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IZVLECEK

Atmosferska refrakcija je odvisna od temperature, tlaka in
vodne pare. Iz GNSS ocenjena refrakcija ima dovolj dobro
vertikalno locljivost in tocnost, da jo lahko vkljucimo v
numericne modele napovedi vremena ter uporabimo v
meteoroloskih in klimatskih raziskavah. V studiji smo
ovrednotili razlike med modelom refrakcije, pridobljenim
iz sistema COSMIC, in izracuni iz podatkov vertikalne
radiosondaze, in sicer za razglicne visine, geografske Sirine
in letne case. Analizirali smo Casovne in globalne prostorske
porazdelitvene vzorce atmosferske refrakcije na podlagi
podatkov COSMIC za atmosferske ravni, kjer zracni tlak
znasa 925 hPa in 300 hPa. Rezultati so pokazali, da je
ocenjena refrakcija v splosnem podobna oceni iz podatkov
radiosond. Razlika se znalilno manjsa z visino, ko je v
troposferi tlak nad 300 hPa, nad tropopavzo pa so razlike
komayj Se zaznavne. Izrazite razlike med oceno refrakcije
iz podatkov COSMOS oziroma podatkoy, pridobljenih z
radiosondami, se kazejo s spreminjanjem geografske Sirine
in z letnim éasom. Globalna refrakcija COSMIC na
visini, kjer je tlak 825 hPa, je najvisja v tropskem pasu ter
se manjsa proti severni in_juzni hemisferi. V atmosferi na
visini, kjer je tlak 300 hPPa, je z refrakcijo ravno nasprotno.
Anomalije refrakcije glede na srednjo letno vrednost so velje
v januarju in juliju, manjse pa v aprilu in oktobru.
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ABSTRACT

Atmospheric refractivity is a function of temperature,
pressure and water vapor. The refractivity retrieved from
the GNSS radio occultation soundings has fine vertical
resolution and high accuracy, so it can be used to improve
the accuracy of numerical weather prediction models and
in climate and meteorological research. This study evaluates
differences of refractivity from the COSMIC against
radiosondes (RS) at different armospheric levels, latitudes
and seasons. Then temporal and global spatial distribution
patterns of the COSMIC refractivity are analyzed at the
atmospheric levels of 925 and 300 hPa. The results indicate
that the COSMIC and RS refractivities are in generally
good agreement. The differences between COSMIC and RS
refractivity decrease with increasing height in the troposphere
above 300 hPa, and the differences are very small above the
tropopause. The COSMIC-RS differences exhibit distinct
latitudinal and seasonal variation. The global COSMIC
refractivity ar 925 hPa is the highest in the tropics, and
it decreases with increasing latitude in the NH and SH.
However, the refractivity at the atmospheric levels of 300
hPa is just the opposite. Refractivity anomalies relative to
the annual mean values in January and July are significant,
whereas the differences are not as large in the transitional

seasons of April and October.
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1 INTRODUCTION

When an electromagnetic wave travels through the atmosphere, the wave is bent (refracted), and the
signal is delayed due to the vertical gradient of density in the atmosphere; this phenomenon has a
crucially important effect on radar detection, satellite navigation and radio communication systems on
Earth (Karimian et al., 2011; Tang et al., 2019). Corrections for radio refraction can improve the ac-
curacy of radar measurements and the performance of communication systems (Jiang and Wang, 2001).
The refractivity is dependent on the air temperature, pressure and humidity (Smith and Weintraub,
1953). Hence, the atmospheric refractivity is an essential variable in numerical weather prediction data

assimilation (Kuo et al., 2000).

The atmospheric refractivity can be retrieved by radar measurements (Zhang et al., 2015; Lopez and
Rio, 2018), radiosonde soundings (Kapungu et al., 1981; Adeyemi, 2004), ground-based GPS receivers
(Bevis et al., 1992; Lowry et al., 2002; Liao et al., 2016), and low Earth orbit (LEO) satellite GNSS RO
soundings (Ao et al., 2003; Cucurull et al., 2006). Weather radar has a suitable vertical and horizontal
resolution for measuring refractivity, but there are few stations globally. A radiosonde (RS) is a con-
ventional instrument for observing atmospheric profiles; it has a long history and near-global coverage
over land, but are usually launched only twice a day. Bevis et al. (1992) first presented an approach to
retrieve atmospheric water vapor based on ground-based GPS receivers. Lowry et al. (2002) estimated
the refractivity structure by establishing a model between ground-based GPS excess phase path and
the refractivity. Ground-based GPS receivers have very high temporal resolution with a 5-min interval,

however, these receivers are limited to land.

