fig. 2 demonstrates the geometry of a GPS RO
measurement.

LEO satellites measure the phase and amplitude of signals
transmitted by GPS satellites in the L band, as a function of
time. The relative motion of LEO satellites with respect to
GPS satellites as well as the presence of the atmosphere
cause a Doppler shift of frequencies in GPS signals received
in LEO satellites. The doppler shift values are obtained by
time derivation of phase measurements, and along with

accurate information about the position and velocity vector
of both GPS and LEO satellites, they result in the estimation
of the bending angle of GPS signals.

After calculating the profile of bending angles for both
GPS signals (a4, @), the two profiles are combined to
remove the ionospheric effect from the calculated bending
(Vorob'ev, 1994).

a(a) = f12a1((f? :]Zzaz(a) 1)

where, a is the impact parameter, and f; are the GPS signal
frequencies. Finally, having an ionosphere free bending
a(a), the refractive index of atmospheric can be calculated

from the following relationship (Kursinski et al., 1997).

n(r) = exp 1 dea (2)
), Vaz —x?


http://www.cosmic.ucar.edu/

Earth Observation and Geomatics Engineering 4(1) (2020) 1-12

Tangent point

Impact parameter

Cge— Bending angle

Figure 2. The geometry of a GPS RO measurement (Eyre, 2008).

In the neutral atmosphere, the refraction values (N) are
related to geophysical parameters with the following

equation (Hajj et al., 2002).

p P,
_ 6 _ w
N=(n-1)X10 _alf-l_aZ_TZ 3

In Equation 3, the coefficients a; and a, are equal to
776 X/, .. and 3.73x 105K°/ . To calculate the

values of pressure P, temperature T and water vapor pressure
P, from the refractivity, hydrostatic equilibrium and the
ideal gas law are used as additional constraints.

dP A
FTNL €))

mdp (mw - md)pw

pP=pat pw=—p+ TR )

Where, g and h are gravity acceleration and height. Also,
P, pq and p,, are the total, dry air, and water vapor densities,
respectively (Hajj et al., 2002). R is the universal gas
constant, and mg and m,, are the mean molecular masses of

dry air and water vapor, respectively.

By combining Equations 4 and 5 and using Equation 3, the

following differential equation results:

dp gmy

dp a,gmg P, g(m, —my) PRy
dh  a;R

a,R T2 R T

(6)

In areas where the water vapor pressure is negligible, one

can estimate the temperature and pressure values by solving

two equations with two unknowns using equations 3 and 6
together with the known N values (Hajj et al., 2002). In the
tropospheric layer, where the values of water vapor pressure
are significant, the estimation of all three variables of
Equation 3 is carried out using variational data assimilation
methods (Poli et al., 2002).

4. Results

After providing the GPS RO and radiosonde data during
the study period, the RO temperature profiles were collected
with distance and time differences less than 200 km and 3 h
from each radiosonde data. In Fig. 3, several COSMIC
temperature  profiles  corresponding to radiosonde
observations at Olll, OIMB, OISS, OICC, and OITT stations
were compared. As seen, there is a good agreement between
the RO (blue dots) and radiosonde (black squares) data. The
temperature profiles of these two methods were compared at
different times of the year, as shown in Fig. 3. For example,
the graph of the Mehrabad station (Oll1) in Fig. 3 shows that
the temperature profile of the GPS RO has been acquired by
processing the first COSMIC satellite (C001) observations
on day 341, 2010, at 22:48, along with observations of the
6th GPS (satellite GO6). Moreover, the temperature profiles
of the stations in Shiraz and Kermanshah were taken during

the day and those of other stations at night.

As shown in Fig. 3, the high vertical resolution of GPS

RO profiles demonstrates a continuous graph of temperature.
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The high density of GPS RO data at different vertical levels
gives more detail of the atmosphere and allows for more
accurate monitoring of temperature variations in different
layers. In addition, the GPS RO and radiosonde temperature
profiles are consistent throughout the day and night. This is

due to the high stability of GPS observations over time, and

OIII: Tehran

OIMB: Birjand

therefore, the day and night observations have equal
accuracies. Hence, GPS RO data can be utilized for various

climatic and meteorological applications.
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Figure 3. Comparison of GPS RO temperature profiles with radiosonde observations at the study stations in 2010

One of the objectives of this work is to investigate the
accuracy of the GPS RO method at different altitudes. For
this purpose, the differences between GPS RO and
radiosonde temperatures were studied at 0 to 4km, 4 to 8 km,
8to 12 km, 12 to 16 km, 16 to 20 km, 20 to 24 km, 24 to 28
km, 28 to 32 km, and 32 to 36 km. For instance, at the 8 to
12 km elevation layer, all corresponding data from both
methods were extracted, and two 13-year time series were
obtained at each station. Then, the temperature data of these
methods were compared in terms of statistics, such as bias
and standard deviation.

