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We compare estimates of integrated water vapour derived from
ground-based Global Positioning System (GPS) and nearby surface
meteorological data, with estimates derived from radiosonde sound-
ings and from two global numerical weather prediction systems
over the Australian Region for the year 2000. The relative accura-
cies of GPS-based estimates for sites with co-located radiosondes are
similar to those reported in previous studies for other regions of the
world, with the exception of Antarctica. For eight GPS sites with
nearby radiosonde launch sites, an average GPS-integrated water
vapour estimation standard deviation error of 8.8 per cent over the
year 2000 was obtained, relative to that of radiosonde estimates.
Respective percentage errors of 10.7 and 18.0 obtained for integrat-
ed water vapour derived from analyses and six-hour forecasts of the
Australian Bureau of Meteorology’s operational global numerical
weather prediction system for 2000, indicate the potential of GPS
estimates, when comprehensively available for assimilation, to sig-
nificantly reduce such errors. Marked precipitable water diurnal
variations in the time series of GPS-based data were also detected.
The variations, averaged over one year, were found to be very simi-
lar to variations in GPS-derived zenith wet delay at all GPS sites.
The potential of using GPS estimates of precipitable water for mon-
itoring the performance of numerical weather prediction system
moisture variables is indicated.

Accurate representation of the spatial and temporal practice. The quality of quantitative precipitation
distribution of water vapour in the atmosphere repre- forecasting and of model representation of hydrolog-
sents a significant challenge in current meteorological ic processes is clearly dependent on accurate initiali-

sation of the atmospheric moisture distribution.
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kg/m? as the vertically integrated mass of water
vapour per unit area, or in mm as the height of an
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equivalent column of liquid water, termed precip- located radiosonde estimates for five sites across the
itable water (PW). Numerically 1 kgAnof water Australian region from July to September 2000, find-
vapour is equivalent to 1 mm PW. We also use the ing mean differences between GPS and radiosonde
term ‘integrated water vapour’ (IWV) when referring  estimates of 0.66 mm, root mean square (rms) errors
to various estimates or measurements of PW, as is of 1.92 mm and standard deviations of 1.80 mm for
common in the literature. 500 comparisons after discarding outliers.

Traditional PW sensors include ground and satel- To assess the accuracy of GPS_IWV estimation,
lite-based water vapour radiometers (WVRs), we chose to use all readily available GPS data from
radiosondes, ground-based humidity sensors and sen-seventeen sites across continental Australia, island
sors on research aircraft. More recently, the Global territories and Antarctica for the whole of 2000, thus
Positioning System (GPS), whilst designed as a mili- covering four seasons and a wide range of climates.
tary navigation and positioning aid and now compris- Our initial studies focused on validating GPS_IWV
ing some 29 satellites, has evolved into an IWV sen- estimates against data from other meteorological sen-
sor accessible by civilians. Ground-based GPS sors and products from NWP systems in order to
receivers track the satellites and record data, which examine the feasibility of using GPS data in the ABM
may be processed to provide high temporal frequency assimilation and prediction systems. Extensive com-
estimates, as often as every 15 minutes, of IWVin all parisons of IWV estimated from GPS, radiosondes,
weather at a spatial resolution that depends solely on the ABM Global Assimilation and Spectral Prediction
the number of receivers deployed. (GASP) and European Centre for Medium-range

The capability of GPS to deliver continuous, high Weather Forecasts (ECMWF) NWP systems were
temporal frequency measurements of IWV is antici- performed for this period. Such comparisons can sup-
pated to be very useful for current numerical weather port a derivation of quality indicators for GPS_IWV
prediction (NWP) systems, particularly in improving  estimates needed for effective assimilation of this data
guantitative precipitation forecasts. Bevis et al. into NWP systems. Furthermore, the comparisons
(1992) first proposed the use of ground-based GPS also provide some insight into the quality of moisture
IWV (GPS_IWV) estimates for meteorology. Since analysis by both GASP and ECMWF systems and of
then numerous studies for different regions of the GASP forecasts. Finally, we considered whether diur-
world have been conducted to assess its quality. A nal variability of IWV could be detected across
GPS_IWV estimation accuracy of 1 to 2 mm under Australia using GPS since this has not previously
ideal conditions has been well documented (e.g. been reported and has the potential for improving the
Bevis et al. 1994; Duan et al. 1996; Tregoning et al. validation of NWP system moisture accuracy.

1998), including near real-time demonstrations (e.g.
Dick et al. 2001) and applications (Gutman et al.
2004). Such IWV accuracy is desired by meteorolo-
gists for use in assimilation and NWP systems (Baker
et al. 2001). Consequently the availability of high fre-

In what follows, relevant background theory for
the retrieval of IWV from GPS is provided. The
details of the datasets and specific procedures imple-
mented when estimating IWV across the Australian
region using GPS, radiosondes and NWP systems are

guency measurements of GPS_IWV has attracted described. An intercomparison is made of IWV esti-

considerable interest in establishing their usefulness. mates obtained using these three methods and results
Assimilation and prediction systems of the of IWV diurnal variability obtained from GPS are

Australian Bureau of Meteorology (ABM) do not yet  presented. Some factors affecting the accuracy of

make use of GPS_IWV. Before embarking on the GPS IWV estimates are discussed, with conclusions,

development of any operational system for the incor- outlooks and suggestions for further work.

poration of GPS_IWV in Australian NWP, it was con-

sidered essential to undertake a validation study of the

accuracy with which GPS_IWV may be estimated Bgsic theory

from ground-based GPS receivers across Australia.

