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Abstract. GPS radio occultation (RO) has been recognisedbetween radiosonde and FORMOSAT-3/COSMIC is 037

as an alternative atmospheric upper air observation techniqu@vith a standard deviation of 1.2€). Different collocation
due to its distinct features and technological merits. Thecriteria have been applied and insignificant differences were
CHAllenging Minisatellite Payload (CHAMP) RO satellite identified amongst the results.

and FORMOSAT-3/COSMIC (Constellation Observing Sys-
tem for Meteorology, lonosphere and Climate) RO constel-

lation together have provided about ten years of high qual—1 Introducti
ity global coverage RO atmospheric profiles. This technique™ - ooUcton

is best used for meteorological studies in the difficult-to-

access areas such as deserts and oceans. To better undPrrgdicting weather and climate change is a challenging task
. o ."due to the complexity and dynamics of the Earth’s atmo-
stand and use RO data, effective quality assessment usin

; . . . . Spheric system and the limitations of current observation
independent radiosonde data and its associated collocatio . .

oo ) . . ) ._methods. Many weather and climate related studies re-
criteria used in tempo-spatial domain are important. This

study compares GPS RO retrieved temperature profiles frorr(11u|re high quality and high resolution atmospheric infor-

both CHAMP (between May 2001 and October 2008) andmatlon such as temperature, pressure, humidity and wind

FORMOSAT-3/COSMIC (between July 2006 and December\/0"1d Meteorological Organization, 2008).. Currently, ra-
. . . . diosonde technique is a dominant method for the acquisi-

2009) with radiosonde data from 38 Australian radiosonde,. . S .
. tion of upper air atmospheric information. A global ra-
stations. The overall results show a good agreement between

. . IR diosonde network with about 1500 stations has been estab-
the two data sets. Different collocation criteria within 3h and . . .
: ) . lished worldwide since the 1950s (Integrated Global Ra-
300 km between the profile pairs have been applied and the,

; . . o iosonde Archive, 2011). However, the radiosonde observa-
impact of these different collocation criteria on the evalua-

tion results is found statistically insignificantly. The CHAMP tional method has a limited coverage and low spatio-temporal

and FORMOSAT-3/COSMIC temperature profiles have beenresoluuor_\ since it requires sunaple geographic locations as
) : well as high operational and maintenance costs. For exam-
evaluated at 16 different pressure levels and the differences . T :
le, the number (38) and geographical distribution (mainly

between GPS RO and radiosonde at different levels of the at® . ) : h
along the coastlines) of Australian radiosonde station net-

mosphere have been studied. The result shows thatthe megn, " o jimited for the area of about 8.5 millions kiplus

temperature difference between radiosonde and CHAMP i . .
arge surrounding oceans (Australian Bureau of Meteorol-

0.39°C (with a standard deviation of 1.2@) and the one ogy, 2002; Fu et al., 2009). However, it is difficult to improve
the situation because of the station maintenance issues in re-
mote areas. Many regions including polar, mountains and

Correspondence tcE. Fu unpopulated areas around the world experience similar prob-
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(f.fu@bom.gov.au) lems with ground-based observation networks (Kuo et al.,
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2002). Satellite remote sensing technologies are also beingt al. (2009) evaluated GPS RO using radiosonde measure-
used widely for atmospheric observations (Chuvieco, 2008)ments obtained from different types of radiosonde devices
They generally have a higher horizontal resolution and betfrom various worldwide locations and demonstrated good re-
ter global coverage but a low vertical resolution when com-sults.
pared to the ground-based observations. Therefore, there is In evaluation studies, collocation criteria to match the
an increasing demand from the meteorological communitiesRO profiles with other observations or modelled profiles are
for better observation techniques that can capture the atmdmportant for understanding the evaluation results and the
spheric structure and processes in a more detailed form.  data. This study investigates the impact of collocation cri-

