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Abstract

Radio occultation (RO) techniques that use signals transmitted by Global Navigation
Satellite Systems (GNSS) have emerged over the past decade as an important tool for
measuring global changes in tropopause temperature and height, a valuable capacity given the
tropopause's sensitivity to temperature variations. This study uses 45,091 RO data from the
CHAMP (CHAIllenging Minisatellite Payload, 80 months), GRACE (Gravity Recovery And
Climate Experiment, 23 months) and COSMIC (Constellation Observing System for
Meteorology, lonosphere, and Climate, 20 months) satellites to analyse the variability of the
tropopause's height and temperature over Australia. GNSS RO temperature profiles from
CHAMP, GRACE, and COSMIC are first validated using radiosonde observations provided
by the Bureau of Meteorology (Australia). These are compared to RO soundings from
between 2001 and 2007 that occurred within 3 hours and 100 km of a radiosonde. The results
indicate that RO soundings provide data of a comparable quality to radiosonde observations
in the tropopause region, with temperature deviations of less than 0.5+1.5K. An analysis of
tropopause height and temperature anomalies indicates a height increase over Australia as a
whole of ca. 4.8 + 1.3 m between September 2001 and April 2008, with a corresponding
temperature decrease of -0.019 £+ 0.007 K. A similar pattern of increasing height/decreasing
temperature was generally observed when determining the spatial distribution of the
tropopause height and temperature rate of change over Australia. Although only a short
period has been considered in this study, a function of the operating time of these satellites,
the results nonetheless show an increase in the height of the tropopause over Australia during
this period and thus may indicate regional warming. Several mechanisms could be responsible
for these changes, such as an increase in the concentration of greenhouse gases in the
atmosphere, and lower stratospheric cooling due to ozone loss, both of which have been
observed during the last decades.
Keywords: Tropopause height, tropopause temperature, regional warming, radio occultation,
GNSS, CHAMP, GRACE, COSMIC.
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1. Introduction

Climate change, as revealed by rising global temperatures and changes in rainfall
patterns, has proved to be one of the most challenging issues facing society today. The
Intergovernmental Panel on Climate Change (IPCC, 2007) assessment report points out that
the rate of warming over the past 50 years is almost double that compared to the last 100
years. Australia is already believed to be experiencing the adverse impacts of climate change,
with much of the country having been affected by drought for most of the last decade,
resulting in the loss of livestock and degradation of agricultural lands, reduction in reserves of
stored ground and dam water, bush fires and dust storms. While drought is a frequent feature
of Australia’s climate, this current dry period has in fact been made worse by increased
temperatures (e.g. Nicholls, 2006; Murphy and Timbal, 2008; Ummenhofer et al., 2009).
Hence, the need to understand the nature and magnitude of temperature change is a
particularly pressing issue.

In an effort to understand and quantify the impact of rising temperatures, believed to
result from increasing greenhouse gas concentrations in the atmosphere, the lapse-rate or
thermal tropopause (called simply the tropopause in this study) has been shown to be
sensitive to temperature changes in the lower atmosphere and is seen as an important measure
of global climate change (e.g., Sausen and Santer, 2003; Santer et al., 2003; Schmidt et al.,
2008). Global tropopause heights have displayed an upward trend in reanalysis (e.g., Santer et
al., 2004) and radiosonde observations (e.g., Seidel and Randel 2006). According to Santer et
al. (2003), human induced greenhouse gases have contributed ca. 80% of the global
tropopause height increase between 1979 and 2001. However, the lack of vertical resolution
in the radiosonde measurements and reanalyses prevents the tropopause region from being
accurately identified. In addition, changes in the measurement systems used by satellites and
radiosondes in response to evolving technologies may also affect our interpretation of these
measurements (Melbourne et al., 1994).