The mean bias and standard deviation of radiosonde -
GPS RO temperature differences based on 13-year datasets
gathered at five stations are given in Table 3. Based on the
statistical results presented in Table 3, the mean absolute of
bias values between the RO and radiosonde temperatures at
altitudes below 28 km for the Olll, OIMB, OISS, OICC, and

OITT stations were estimated 0.19K, 0.56, 0.16, 0.31, and
0.24 K, respectively. According to Table 3, the temperature
bias values vary from 0.5 K to 1.5 K at altitudes above 28
km.

Furthermore, compared to GPS RO profiles at altitudes
below 12 km, the radiosonde temperature had a negative bias
at almost all of the stations. On the other hand, the mean
radiosonde temperature difference from GPS RO data at
altitudes above 12 km was positive for all of the stations.
This result revealed the dry bias of the radiosonde
temperature compared to GPS RO profiles in the upper
troposphere and stratosphere of the study area.

In general, the average standard deviation values of
radiosonde-GPS RO temperature differences at stations Olll,
OIMB, OISS, OICC, and OITT were estimated 1.41, 1.62,
1.57, 1.47 and 1.51 K, respectively. It should be noted that
the difference between radiosonde and GPS RO is not solely

6
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related to the error of retrieving RO profiles. Radiosondes
suffer from bias and errors. Issues such as the incompatibility
of the location of RO and radiosonde profiles, as well as the
horizontal displacement between the start and end of
radiosonde measurements up to 200 km, can increase the
temperature differences between the two approaches. Also,
the RO profile was not entirely vertical, and the position of

tangent points in every single profile can vary horizontally
up to 100 km (Sun et al., 2010; Norman et al., 2014).

However, the statistical outcomes obtained from the
accuracy of GPS RO temperature profiles are in agreement
with previous studies (Wickert et al., 2001; Hajj et al., 2004;
Zhang et al., 2007; Norman et al., 2014).

Table 3. Mean and standard deviation of the differences between the radiosonde and GPS RO temperatures based on the
corresponding datasets from 2006 to 2018 in five stations over Iran.

Height oIl OIMB RIES oIcC oITT
interval - U RF T STD MBE STD MBE STD MBE STD MBE STD
04km | 026 084 |-054 134 |-035 121 |-052 135 | -001 0091
48km | 023 127 |001 193 |026 176 | 015 124 | 004 130
8-12km |-010 103 |-030 130 |-005 107 [-021 109 | -0.02 131
12-16km | 002 134 [042 144 [007 121 |028 128 | 047 153
16-20km |019  1.89 [133 201 [007 210 |035 1.88 | 031 1.90
2024km |017 190 |074 181 016 190 |035 175 | 033 1.89
2428km |039 160 |058 166 [017 180 |036 175 | 050 1.77
2832km |0.69 190 [075 182 [048 199 |076 1.9 | 0.60 2.05
3236km |089 214 |16 165 072 194 |11 184 | 047 211

The results presented in Table 3 show the mean statistical
agreement of GPS RO temperatures relative to radiosonde
over 13 years. Therefore, another goal of this study is to
investigate the accuracy of these data on a seasonal scale.
Seasonal analysis of GPS RO temperature error statistics can
help realize the performance of these data at different time
scales. As a result, the Radiosonde-GPS RO temperature
difference for each station and different seasons was
investigated separately.

Moreover, the mean annual correlation coefficient of the
radiosonde temperature and the corresponding values
retrieved by GPS RO were calculated throughout the study
area and are presented in Table 4. As seen, there is a high
correlation of 0.99 percent between the GPS RO and
radiosonde measurements for all of the years.

The mean bias and standard deviation of the Radiosonde-
GPS RO temperature difference for four different seasons in
the Iranian region are shown in Fig 4 and 5, respectively.

According to Figure 4, seasonal comparisons at different
stations emphasize that the mean bias behavior has not
significantly changed from season to season. In nearly all
seasons of the year, the absolute value of the bias magnitude
increases slightly at higher altitudes. Generally, the bias
value of the radiosonde GPS RO temperature difference
(gray graphs in Fig. 4) varies from -0.5 to 0.5 K at different
heights.