Although radio occultation (RO) was recognized as an important potential technology to characterize
the atmosphere as early as the 1960s (Phinney and Anderson, 1968; Fjeldbo and Eshleman, 1969),
due to the high cost of space-borne transmitters and insufficient accuracy of satellite positioning
in the early period, the first LEO satellite (MicroLab-1) with a GPS RO receiver was not launched
until 3 April 1995 (Ware et al., 1996). These first RO soundings exhibited fine vertical resolution
and high accuracy (within 1 K) for the air temperature and geopotential height of 10-20 m (Poli et
al., 2002). Subsequently, many RO missions were successively launched. The German Challenging
Minisatellite Payload (CHAMP) and the Argentinean Satélite de Aplicaciones Cientificas-C (SAC-C)
were launched in 2000, and approximately 350-500 RO soundings per day were obtained from the
two satellites (Wickert et al., 2001; Hajj et al., 2004). The joint US-Taiwan mission FORMOSAT-3/
COSMIC (Formosa Satellite Mission-3/Constellation Observing System for Meteorology, lonosphere
and Climate; hereafter COSMIC) was launched on 14 April 2006 and was just recently (1 May 2020)
decommissioned. The mission consisted of a constellation of six identical small satellites and provided
about 2000 RO soundings per day from 2006 to 2015 distributed around the globe in near-real-time
(Rocken et al., 2000; Anthes, 2011; Ho et al., 2019).

Since RO soundings have many advantages including low cost, high accuracy, high vertical resolution,
no need for calibration, long-term stability, unaffected by cloud cover or rainfall, and global coverage
(Anthes et al., 2000; Anthes, 2011), they have received increased attention for monitoring the climate
and predicting the weather. Various types of data such as bending angle, refractivity, temperature,

and precipitable water vapor, which are retrieved from RO soundings, are also used increasingly in
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climate and meteorological studies (Liu and Zou, 2003; Huang et al., 2005; Wee et al., 2008). Kuo
et al. (2000) concluded that the bending angles and refractivity were the two best candidates for as-
similation and it was demonstrated that the use of these parameters had a significant positive impact
on global and regional weather prediction. Cucurull et al. (2006) assessed the impact of simulated
COSMIC GPS RO refractivity on operational weather analysis in the Antarctic. Chen et al. (2009)
developed a nonlocal observation operator to assimilate COSMIC RO refractivity in the Weather
Research and Forecasting Model (WRF) and the three-dimensional variational data assimilation
(3DVAR) system. Ha et al. (2014) assimilated GPS RO soundings from COSMIC and CHAMP in
the Weather Research and Forecast (WRF) model to analyze and forecast a heavy rainfall event over
the Korean Peninsula in October 2006.

Many studies on the accuracy assessment of RO soundings both COSMIC and other missions have
been carried out. Kuo et al. (2004) evaluated the accuracy of refractivity from CHAMP RO sound-
ings. Lohmann (2007) analyzed the errors characteristics from SAC-C RO measurements. Poli et
al (2009) assessed the quality of bending angle, refractivity, refractivity lapse rate and temperature
from COSMIC RO soundings. Xu et al. (2009) compared the refractivity differences between
COSMIC and radiosondes in different altitudes, latitudes and seasons. Anthes (2011) reviewed
studies that showed that RO could provide accurate and precise atmospheric profiles of electron
density, refractivity, temperature and water vapor by multi-satellite missions CHAMP, SAC-C,
GRACE, METOP-A, TerraSAR-X and COSMIC. Chen et al. (2011) estimated the observational
errors of refractivity and linear excess phase from COSMIC GPS RO data. Wang et al. (2013)
assessed the accuracy of COSMIC RO retrieval products including temperature, specific humid-
ity, water vapor pressure and refractivity by comparing with global radiosonde data. Schreiner et
al. (2020) evaluated signal-to-noise ratio of COSMIC-2 soundings from GPS and GLONASS
signals and estimated the differences of bending angle and refractivity between COSMIC-2 and
other data sets.