A more versatile atmospheric remote sensing technique has been developed over the
last two decades to monitor changes in tropopause height, making use of GNSS (Global
Navigation Satellite Systems) signals in conjunction with Low-Earth Orbiting (LEO)
satellites, such as the CHAllenging Mini-satellite Payload (CHAMP, launched 15.07.2000,
Wickert et al., 2001) and the Gravity Recovery and Climate Experiment (GRACE, launched
17.03.2002; Wickert et al., 2005). This method, known as GNSS radio occultation (RO) or
GNSS meteorology, has the potential to overcome problems related to the classical methods
due to its high accuracy and vertical resolution (~0.5 to 1.5 km), as well as its all weather
global coverage (e.g. Melbourne et al., 1994; Ware et al., 1996; Nishida et al., 2000; Schmidt
et al., 2005; Schmidt et al., 2008). Foelche et al. (2007) report that radio occultation data
have the highest quality at altitudes between 8 km and 35 km, and for this reason they are
very useful for tropopause studies. The availability of such data for climate studies
significantly increased as a result of the launch of the Constellation Observing System for

2



Climatic Change, revised manuscript

Meteorology, lonosphere, and Climate (COSMIC) satellites (launched 14.04.2006; Anthes et
al., 2008).

While global tropopause height trends derived from GNSS RO have been presented in
the literature (e.g. Schmidt et al., 2008), this study attempts to investigate the tropopause
height and temperature trends over Australia during the 7 year period between September
2001 and April 2008 using three sources of GNSS RO data, namely the above mentioned
CHAMP, GRACE and COSMIC satellites. The following section outlines the study area (the
continent of Australia) within the context of these observations. We next discuss the data
used in this study, including radiosonde data provided by the Australian Bureau of
Meteorology (BoM). We then outline the analysis applied, including a comparison in the
quality of the RO data to that found from the BoM radiosonde observations. The results are
then presented, followed by their analysis and interpretation, with the findings summarised in
the conclusion.
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2. Study area

Australia, because of its large spatial extent and strong vulnerability to drought,
provides an excellent opportunity to study trends in tropopause heights and temperatures.
While Australia has suffered from a long history of drought, the issue of global warming
associated with climate change has worsened the current drought conditions (e.g. Nicholls,
2006; Murphy and Timbal, 2008; Ummenhofer et al., 2009). The trend in Australian
temperatures has seen an increase of 0.09°C/decade between 1910 and 2006, with a value
over double this (0.19°C/decade) for the period 1970 to 2006 (Murphy and Timbal, 2008). In
light of these conditions, the analysis of tropopause parameters (e.g., temperature, height
trends) has the potential to provide additional insight into climate change around Australia,
due to the tropopause's sensitivity to temperature change in the troposphere and lower
stratosphere (Sausen and Santer, 2003), made possible by the large number of evenly
distributed GNSS RO data available over Australia (see Figure 1).

[FIGURE 1]
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3. Data used
3.1 Radiosonde data

A radiosonde dataset from 2001-2007 was provided by the Australian Bureau of
Meteorology (BoM). Currently, BoM maintains around 45 radiosonde stations, including 39
within Australia and offshore (see Figure 2). Most stations are located at the major airports,
with very few stations within the centre of the continent. The radiosonde data provides
atmospheric parameters (such as temperature and pressure profiles) at standard pressure levels
(e.g., 850 hPa, 700 hPa, etc.). In this study, the radiosonde data were used as the basic data
for validating the GNSS RO data, as described below.

[FIGURE 2]
3.2 CHAMP RO data

The CHAMP satellite has provided around 108 uniformly distributed atmospheric
profiles per month in the Australian region (see Figure 3) during the period between
September 2001 and April 2008 (80 months; Wickert et al., 2009), although data is not
available for July 2006. The processed RO data are obtained from the German Research
Center for Geosciences (GFZ, Potsdam, Germany) in the form of what is termed CHAMP
Level 3 data (version 005). These contain profiles inverted using the Abel transformation
(e.g., Awange and Grafarend, 2005, pp. 225) of refractivity derived from the vertical profiles
of bending angles (see below) with a vertical resolution of 200 m. From the 16 available
atmospheric parameters in the Level 3 data (e.g., temperature, pressure, bending angles), only
altitude, occulting position of the GNSS signal and temperature were used in this study.