Recent developments of the Global Navigation Satelliteteria (specifically, 100, 200 and 300 km radial buffers with 1,
Systems (GNSS), such as the Global Positioning Systen? and 3 h temporal buffers). It focuses on the Australasian re-
(GPS), Russian Glonass, European Galileo and Chinese Begion and uses multiple years of GPS RO data (i.e. CHAMP:
dou/Compass, have offered exciting potential for meteoro-between 2001 and 2008 and FORMOSAT-3/COSMIC: be-
logical research (Fu et al., 2007; Kursinski et al., 1995;tween 2006 and 2009). The study regions cover an area
Yunck and Melbourne, 1995; Yunck et al., 2000). Observa-of latitude 0-60 South and longitude 30-18East. Ra-
tions from GPS Continuously Operating Reference Stationsliosonde data from the 38 Australian weather observational
(CORS) networks have been well utilized for generating use-=stations including three in the Antarctic have been com-
ful atmospheric water vapour information (Liou et al., 2000; pared with the CHAMP and FORMOSAT-3/COSMIC RO
Rocken et al., 2005). The technique can monitor atmosphereetrieved temperature profiles. In general, both CHAMP
over CORS networks continuously and automatically. Theand FORMOSAT-3/COSMIC RO temperature data are in
GPS radio occultation (RO) technique is another GPS-based good agreement with the Australian radiosonde observa-
technique that probes the Earth’s atmosphere and ionosphetins. Larger collocation buffers (either spatially or tempo-
using GPS receivers onboard low Earth orbit (LEO) satellitesrally) applied in the comparison result in greater differences
(Yuan et al., 1993). The first experimental GPS RO missionin both means and standard deviations. However, insignif-
(i.e. GPS/MET) was launched by UCAR (University Corpo- icant differences are found amongst the comparison studies
ration for Atmospheric Research, US) and JPL (Jet Propulusing different collocation criteria. A detailed study using
sion Laboratory, US) in 1996 and quality atmospheric pro-300 km and 3 h collocation criteria is presented. The compar-
files were retrieved successfully (Ware et al., 1996). Followisons between radiosonde and GPS RO (both CHAMP and
on satellite missions such as CHAMP and constellations suclFORMOSAT-3/COSMIC) at different pressure levels were
as FORMOSAT-3/COSMIC, which were encouraged by theconducted.
success of the GPS/MET mission, also delivered high quality The next section of the paper contains the introduction of
and resolution information of the atmosphere and ionospherene evaluation study and discussion of the results. The third
(Anthes et al., 2008; Wickert et al., 2001). section of the paper presents the conclusions.

Compared with the daily or twice a day atmospheric mea-
surements from the 38 Australian radiosonde stations, more
than 10 atmospheric profiles are generated daily over the Evaluation study
Australasian region by the CHAMP satellite and about 70
profiles from the FORMOSAT-3/COSMIC constellation (Fu Australia is one of the key members of WMO and it main-
et al.,, 2009). The number of daily RO profiles will be in- tains 16 Global Climate Observing System Upper-air Net-
creased while more GNSS and RO satellites become availwork stations (GUAN) (Australian Bureau of Meteorology,
able in the future. GPS RO observations have also bet2002). These stations provide consistent high quality upper-
ter sampling distributions over both space and time whenair information. The data from these stations are used as a
compared with radiosonde measurements. Australian mebenchmark for many Australian meteorological applications
teorological studies will be significantly enhanced by the and are available to all WMO national members. In addi-
large volume of accurate and detailed four-dimensional attion to the 16 GUAN stations, Australia also maintains an-
mospheric information from the GNSS RO technique. Theother 22 radiosonde stations of high quality that observe the
economic benefits of this space-based atmospheric observapper-air composition. Australia has been consistently us-
tion technology can be demonstrated and it is particularly im-ing Vaisala radiosonde system at all the 38 stations. In gen-
portant to Australia due to its distinctive features of a largeeral, each radiosonde station performs 2 to 4 observations
land mass, sparse population and long coastal areas (Zhangedch day. The radiosonde data from the 38 stations were
al., 2009). Evaluation of the GPS RO profiles provides infor- provided by the Australian Bureau of Meteorology. Fig-
mation necessary for the assimilation of the new data sourcegre 1 shows the locations of the 38 Australian radiosonde
into the current weather modelling systems and other meteostations. Most of them are located at airports along the Aus-
rological applications. Evaluation studies have demonstratedralian costal lines and a few in central remote areas. There
that high quality GPS RO derived atmospheric profiles can beare also three stations in Antarctica, four stations at remote
obtained (Healy, 1998; Rao et al., 2009; Wickert, 2004). Heislands and one station in Tasmania. The CHAMP mission
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Table 1. Means, standard deviations (STD) and the number of pairs (# Sample) of the tempé&@jutis¢repancies between radiosonde