Since COSMIC RO soundings are of high vertical resolution and accuracy, they can be used to evalu-
ate the quality of measurements from other instruments. He et al. (2009) assessed the performance of
radiosonde for temperature measurements using COSMIC RO data. Ho et al. (2010, 2017) evaluated
the systematic biases of water vapor and temperature from radiosonde measurements using COSMIC
RO soundings. However, there have been very few studies of COSMIC refractivity compared to radio-
sonde refractivity on a global basis.

In this study, COSMIC RO refractivities were first matched with RS data in the range of 2 h and 300
km. Subsequently, daily refractivity at different atmospheric levels in January, April, July and October
2014 were compared with corresponding radiosonde data. Then the differences between COSMIC and
RS refractivity at different heights, latitudes and seasons were determined. Finally, the temporal and
spatial distribution patterns of COSMIC refractivity in the globe were considered. This paper is organ-
ized as follows: Section 2 presents the data used in the analysis and the preprocessing methods; Section
3 discusses the COSMIC-RS refractivity differences at different heights, latitudes and seasons, and the
temporal and spatial distribution patterns of COSMIC refractivity in the globe; Section 4 provides the
summary and conclusions.
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2 DATA AND METHODS

2.1 Refractivity profiles retrieved from COSMIC GPS RO soundings

RO soundings are obtained by a GPS receiver on the COSMIC satellites when the radio signal from a GPS
satellite traverses Earth’s atmosphere. The basic parameters of the sounding are the amplitude and phase
of the carrier signals. After the clock biases of the GPS transmitter and COSMIC GPS receiver have been
calibrated, the Doppler frequency shift of the carrier signal can be computed by the amplitude and phase
(Hajj et al., 2002). The bending angle @, which is defined as the angle between the incident and outgoing
directions of the GPS radio signal and is a function of the impact parameter 4, is determined from the Dop-
pler frequency shift, the position and the velocity of the spacecraft (Rocken et al., 1997; Liao et al., 2016).
After the ionospheric effects have been removed, the bending angle is converted to the refractive index n(r)
using the Abel integral algorithm under the assumption of local spherical symmetry (Fjeldbo et al., 1971):

n(r) = exp[ljmﬂda] 1)
JERR

Va' —x*
Since 7 is typically close to 1 in the atmosphere, it is more convenient to use the refractivity /V instead.
Hence, the refractivity NV can be calculated by the refractive index 7,

N#) =(n-1) x 10° (2)

In this study, the global atmospheric refractivity data were downloaded from the COSMIC Data Analysis
and Archive Center (https://cdaac-www.cosmic.ucar.edu/cdaac/products.html#cosmic). The data were
post-processing level-2 wetPrf files including the profiles of pressure, height, refractivity, temperature
and water vapor pressure with 100 m vertical resolution; the data were the result of one-dimensional
variational analysis using low-resolution reanalysis data of the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Wang et al., 2013; Hande et al. 2015).

2.2 Refractivity profiles retrieved from radiosonde soundings

Since the global radiosonde network was established in the early 1940s, radiosondes have been the principal
instruments used for observing the troposphere and lower stratosphere. There are more than 1000 radiosonde
stations distributed worldwide (Ware et al., 1996; Wang et al., 2005). Radiosonde balloons are launched twice
a day at 00:00 and 12:00 UTC to observe the atmospheric profiles. The observations include geopotential
heigh, air pressure, air temperature, relative humidity, wind speed and wind direction at standard levels (1000,
925, 850, 700, 500, 400,300, 250, 200, 150 and 100 hPa). Under ideal conditions and after careful calibra-
tion, radiosondes provide data with an accuracy of about +0.5°C for temperature and a few percent for relative
humidity (Zhai and Eskridge, 1997; Ware et al., 1996). Hence, radiosondes have been regarded as a benchmark
to calibrate satellite-based remote sensing data and validate satellite retrieval results (Wang et al., 2005). In this
study, the refractivity profiles calculated from RS soundings are compared to the COSMIC refractivity profiles.
'The radiosonde refractivity at each standard atmospheric level is calculated using data for air temperature, air

pressure and water vapor partial pressure and the Smith and Weintraub (1953) equation:
N=77.624373x10° % (3)
T T
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where Nis the refractivity in N-units, 7'is the temperature in Kelvin, Pand e are pressure and water vapor
partial pressure in hPa, respectively. The global RS daily data were obtained from the Meteorological
Observatory at Nanjing University of Information Science and Technology, China.