3.3  GRACE RO data

GRACE consists of two satellites orbiting the Earth in tandem, separated by ca. 220 km
in a near-polar orbit at an altitude of ca. 400 km, and is expected to remain operational until
ca. 2013. RO from the GRACE satellites is possible due to their operation of high-quality
Blackjack GPS receivers installed on both spacecraft (provided by Jet Propulsion Laboratory,
JPL; Schmidt et al., 2004). The GRACE satellites have provided continuous RO data since
May 22, 2006, available in a form equivalent to the CHAMP Level 3 data (Wickert pers.
com.) in that it contains Abel inverted profiles of temperature, pressure, etc., with a vertical
resolution of 200 m. The GRACE satellites recorded 1975 high-quality atmospheric profiles
between 2006 and 2007, with an average of about 99 profiles per month, although the
distribution of the GRACE measurements is not as good as the CHAMP data (see Figure 1).

3.4 COSMIC RO data
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GNSS limb sounding attained a much greater capacity following the successful launch
of the six COSMIC satellites in 2006, whose main objective is to measure vertical profiles of
temperature, pressure, and water vapour in the neutral atmosphere and electron density in the
ionosphere (Cheng et al., 2006). The difference between COSMIC RO data and that from the
two previous missions is the improved data quality with higher yields in the lower
atmosphere. This is enabled by the use of the OpenLoop (OL) signal tracking technique by
the Blackjack GPS receiver (Wickert et al., 2009), which allows for the tracking of rising
occultation and hence deeper penetration into the lower atmosphere.

Level 2 COSMIC data is provided by UCAR (University Cooperation for Atmospheric
Research) and NSPO (National Space Organisation, Taiwan), and contains Abel inverted
profiles of refractivity with air temperature, water vapour, air pressure, height above mean sea
level, and location. As with the CHAMP and GRACE data, only altitude, temperature and
occultation positions are used in this study. Between April 2006 and March 2008, the
COSMIC satellites recorded some 34644 atmospheric profiles (see Figure 3), with an average
of 1443 profiles per month.

[FIGURE 3]
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4, Processing methods
4.1 GNSS Radio Occultation

The GNSS radio occultation (RO) technique is based on precise dual-frequency
measurements (L-band) made by a GNSS receiver onboard a LEO satellite such as those
already discussed, during the rising and setting of a GNSS satellite. The GNSS signals
received by the LEO satellites will be delayed and their ray paths slightly bent while passing
through different layers of the atmosphere. Figure 4 shows the geometry of the RO technique
and how the ray paths bend during an occultation event. The delay in the signal received by
the LEO satellite is observed as a difference in phase and amplitude, from which the phase
delay is inverted to atmospheric refractivity using the Abel transformation. The theory of
GNSS RO is discussed in detail in, e.g., Awange and Grafarend (2005), Gorbunov et al.,
(1996), Melbourne et al., (1994), Steiner (1998), Tsuda et al., (1998), and Wickert (2002).
The relationship between the bending angle a (caused by the atmospheric refraction, Figure
4), the impact parameter a (the radial distances to the start and end of the bending of the
signal), and refractive index r7is given as (Awange and Grafarend, 2005, egn. 13.2)

1 ag
a(a) = 2a f e {zgn)} dr (D

r=r,

The right-hand side of (1) is then inverted using the Abel transformation to express the
bending angle (inferred from the position and velocity of the GNSS and LEO satellites) as a
function of the parameter a (Awange and Grafarend, 2005, egn. 13.3):

a=oo

1

Tl(?"o) = exp ; f az—_agda (2)
a=a,

where r, is the radius from the Earth's centre to the height in question. Atmospheric

parameters such as temperature, pressure and air density are computed from the refractivity N,

which is related to the refractive index n by (Awange and Grafarend 2005, eqn. 13.4):

P P n
_ _ 5 w e
N= (n-1)°= 77.6?+ 3.73 X 10 T2 40.3 X 106f_2 + 1.4w 3)

where Pis the air pressure in mbar, 7 is the air temperature in K, P, is the water vapour
partial pressure in mbar, n, is the electron density per cubic meter in number of electrons/m?®,
f is the transmitter frequency in Hz, and w is the liquid water content in g/m°.
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[FIGURE 4]
4.2  Validation of GNSS RO temperature profiles

Temperature profiles from the GNSS RO observations made by the considered
spacecraft (CHAMP, GRACE, and COSMIC) were compared to those from the radiosonde
observations provided by BoM for the period between 2001 and 2007. The validation method
was based on comparing RO and radiosonde measurements that are separated spatially by 100
km or less and temporally by 3 hours or less (see, e.g. Schmidt et al., 2005), these values
being used since atmospheric weather is likely to remain nearly constant over such scales.
Temperatures are compared at 14 standard pressure levels | between 850 and 20 hPa. The
mean temperature deviation AT(I) at each pressure level and its corresponding standard
deviation o, (l) are obtained using (Wickert, 2004)