and RO data using different collocation criteria (i.e. 100, 200 and 300 km radial buffers with 1, 2 and 3 h temporal buffers); Radiosonde
data are from 38 Australian observational meteorological stations and they were compared with RO retrieved temperature profiles from both
CHAMP (between 2001 and 2008) and FORMOSAT-3/COSMIC (between 2006 and 2009) data over the AustralasiaR +egjioes for

the tests of discrepancy equivalence between CHAMP and COSMIC are also given separately for the mean and STD.

. o 1h 2h 3h
Collocation criteria | cpamp  COSMIC ~ P-Value | CHAMP  COSMIC  P-Value | CHAMP  COSMIC  P-Value
Mean 0.37 0.34 0.81 0.37 0.35 0.83 0.35 0.35 1.00
100km STD 1.04 1.09 0.80 1.06 1.10 0.78 1.09 1.12 0.81
# Sample 93 341 - 170 672 - 239 1002 -
Mean 0.38 0.35 0.69 0.40 0.35 0.34 0.39 0.35 0.36
200km STD 1.10 1.16 0.59 1.13 1.17 0.60 1.15 1.18 0.63
# Sample 281 1266 - 602 2583 - 884 3851 -
Mean 0.39 0.36 0.60 0.40 0.36 0.31 0.39 0.37 0.54
300km STD 1.16 1.22 0.46 1.18 1.23 0.37 1.20 1.24 0.38
# Sample 556 2504 - 1189 5118 - 1776 7733 -
spatially or temporally) result in greater differences in both

mean and standard deviations. In order to test the differences
among the three temporal (1, 2 and 3 h) and three spatial col-
locations (100, 200 and 300 km), a two-way analysis of vari-
. ance (ANOVA) was carried out. In two-way ANOVA, the
L o o ¢ T fes total sum of squared deviations (&§) from the meanis cal-
. LS culated ailez,lezﬁfl(xijk — %)%, wherex; ;; denotes
thei-th temperature discrepancy at theh temporal and-
th spatial collocation, andl_ is the grand mean temperature
discrepancy over all observations. The sum of squared de-
viations from the means (SS) due to temporal, spatial, their
interaction and error, however was computed based on the
orel e summary statistics given in Table 1, such as the mean, stan-
e o0 0o oo TeoboE dard deviation and the sample size from each cell, rather
than the raw observations. The details of computation can be
Fig. 1. Locations (dots on the map) of the 38 Australian radiosondefound from Cohen (2002). Mean squares (MS) are defined as
stations (Australian Bureau of Meteorology, 2002). the sum of squares (SS) divided by their degrees of freedom
(DF), which is equal t@ — 1 for ¢ levels of effect. The test
statisticF is defined as the ratio between two mean squares,
delivered quality RO data between May 2001 and Octobemith the numerator due to the effect of interest, and the de-
2008 and the FORMOSAT-3/COSMIC constellation startednominator equivalent to the mean squares error. Our final de-
to generate quality RO data from July 2006. Wet temper-cision was made based on the resultiwyalue, which gives
ature profiles from the two missions up to the last day ofthe probability of observing a test statistic greater than the
2009 were downloaded from UCAR COSMIC Data Anal- observedF-value when assuming no temporal or spatial ef-
ysis and Archive Centre (CDAAC) in early 2010 (product fects. Table 2 shows the ANOVA results (i.e. sum of squares
version: 2010:2640) and used in this study. The RO temper{SS), degrees of freedom (DF), mean squares (MSjnd
ature profiles were interpolated at 16 pressure levels (i.e. 30P-value) of the temperaturé ) discrepancies between ra-
50, 80, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800diosonde and CHAMP data, and between radiosonde and
850, 900 and 950 hPa) to match the radiosonde profiles.  COSMIC respectively.