2.3 Co-location of COSMIC RO refractivity with radiosonde data

The positions of all the COSMIC occultation points change daily, whereas those of the global radiosonde
stations are relatively fixed, except for small changes due to balloon drift. In order to compare the COS-
MIC refractivity data and the radiosonde data, the observation times and positions for two datasets at
each point must be close. Similar to previous studies, the COSMIC RO refractivity data were matched to
the radiosonde data within 300 km and 2 h (Kuo et al., 2005; Hayashi et al., 2009; Xu et al., 2009). The
processing consisted of the following steps: first, a vector file was generated for the longitude and latitude of
the global radiosonde stations and a circular buffer with a radius of 300 km around each radiosonde station
was created; second, the vector file of the COSMIC RO refractivity was generated using the geographical
coordinates of all occultation points. Then, all the daily COSMIC vector files were respectively integrated
with the radiosonde buffer area file using an intersection operation, and the attributes of the points were
joined to create a spatial match of both datasets. These procedures are quickly implemented through the
batch module in the Geographic Information System software ArcGIS 10.5. Third, a time difference of
+2 hours was considered for the match between the COSMIC RO refractivity and the radiosonde data.
For example, for 2 January 2014, there were 123 co-located occultation points (Figure 1). Each COSMIC
refractivity profile had 400 levels with a 100-m interval, whereas the radiosonde data had a dozen levels in
the vertical profile. The refractivity values at standard atmospheric levels of 1000, 925, 850, 700, 500, 400,
300, 250, 200, 150, and 100 hPa, which correspond to approximate atmospheric heights 0f0.13, 0.78, 1.49,
3.07,5.68,7.32,9.33, 10.53, 11.96, 13.80 and 16.36 km respectively, were selected for the comparison.
There were possible outliers in the matched pairs at different atmospheric levels and when the outliers were
excluded from the matched pairs, the number of the matched pairs was different at each atmospheric level.

-150°  -120° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180°
1 1 1 1 ] 1 ] ] ] ] ]
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Figure 1:  Co-location of COSMIC RO refractivity with radiosonde data on 2 January 2014.
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3 RESULTS AND DISCUSSION

3.1 Comparison of COSMIC and radiosonde refractivity

Vertical profiles of the mean and standard deviation of the COSMIC refractivities are shown in Figure
2a. The mean and standard deviations of the refractivity decrease with height. The relationship between
atmospheric refractivity and the height can be expressed by an exponential model (Bean and Thayer, 1959).

The COSMIC refractivity at each atmospheric level was compared with that of the radiosonde and scatter
plots of the COSMIC vs radiosonde refractivity were created for each level (Figure 26—/). The mean bias
(MB), root mean square difference (RMSD) and mean absolute percentage difference (MAPD) were
calculated. When the MB is close to 0, the RMSD and MAPD are small, and the points are distributed
near the 1:1 line, the fitted line is very close to the 1:1 line in the scatter plot, indicating good agreement
between the COSMIC and RS refractivity. The differences are caused by observational errors in both the
COSMIC and radiosonde data. Additionally, they are also associated with the sampling differences due
to separation in time and space (Sun et al. 2010; Gilpin et al, 2018) and the representativeness errors
(Staten and Reichler, 2009; Anthes and Rieckh, 2018).

Figure 26—/ shows the scatter plots of the refractivity between COSMIC and radiosonde at different
atmospheric levels, the number of the matched pairs is 4409 at 1000 hPa, increases to the maximum of
9136 at 500 hPa, and then decreases gradually to 6236 at 100 hPa. As seen in the scatter plots, most of
the matched data points are distributed near the 1:1 line (dashed lines), and the correlation coefficients
range from 0.752 to 0.966; indicating that there is generally good agreement between the COSMIC
and the radiosonde refractivities. The correlation coefficients are relatively low (about 0.75) at the levels
of 1000750 hPa, they increase to 0.85 at 500 hPa and are higher than 0.90above 400 hPa. The RMSD
decreases with height. The MAPD is 4.29% near the ground at 1000 hPa, reaches a minimum of 0.72%
at the top of the troposphere at 300 hPa, and then increases slightly to 0.89% in the lower stratosphere
at 100 hPa. Although the COSMIC and radiosonde refractivity differences decline with an increase in
the height, the MAPD increases slightly above the tropopause, consistent with the fact that the percent-
age errors of RO generally increase with height throughout the stratosphere (as shown, for example, in
Schreiner et al., 2020). The mean bias (MB) is -3.82 N-units near the ground at 1000 hPa, decreases to
—0.05 N-units with increasing height, and then stabilizes at about—0.05 N-units at the subsequent levels.
The MB is negative at all atmospheric levels, which indicates that the COSMIC refractivity is slightly
lower than the radiosonde refractivity. As shown in the scatter plots, the discrepancy between the fitted
line and the 1: 1 line in the scatter plots is relatively large at the atmospheric levels of 1000-500 hPa, but
there is less discrepancy at atmospheric levels below 400 hPa, and the two lines are nearly coincident at
the levels of 150 and 100 hPa. These results show that the differences of the COSMIC-RS refractivity are
a little larger below 500 hPa; this is mainly attributed to relatively larger errors of COSMIC refractivity
due to the influence of the atmospheric water vapor causing strong refractivity gradients (Sokolovskiy,
2003) and the low signal-to-noise ratio in the lower troposphere. These results are consistent with the
previous validations for RO data (Kuo et al., 2005; Schreiner et al., 2007; Anthes et al., 2008). On the
whole, the differences of COSMIC-RS refractivity decrease as the atmospheric height increased in the
range of 1000-100 hPa.
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3.2 Latitudinal variations of COSMIC-RS refractivity differences