M)
AT() = Z TD(CHAMP)(ir D - Trs(i, 1) 4)
i=1
and
. M)
oar(D) = W Z (TD(CHAMP) — Trs(i,1))? (5)
i=1

where M(I) denotes the number of data points per pressure level, i is the individual RO and
radiosonde data, TpcHamp) IS the temperature derived from the satellite data, and Tgs is the
temperature given by the radiosonde measurements. In this analysis, any temperature
deviations obtained using equation (4) that were greater than 20K were discarded to reduce
the influence of outliers.

4.3  Derivation and analysis of tropopause heights and temperatures

The extraction of tropopause heights and temperatures from the GNSS RO profiles was
based on the thermal definition provided by WMO (1957). WMO (1957) defines the
tropopause as “the lowest level at which the lapse-rate decreases to 2K/km or less, provided
that the averaged lapse-rate between this level and all other higher levels within 2 km does not
exceed 2K/km”. Only the first lapse-rate tropopause (LRT) is considered here, although
multiple tropopauses are observed in the mid-latitudes, polar regions and even in the tropics
(e.g., Schmidt et al., 2005; Seidel and Randel 2006). The radiosonde datasets are not used for
the trend analysis and hence are not applied to the height and temperature computations. The
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lapse-rate I"(z,) was computed between 500 hPa and 70 hPa, corresponding to a mean altitude
of about 6 km and 19 km, and is given by (Schmidt et al., 2005):

6T Tiy1— T;
62 Ziy — Z;

M(z) = )

where T and z are the temperatures and heights above mean sea level, respectively. According
to WMO (1957), if I'(z)) > I'wmo, where T'wmo = -2K/km, then following conditions are
considered:

Is the mean lapse-rate between z,and (zi + 2 km) larger than I,,,o?
If it satisfies the above condition, the mean lapse-rate between the layers (z, ,,z;)

, (z,,2,),and (z,,z,,) should be greater than TI},,,. whereas the mean lapse-

+2" i+ 1 j+3' i+ 2
rate between the layers (z,,z,,), (z,,,Z ,), and (z, ,,Z, ;) should be less than

1—‘WMO )

If these two conditions are fulfilled, then the LRT(z) corresponding to that lapse-rate is
chosen and the other parameters (such as temperature, pressure, position) are then determined.

Since the tropopause height is strongly dependent on latitude, Australia (8°S-46°S) is
divided into three different zones (see Table 1) to determine where tropopause height has
changed the most. The means and standard deviations associated with each zone are
calculated for each month from September 2001 to April 2008 for the CHAMP RO data. For
the COSMIC RO data, although it is available from April 2006 to March 2008, the tropopause
heights are only computed from May 2006 due to the poor data coverage for April 2006.
Data screening is based on the standard deviations of the means, with data with more than
three times the standard deviation for each zone's month being considered outliers and
discarded. Monthly anomaly time series are computed from the differences between the
monthly and annual zonal means. The linear trend estimated is based on the height and
temperature anomalies computed from the annual means.

[TABLE 1]
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5. Results

5.1  Validation of RO temperature profiles

Before employing the conditions outlined above to determine the LRT parameters, it is
necessary to ensure that the quality of the RO data was compatible to radiosonde data and
hence be of sufficient quality for climate-change studies. For example, Schmidt et al. (2005)
compared CHAMP temperature data with nearby radiosonde observations (within 300 km
spatially and 3 hrs temporally) and found deviations of less than 1K for elevations between
9.5 km and 30.8 km.