Table 1 summarises the statistical means, standard devi- The result of the ANOVA test suggests that, at the three
ations and sample sizes of the temperature differences beselected levels of temporal criteria (1, 2 and 3 h), there is
tween the radiosonde measurements and RO profiles fromo statistical difference detected for the temperature discrep-
both CHAMP and FORMOSAT-3/COSMIC systems using ancies between radiosonde and CHAM®R\@alue = 0.956).
different collocation criteria. In general, larger buffers (either The differences among the three levels of spatial buffers
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Table 2. Analysis of variance results (i.e. sum of squares (SS), degrees of freedom (DF), mean square$ (@h8%),value) for tempera-
ture °C) discrepancies between radiosonde and CHAMP data, and between radiosonde and COSMIC data.

\ CHAMP \ COSMIC
Source \ SS DF MS F  P-value | SS DF MS F  P-value
Temporal 0.123 2 0062 0.046 095 0.181 2 009 0.075  0.928
Spatial 0.490 2 0245 0182 083 1.337 2 0669 0.555  0.574
Temporal*Spatial|  0.048 4 0012 0009  1.00 0.003 4 0.000 0.000  1.000
Error 7790.297 5781 1.348 30173.364 25061 1.204
Total | 7790.958 5789 | 30174.880 25069

100 ) 0//‘ 100

200 o 200
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Fig. 2. CHAMP temperature profile comparison results (means, Fig. 3. FORMOSAT-3/COSMIC temperature profile comparison
95 % confident levels and numbers of comparison pairs) at 16 difresults (means, 95 % confident levels and numbers of comparison
ferent pressure levels. pairs) at 16 different pressure levels.

(100, 200 and 300km) are similarly not significar-( 36, 24, 12, 6 and 3km) using two-year of FORMOSAT-
value=0.834). The result also suggests that there is na/COSMIC data in their study. The result of this study is
interaction between the spatial and temporal effegts ( consistent with the above studies. The looser collocation be-
value =1.000). For the temperature discrepancies betweeffveen radiosonde and GPS RO leads to greater differences in
radiosonde and COSMIC, there is also no statistical differ-the comparison results. The ANOVA result from this study,
ence detected at the selected ranges of spatial and temporfapwever, shows insignificantly statistical differences.
collocation criteria within 3h and 300 km (see Table 2). In  Collocation using the 300km spatial and 3h temporal
this study, FORMOSAT-3/COSMIC shows systematically a buffers are further investigated, as this provides more pairs
smaller mean difference but bigger standard deviation comfor the comparison between GPS RO data and radiosonde
pared with that of CHAMP RO (see Table 1). However all data. The mean difference between radiosonde and CHAMP
these apparent differences for both means and standard déata is 0.39C with a standard deviation of 1.2C, while
viations were tested to be statistically insignificant, with the the mean difference between radiosonde and FORMOSAT-
associatedP-values given in Table 1. 3/COSMIC data is 0.37C with a standard deviation of
Xu et al. (2009) evaluated one year FORMOSAT- 1.24°C. There is no statistical difference detected between

3/COSMIC refractivity profiles using radiosonde data from theseztwo dthEerattLrj]re d|ff|e retnceB-t(/e;Iue:O.liwfl). CIT-IS‘:MP
the Australian stations. Comparison results with different '€ < and 5 show the evaluation study resufts for

collocation criteria (1, 2 and 3h, and 100, 200 and 300 I(mand FORMOSAT-3/COSMIC atmospheric retrievals at the

: i N
respectively) were presented. Another study utilised one an&6 pressure levels respectively. In these two figures, 95%

a half years global FORMOSAT-3/COSMIC data to exam- confidence intervals for the population mean temperature
ine the impact of different collocation criteria within a win- difierences were obtained, along with the sample sizes

dow of 7h and 250 km (Sun et al., 2010). Staten and Reichgrcégol\;);z and 1?_0()'0,3 Ior C;HAMP anld F?RMOSAT'
ler (2009) applied a smaller spatial collocation criteria (i.e. respectively) at each pressure level.
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