We next show the COSMIC-RS refractivity differences in three latitude bands, 30°— 30°N (tropics),
30°-60° in the northern hemisphere (NH) and southern hemisphere (SH) for middle latitudes, and
60°-90° for high latitudes. The MB, RMSD and MAPD of COSMIC refractivity were calculated for
the three latitude bands (Figure 3).

Figure 34 shows the MB at different latitudes. The absolute values of MB decrease with increasing height
from 1000 to 400 hPa, and the MB is highest at ~6.984 N-units in the low latitudinal tropical area, the
values for the middle latitudinal area are —3.730 N-units, and the lowest is for the high latitudinal area at
—1.723 N-units. This is mainly related to atmospheric humidity in the lower troposphere; the water vapor
content is higher in the tropics than in the middle and high latitcudes, which results in large observational
errors of both COSMIC and radiosonde data. Figure 36 shows that the RMSD of COSMIC-RS refractiv-
ity decreases with height at all latitudes. At the levels of 1000-400 hPa, the RMSD is largest from 2.10
to 26.10 N-units at low latitudes, lower at middle latitudes from 1.85 to 19.53 N-units, and smallest at
high latitudes from 1.61 to 11.00 N-units. Figure 3¢ shows the MAPD of COSMIC-RS refractivity at
different latitudes, the MAPD decreases with increasing height, reaches the minimum at 300 hPa, and
then rises slightly above 300 hPa. At the levels of 1000—400 hPa, the MAPD is largest for 1.20-5.73 % at
low latitudes, smaller at middle latitudes for 0.96-4.19 %, and smallest at high latitudes for 0.79-2.39 %.
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Figure 3:  COSMIC-RS refractivity differences averaged over different latitude bands.

3.3 Seasonal variations of COSMIC-RS refractivity differences

In order to determine the seasonal differences between COSMIC and RS refractivity, here January in the
NH and July in the SH represent winter, April in the NH and October in the SH represent spring, July in
the NH and December in the SH represent summer, and October in the NH and April in the SH represent
autumn. The MB, RMSD and MAPD of COSMIC-RS refractivity were calculated for the different seasons.

Figure 4 shows vertical profiles of the MB, RMSD, and MAPD statistics for the COSMIC-RS refractivity
differences in the four seasons. Below 300 hPa, all three measures of differences are greatest in summer,
which is expected because of the higher water vapor content in the troposphere. The negative biases

are smallest in spring. The RMS differences are smallest in winter and spring while the smallest mean
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absolute percentage differences occur in winter. Hence, the COSMIC-RS refractivity differences in the
troposphere exhibit significant variation throughout the seasons and decrease from summer, autumn,

spring, to winter. However, above 300 hPa, only small differences are observed.
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Figure 4: Vertical profile of COSMIC-RS refractivity differences in different seasons.

3.4 Spatio-temporal analysis of global COSMIC refractivity

In this section, we present the spatio-temporal analysis of global COSMIC refractivity. The COSMIC
daily refractivity at 925 and 300 hPa were interpolated respectively with the cell size of 0.5¢ in the globe
using the inverse distance weighted method, and the daily interpolated COSMIC refractivity at the two
atmospheric levels in 2014 were averaged to generate global distribution maps of annual mean refractivity
(Figure 5a and 5f), then the monthly mean refractivities in January, April, July and October were sub-
tracted from the annual means, and the refractivity difference maps were drawn for four typical months
(Figure 5b—5e and 5h—5j). These maps represent the global spatial patterns of COSMIC refractivity in

the atmospheric boundary layer and the top of the troposphere in whole year and at different seasons.