Figure 5 compares examples of the CHAMP, COSMIC and GRACE temperature
profiles with the profiles from the closest radiosonde observations. The radiosonde launched
from Learmonth Airport (22.24°S, 114.09°E) on the 14™ June 2005 (Figure 5a) was within 70
km and 40 minutes of the CHAMP measurement, the radiosonde launched from Hobart
Airport (42.8389°S, 147.4992°) on the 20" December 2006 (Figure 5b) was within 12 km and
1.25 hours of the COSMIC measurement, while the profile from the radiosonde launched
from Weipa Aerodrome in North Queensland (12.6778°S, 141.9208°E) on the 8" September
2006 (Figure 5c¢) was within 92 km and 1.25 hours of the corresponding GRACE
measurements. A visual inspection of Figure 5 indicates that the COSMIC RO temperature
profile agrees better with the corresponding radiosonde profile than those from the other two
satellites, with almost no deviation within the altitude range of the radiosonde data. The
temperature profiles from CHAMP satellite have been shown, e.g., by Schmidt et al. (2004),
to agree well in the upper troposphere and lower stratosphere, while the GRACE profile
agrees well with the corresponding radiosonde measurement above 8 km, although below this
altitude it is affected by water vapour, as are the CHAMP profiles.

[FIGURE 5]
5.2 Comparison results

Figure 6 presents how the RO and radiosonde measurements compare for the three
satellite missions over Australia, as well as the numbers of profiles that were employed. For
the CHAMP satellite, 80 profiles (Figure 6d) from September 2001 to December 2006 are
found to be within the spatial (100 km) and temporal (3 hours) limits defined above, allowing
their comparison with a radiosonde profile. We note for this case (Figure 6a) a temperature
bias of less than 1K for the complete height interval between 9 km and 26 km, with a standard
deviation of less than 2K. Between 11 km and 26 km, the bias is less than 0.5K with a
standard deviation of between 1 and 2K. As commented upon before, the CHAMP
temperature estimates in the lower troposphere (altitude < 7.5 km) are affected significantly
by water vapour, which is neglected during the Abel’s transformation (Wickert, 2004; Kuo et
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al., 2005; Foelche et al., 2007), with the bias and standard deviations being greater at these
altitudes.

For the GRACE RO data (Figure 6b), only 18 profiles (Figure 6d) from January 2006 to
October 2007 were found to be within the defined spatial and temporal range. Nevertheless,
the GRACE RO profiles appear to agree with the radiosonde observations. The positive bias
in the GRACE temperatures could be due to the smaller number of GRACE profiles meeting
the required criteria, although it is still less than 1K with standard deviations of less than 3K
between an altitude range of 9 and 20 km. Below 9 km, like the CHAMP temperature data,
the GRACE temperature profiles are strongly affected by water vapour.

COSMIC RO data from April 2006 to December 2006 were used for the comparisons
with radiosonde observations, with 54 profiles (Figure 6d) found to meet the spatial and
temporal limits outlined above. The results of the comparisons (Figure 6¢) indicate deviations
of less than 0.5K over the height interval between 10.7 km and 24 km, with standard
deviations of less than 2K.

Comparing the profiles from the three missions, it can be seen that the bias between
CHAMP and COSMIC RO temperatures with the radiosonde values closely agree between
10.7 km and 25 km, being less than 0.5K over this range. CHAMP RO data has lower
standard deviation than the COSMIC data between 10 km and 18 km, with values of less than
1.5K. Below 7.5 km, the CHAMP temperatures show a large negative bias whereas the bias
from the COSMIC data remains constant. The GRACE temperature data do not agree as well
with the other two RO datasets, with a positive bias above 12.5 km. Again, this may be due to
the limited amount of data used in this analysis, i.e., 18 compared to 80 for CHAMP and 54
for COSMIC. From amongst the three RO datasets, the COSMIC temperature data displays
the lowest variability in their standard deviations, while CHAMP and GRACE temperatures
have the highest standard deviation below 10 km.

[FIGURE 6]
5.3  Tropopause heights and temperatures

The tropopause heights and temperatures from 2001 to 2008 are provided in Figures 7
and 8. The heights and temperatures are plotted monthly and annually to assess any changes
between these periods. Figure 7 shows the mean tropopause heights (Figure 7a) and
temperatures (Figure 7b) over Australia for the period between September 2001 and April
2008 as estimated by CHAMP RO data. The mean tropopause height is found to be ca. 16
km with a corresponding mean temperature of ca. 200 K, with both showing a fairly clear
cyclic pattern. For the values derived from the COSMIC RO data (Figure 8) for the period
between May 2006 to March 2008, the cyclic pattern is still clear, but as well there is some
indication of an upward trend in the tropopause heights (Figure 8a) with a corresponding

11



Climatic Change, revised manuscript

decrease in temperature (Figure 8b), although this must be treated with caution as the time
series is much shorter. A more detailed discussion of the trends is provided in Section 5.6.