Considering the average standard deviation of seasonal
temperature differences shown in Fig. 5, it can be seen that,
except for the autumn season at Olll and OICC stations, the
graphs are almost similar in various seasons.

Therefore, the accuracy of GPS RO temperature data is not
significantly correlated with seasonal variations. The results
also indicate that the standard deviations above 30 km of
altitude increase at almost entirely stations. The standard
deviation of temperature differences between these two
methods in general (gray graphs in Fig. 5) was estimated to
be less than 2 K.
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Table 4. The annual average of correlation coefficients between radiosonde measurements and corresponding values of GPS RO

temperature over the study area

Year

Mean correlation

Number of collocated

coefficient profiles
2006 0.9916 1776
2007 0.9835 3401
2008 0.9905 1684
2009 0.9934 4352
2010 0.9918 4067
2011 0.9888 3913
2012 0.9832 4142
2013 0.9854 4934
2014 0.9882 A445
2015 0.9850 4697
2016 0.9904 3803
2017 0.9919 3085
2018 0.9908 1912

In addition to the seasonal examination of mean bias
values, it was important to assess the accuracy of the

temperature data retrieved from GPS RO over time. Time
series of the annual mean bias of radiosonde-GPS RO
temperature differences at nine selected altitude intervals
were calculated. The results are depicted in Fig. 6.

As Fig. 6 shows, for altitudes below 28 km, the mean bias
values were almost stable within a certain range over
different years. Compared to another height interval, the
fluctuations of mean bias values at 28-32 km (continuous
dark blue line) and 32-36 km (continuous bold brown line)
were higher. This might be due to the greater spatial
difference between the corresponding data of the two
methods at higher altitudes. In the uppermost height
intervals, the analyses indicated that there was a good level
of agreement between these two sets of temperature data with
an average annual bias of 1.5 K.

5. Summary and conclusions
Continuous accurate and stable observations of the

atmospheric structure which provide sufficient temporal and
spatial resolution are of great importance in many
meteorological studies and climatic analyses. Therefore, the
use of new space-based methods along with conventional
measuring instruments, such as radiosonde, can play a
significant role in providing valuable datasets from the
atmospheric structure of an area.

GPS RO, as a new method of remote sensing of the Earth's
atmosphere, has played an important role in studying and
monitoring various meteorological phenomena. However,
due to the limited understanding of Iranian researchers and
meteorologists, the long-term study and evaluation of GPS
RO temperature profiles in Iran were necessary. To this end,
the RO data collected from 2006 to 2018 using COSMIC,
GRACE, SACC, KOMPSAT-5, KOMPSAT-5, METOP-A,
and METOP-B satellite missions in Iran were compared to
radiosonde data.
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Figure 4. Average radiosonde-GPS RO temperature bias for different seasons over Iran, based on data from 2006 to 2018.
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Fig. 6 Time series of mean annual bias of radiosonde —GPS RO temperature differences at Olll, OIMB, OISS, OICC, and OITT
stations from 2006 to 2018.

In order to evaluate the RO temperature data more
accurately, error statistics were calculated at geographically
different stations and nine various altitude intervals.

Statistical comparison of GPS RO data with those of the
radiosonde at five stations in regions with different climates
confirmed a high agreement between the two methods. Based
on the data of 13 years, the average bias temperature of the
GPS RO relative to the radiosonde was estimated to be less
than 0.5 K at altitudes below 28 km. The results also
indicated that the radiosonde underestimates temperature
compared to the GPS RO below 12 km, with a dry bias above
this altitude.

Based on the time series of temperature differences at all
stations and altitude layers, the average standard deviation
was estimated to be about 1.5 K, which is in agreement with
previous works. Also, the seasonal behavior of error statistics
for GPS RO temperatures was examined in the study area. In
general, the behavior of bias graphs and the standard
deviation of radiosonde-GPS RO temperature difference in
the region did not show any significant dependence on
seasonal variations. For almost all seasons and stations, the
bias and standard deviation values increased for altitudes
above 30 km.

As a final point, in order to understand the stability of the
accuracy of GPS RO temperatures, the time series of
the annual mean bias at all stations were investigated.
According to the results, for most of the altitude intervals, the

bias values did not vary highly in different years. These
findings indicate the stability of GPS RO temperature
profiles in the study area. The results of this research can
provide useful information about the potential and efficiency
of GPS RO techniques to the users in the study region. Thus,
they can utilize these valuable temperature data more
confidently.
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