The left panels in Figure 5 show global distribution maps of the COSMIC annual mean refractivity (5a)
and the departures from the annual mean for January, April, July and October 2014 (5b, 5¢, 5d and 5¢)
at 925 hPa. The highest refractivity ranges from 305 to 325 N-units at low latitudes, especially over the
oceans; the refractivity is relatively low (275-295 N-units) in the latitudes above 30° in the NH and
SH. Hence, the variability of global refractivity in the atmospheric boundary layer is mainly dominated
by water vapor, and the global distribution pattern of refractivity is also in accordance with the water
vapor (Barton, 2004; Chen and Liu, 2016). Due to the differences of water vapor in different seasons
and latitudes and the different seasons in the NH and SH, the refractivity in January and April in the
NH is lower than the annual mean value, and the maximum difference reaches —14.8 N-units, while
the refractivity in the SH is higher than the annual mean value, and the maximum difference is close
to 12.7 N-units. The global refractivity in July and October displays the inverse pattern, the refractivity
anomalies at the latitudes for 0—60°N in the NH and 0-30°S in the SH are largest. In four representa-
tive months, the differences of refractivity in January and July are most significant while those in April

and October are rather less.
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Figure 5: Global distribution maps of the COSMIC annual mean refractivity and anomalies (differences from the annual mean)
in four typical months at 925 and 300 hPa (Left and right panels represent levels of 925 and 300 hPa; Row 1 is COSMIC
annual mean refractivity; Rows 2-5 are the refractivity anomalies in January, April, July and October respectively.)

The right panels in Figure 5 show global distribution maps of the COSMIC mean annual refractivity
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(5f) and the departures from the annual mean for January, April, July and October 2014 (5g, 5h, 5i
and 5j) at 300 hPa. Since this level is in the upper the troposphere, the global refractivity is rather low
(Figure 5f), and the refractivity is the smallest in the tropics at 30°S-30°N, then it increases gradually
with latitude increasing in the NH and SH. At this upper tropospheric level, the water vapor pressure
is small, and the refractivity is mainly determined by temperature and is inversely proportional to
temperature. Since January belongs to winter in the NH and summer in the SH, and air temperature
decreases as latitude increases, the refractivity in middle and high latitudes in the NH is very high.
Hence there is a high positive anomaly compared with the annual mean value, and the relatively high
negative bias is in middle and high latitudes in the SH. The global distribution pattern of refractivity
shows an inverse pattern in July; there is a high negative anomaly in the latitudes above 30 °N in the
NH and positive anomaly in latitudes above 30°S in the SH. April and October are in the transitional
seasons, the refractivities in these two months are a little higher than the mean annual values, and their
differences are not very large.

4 SUMMARY AND CONCLUSIONS

This study evaluated the differences of COSMIC RO-RS refractivity at different atmospheric levels,
latitudes, and seasons. The temporal and global spatial distribution patterns of COSMIC refractivity
were analyzed at atmospheric levels of 925 and 300 hPa. We conclude the following:

1. The COSMIC RO refractivity is in good agreement with the radiosonde refractivity at different
atmospheric levels. The COSMIC-RS refractivity differences decrease with increasing height in the
troposphere above 300 hPa and are very small above the tropopause.

2. The COSMIC RO-RS refractivity differences exhibit distinct latitudinal variations. At atmosphe-
ric levels above 400 hPa, the differences of COSMIC-RS refractivity are highest at low latitudes,
intermediate at middle latitudes, and lowest at high latitudes, whereas the opposite is observed
below 400 hPa.

3. The COSMIC RO-RS refractivity differences in the troposphere exhibit significant variation
throughout the seasons and decrease from summer, autumn, spring, to winter. However, above the
tropopause, only small differences are observed.

4. The global annual mean refractivity at 925 hPa is the highest in the tropics and decreases as latitude
increases in the NH and SH. The variability of refractivity at this level is mainly dominated by water
vapor. However, the global annual mean refractivity distribution at 300 hPa is just the opposite
because the refractivity is mainly determined by temperature. Refractivity anomalies relative to the
annual mean values in January and July are very significant, whereas the differences are not large in
the transitional seasons of April and October.
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