[FIGURE 7]
[FIGURE §]
5.4  Latitudinal and Longitudinal Variations

The maximum tropopause height has been estimated using radiosondes and reanalysis
to occur at about 17 km at the equator (e.g., Honika 1998; Santer et al. 2004), decreasing
towards the mid-latitudes. The LRT heights derived from radiosonde data (Seidel and
Randel, 2006) were estimated to be between 16.6 km (near the equator) and 9 km in the polar
zones, whereas heights as great as 18 km have been found using GNSS RO techniques (e.g.,
Kishore et al., 2006). As commented upon before, tropopause parameters display a strong
latitudinal dependence, as can be seen in Figure 9a. The height of the tropopause over
Australia reaches as high as 18.6 km in the tropical zone and as low as 9 km in the mid-
latitude regions, with the largest variations seen in the mid-latitudes (from about 30°S — 45°S)
with an average standard deviation of 2 km, and greater in the subtropical jet stream areas
(around 30°S to 35°S), which cover the southern half of Australia. It is noted that between
15°S and 25°S, tropopause heights appear to be higher than what is found near the equatorial
region (8°S-15°S). The tropopause temperature, as seen in Figure 9b, remains almost constant
for latitudes up to 18°S and then increases significantly with increased creased variability the
further south.

[FIGURE 9]
55 Seasonal Variations

The behaviour of the tropopause with respect to the summer and winter seasons has also
been studied with respect to the different data sets. Figure 10 shows the mean seasonal
tropopause height for summer (December 2006 to February 2007, Figure 10a,c) and winter
(June to August, 2007, Figure 10b,d) as estimated by CHAMP (Figure 10a,b) and COSMIC
(Figure 10c,d) RO data. During summer, the tropopause height reaches up to 17 km or higher
in most parts of the Australian inland, while in winter, the tropopause height decreases by
more than 4 km in the mid-latitudes (30°S-45°S). Comparing the CHAMP and COSMIC
results, the structure of the tropopause height as revealed by COSMIC shows a slightly higher
tropopause height in the Australian inland while in the far south it shows a slightly lower
height. In winter, the variation is almost the same for both datasets.

Figure 11 shows similar results for tropopause temperatures derived from CHAMP
(Figure 11a,b) and COSMIC (Figure 11c,d) RO data for summer (Figure 11a,c) and winter
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(Figure 11b,d). It can be seen that CHAMP temperatures are warmer in summer than in
winter and are generally cooler compared to those of COSMIC during the same period. It
should also be added that for both the height and temperature values, more spatial variability
can be discerned from the COSMIC dataset because of its higher density.

[FIGURE 10]
[FIGURE 11]
5.6  Trend analysis and results

The resulting temporal trends in the tropopause heights and temperatures for the
investigation period (September 2001 to April 2008) for the three zones and for Australia as a
whole are investigated using two different combinations of the RO data:

1. A combination of CHAMP (September 2001 to April 2008) and COSMIC (May
2006 to March 2008);

2. The CHAMP (September 2001 to April 2008) time series, with data from
COSMIC for July 2006 (since there was no data from CHAMP at this time).

This was done to determine if there was any dependence upon the actual satellite whose data
was used. For the time series studies, we neglect the GRACE data owing to the relatively
small number of profiles.

Trends were determined by fitting a straight line through the data after averaging the
readings (e.g. heights) for each season and then differencing the seasonal average from their
monthly reading. This is done to remove the effect of the cyclic trends in the data that may
disrupt the linear terms. Table 2 summarises the changes determined from the time series of
the height and temperature anomalies estimated by the combined CHAMP and COSMIC RO
data, with the time series presented in Figure 12 (height anomalies) and Figure 13
(temperature anomalies). It can be seen from these figures that it is difficult to visually
identify a trend in any of the time series. However, after fitting a linear trend, we find (see
Table 2) that there is a small increase in the overall regional tropopause height over Australia
of 4.8+1.3 m, with a corresponding temperature decrease of -0.019 + 0.007K over the 80
month study period. These variations vary over the country, ranging from 2.8+1.2 m over the
tropics, to 0.9+1.2 m in the mid-latitudes, with the corresponding temperature changes
ranging from -0.016+0.005K in the tropics to 0.019+0.007K in the mid-latitudes. The larger
tropopause height change values in the tropical zone or transition zone (Schmidt et al., 2008)
are influenced strongly by the subtropical jet streams.

[TABLE 2]
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[FIGURE 12]

[FIGURE 13]

Changes in the tropopause height and temperature anomalies constructed from CHAMP
RO data (September 2001 to April 2008, plus the July 2006 COSMIC data) were also
determined and are presented in Table 3. As one would expect, similar trends are noticed,
except in the mid-latitude zones where there is a small decrease in the tropopause height (-2.4
+ 1.6 m) with corresponding temperature increase of 0.05 + 0.014K. Therefore, we have not
included a figure with these results.

[TABLE 3]
5.7  Comparison with the global tropopause height trend

The global tropopause height study shown in Schmidt et al. (2008) described an
increase of 26 to 44 m/decade with trend errors varying from 19 to 21 m. They used CHAMP
RO data between May 2001 and December 2007 (80 months). Significant increases in the
global tropopause height have occurred with most of the contributions coming from the
subtropical regions. From our studies, we find a regional tropopause height increase of 4.7 to
4.8 m during the 80 month period between September 2001 and April 2008, equivalent to 7.0
to 7.2 m/decade with a trend error varying from 0.6 m to 16 m. Although the trend results are
smaller than that estimated in Schmidt et al. (2008), the results nonetheless show an
increasing trend, the main differences being seen in the tropics where Schmidt et al. (2008)
estimated a decrease in the tropopause height whereas in this study an upward trend was
found.

Similarly, the global tropopause height trend estimated from radiosonde observations
(Seidel and Randel, 2006) shows an upward trend (64 + 21 m/decade) from 1984 until 2004.
The corresponding temperature trend was -0.41 + 0.09K/decade. The temperature trends
estimated in this study are much lower than has been established for the global tropopause
(0.03 + 0.01K/decade). In the southern subtropics, Seidel and Randel (2006) observed an
increase in the tropopause height of 121 m/decade. The results from GNSS RO data used in
this study likewise show an increasing trend, although much smaller value, i.e., 4.2 to 5.1
m/decade.

How these rates vary over all of Australia is illustrated in Figure 14, which shows the
rate of change of (a) tropopause heights and (b) tropopause temperatures derived from the
combined CHAMP and COSMIC data set between September 2001 and April 2008. There is
a general autocorrelation between the two sets of results as one would expect (e.g. increasing
height/decreasing temperature). Much of Australia displays trends of 0 to 0.1 km/year of
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increasing tropopause height, with a corresponding temperature decrease of 0 to -0.3 K/year.
These values are much higher than those presented earlier (Tables 2 and 3). This is likely to
be because the values in Tables 2 and 3 represent latitudinal zonal averages.

[FIGURE 14]
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6. Analysis

It has been shown in Section 3 that RO data distribution over Australia is very good,
except for the far tropical regions (between 8°S and 15°S). The COSMIC satellite alone
contributes about 1443 atmospheric profiles per month, providing a very good opportunity for
monitoring the tropopause over Australia. The temperature profiles from CHAMP and
COSMIC RO measurements agree with radiosonde measurements within less than 1+1.5K in
the tropopause region. The best agreements are seen between 10 km and 19 km height with
measurements accurate to better than 0.5 + 1.5K. Due to a very limited number of GRACE
profiles found within a 100 km and 3 hours interval from the nearest radiosonde
measurements, the differences between the two measurement types are quite large compared
to those from the other satellites.

The regional tropopause structure (height and temperature trends) have been analysed
using 80 months (September 2001- April 2008) of CHAMP data and 23 months (May 2006 —
March 2008) of COSMIC RO data combined (Table 2), as well as using the CHAMP data
alone, except for the inclusion of one month (July 2006) of COSMIC data (Table 3). This
study shows a tropopause height increase for Australia as a whole using the combined data set
of 4.841.3 m and a temperature change of -0.019+0.007 K for the study period. Similar
results were obtained using the CHAMP + 1 month of COSMIC data time series (4.7£1.1 m
and -0.017+0.005 K). Large standard errors are a result of greater variation of data as most of
the Australian region is situated in the subtropics and mid-latitudes where the data variations
are largest. The regional trend computed from the combination of CHAMP and COSMIC data
is affected by the lower height values resulting from the COSMIC RO data. The increasing
trend is much smaller than that estimated by Schmidt et al. (2008) and Seidel and Randel
(2006), although the difference in results needs to consider the use of different data sets
(CHAMP and radiosonde) and time scales (80 months and 25 years). Seidel and Randel
(2006) used only four radiosonde stations in Australia to compute the global tropopause and
temperature trends, which would produce a large difference in the estimated height and
temperature trends when compared to the RO results. Nevertheless, the results indicate an
upward trend in the tropopause height with decreasing temperature trend over the 7 year study
period.
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7. Conclusions

Rising tropospheric temperatures due to global warming increases the height of the
tropopause, therefore, information about tropopause height-change trends potentially provides
a means for monitoring regional warming. This study has indicated that the GNSS RO
atmospheric profiles of the tropopause temperatures and heights match those from radiosonde
measurements (i.e., temperature measurements accurate to 1+1.5K in the tropopause region)
and could therefore be suitable for use in the analysis of regional climate change. The analysis
of the tropopause over Australia shows a similar trend as that indicated in global studies,
despite a shorter time frame and the regional scope of the analysis. The analysis here provides
possible evidence for regional warming trends, therefore warranting more detailed studies.
Even with the short time frame of data set, both the anomaly and rate of change analyses
indicate an increase in tropopause height over the 80 month study period, which could
possibly be caused by increasing greenhouse gases in the lower atmosphere. The increase of
the tropopause height is largely seen in the tropics and subtropics, whereas there is a decrease
in the mid-latitude region.

In order to establish a more versatile tropopause trend analysis the following
recommendations are given for future studies:

o Estimate tropopause height and temperature trend using all available RO measurements
from CHAMP, GRACE, and COSMIC satellites with multi-decadal observations from
radiosondes. In this study, the amount of GRACE data was limited compared to
CHAMP and COSMIC data.

e Study the correlation between tropospheric (and stratospheric) temperature and
tropopause temperature to relate the warming trend in the troposphere (cooling trend in
the stratosphere) to the tropopause temperature.

e Integration of GNSS RO data into climatological study models will provide an
enhancement of this technique.

It has been discussed in the literature that trends in the tropopause height is a useful
indication of climate change, both in terms of tropospheric warming due to increase
greenhouse gas concentrations, and the cooling of the stratosphere arising from ozone
depletion. Hence, having the capacity to accurately monitor tropopause characteristics at an
adequate resolution has the potential to provide additional constraints. This study provides an
indication of the capability of undertaking a long-term study using multi-decadal records of
radiosonde observations and GNSS RO measurements. Given that the COSMIC satellites are
set to last until 2014-2015, there is the possibility of gaining another sufficiently long time
series to study temperature trends in the upper atmosphere.
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Table 1: The subdivision of Australia into latitude zones for the analysis of the tropopause
parameters.

Zone Latitudes
Tropics 8°S - 20°S
Subtropics 20°S - 40°S
Mid-latitudes 40°S - 45°S

Table 2: Tropopause height and temperature changes estimated by CHAMP and COSMIC
between 2001 and 2008.

Zone Height (m) Temperature (K)
Tropics 2.8+1.2 -0.016 +0 .005
Subtropics 1.8+1.6 -0.042 £ 0.007
Mid-latitudes 0.9+1.2 -0.002 + 0.007
Australia 4.8+1.3 -0.019 + 0.007

Table 3: Tropopause height and temperature changes estimated by CHAMP (2001-2008) and
COSMIC (July 2006) .

Zone Height (m) Temperature (K)
Tropics 3.4+0.6 -0.016 + 0.005
Subtropics 1.9+1.2 -0.018 £ 0.008
Mid-latitudes -2.4+1.6 0.053 £ 0.014
Australia 4.7+1.1 -0.017 £ 0.005
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Figure 10: Tropopause height (in km) derived from CHAMP and COSMIC RO data from
between 2006 — 2007. (a) CHAMP results for summer, (b) CHAMP results for winter, (c)
COSMIC results for summer, and (d) COSMIC results for winter.
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