The only previous work on GPS_IWV estimation The Global Positioning System currently comprises

over the Australian region, using somewhat limited 29 navigation satellites at an altitude of about 20,200

datasets, was undertaken by Tregoning et al. (1998) km, grouped in six planes evenly distributed around

and later Feng et al. (2003). Tregoning et al. (1998) the equator, having orbital periods of just under 12

compared GPS, WVR and radiosonde estimates of
IWV at Cape Grim Tasmania through November and
December 1995, reporting differences between the
instrument measurements of just less than 1.5 mm.
Feng et al. (2003) assessed GPS_IWV relative to co-

hours. For precise navigation a ground-based GPS
receiver tracks and records carrier phase measure-
ments simultaneously from as many as ten satellites,
accumulates the data over time and estimates param-
eters such as receiver coordinates. In order to estimate
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coordinates to the greatest accuracy, it is necessary to  ZHD values are typically around 2.3 m, but can be
mitigate all sources of error that affect the carrier estimated accurately using Eqn 1 if pres®yeeas-
phase measurements. A major source of error is the urements are available. For example, pressure data
atmosphere affecting the speed of signal propagation accurate to 0.3 hPa yields a ZHD accuracy of about 1
from satellite to ground-based receiver. However, mm.
whilst the amount of atmospheric propagation delay ZWD is largely dependent on the quantity of
is considered noise for applications such as position- atmospheric water vapour and can vary from around
ing, since its value is dependent on the atmospheric 0 mm in polar regions to over 400 mm in the tropics.
composition, it can be converted to a signal for use in It may be simply obtained by subtraction
applications such as meteorology.

In GPS work, the atmosphere is considered to ZWD = ZTD — ZHOP,,¢,h) .2
comprise the ‘neutral atmosphere’ to a height of
about 50 km above the earth’s surface and the iono- Any errors in the modelled hydrostatic delay will
sphere from about 50 to 1000 km above the surface. propagate to the ZWD. At GPS sites co-located with
The ionospheric refraction may be almost complete- meteorological surface stations, the error in the pres-
ly eliminated by comparing the effect of this refrac- sure observed by a barometer should not exceed 0.3
tion at two frequencies that are dispersed at a known hPa and therefore the hydrostatic delay there can be
rate. The delay due to the neutral atmosphere, which computed to within 1 mm accuracy. At GPS sites
does not disperse the different GPS radio frequen- without co-located barometers, the pressure must be
cies, must be modelled or estimated and cannot be estimated from the nearest barometer, so larger errors
easily eliminated. The neutral atmosphere is conven- in ZWD will be expected there. Alternatively, NWP
tionally just termed the ‘troposphere’ in GPS work, system surface pressure can be used, where errors
since about 75 per cent of the delay is caused by the would depend on the NWP system interpolated output
lowest 10 km of the atmosphere, which corresponds (analysis or forecast) accuracy.
closely to the meteorological troposphere. Using a ZWD may be converted to IWV via a dimension-
mapping function, the tropospheric delay experi- less conversion factd® (Askne and Nordius 1987)
enced along each receiver-to-satellite path may be that is dependent on the mean temperature of the
mapped to the zenith and a single zenith total delay atmosphere for the site in question and is given as
(ZTD) parameter estimated per receiver site. In prac-
tice, ZTD is estimated as a constant parameter per IWV = ZWD/Q .3
receiver site over intervals of around fifteen minutes
to one hour. The ZTD estimated in scientific geodet- and
ic-GPS software represents a least-squares best-fit
mean of all zenith-mapped signal slant-path delays Q = 10%0R, (ky/T,,, + k5) .4
from receiver to each visible satellite over the time
interval considered. This procedure is adopted where
regardless of atmospheric conditions. pis the density of liquid water (1000 kgfn

The ZTD that is obtained from a GPS software R, is the specific gas constant of water vapour
package can be considered to comprise a zenith (461.524 JkgK1),
hydrostatic delay (ZHD) and a zenith wet delay k; and k; are atmospheric refractivity constants
(ZWD). ZHD is dependent on surface pressure, site (0.037x1@ K2/Pa and 0.22 K/Pa respectively) and
latitude and height, and may be computed, following T, (K) is the moisture-weighted mean temperature of

Elgered et al. (1991), as the troposphere (Davis et al. 1985) defined as

ZHD(Po0h) = 2.2779 16°P, N 1= Jemdh 5
1-2.66 1¢cos(2p)— 2.8 10’h I(e/TZ)dh

where where

PQ is the tptal pressure at the GPS antenna height (Pa), e is partial water vapour pressure (Pa),

@is the site latitude (degrees), _ _ T is temperature (K) as a function of heigit

his the height of the site above the (international) The integrations are from the surface, actually the

ellipsoid (m), _ GPS antenna height, to the top of the troposphere.

the constant 2.2779 £0s in m/Pa, However, in practicd,, is often approximated by the

the constant 2.8 10is in m, Bevis regression formula (Bevis et al. 1992) based on

and ZHD is in metres. radiosonde profiles from continental USA:
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T,=70.2+0.72T ...6
whereT is the temperature (K) at GPS antenna ele-
vation rather than at the surface.

The main uncertainty when converting ZWD to
IWV is the estimation ofT . It was considered
beyond the scope of this initial validation study to
derive new regressions at all radiosonde sites. For
comparison local regressions were derived at a few
sites co-located with GPS ground stations. Another
source of error is ignoring the small contribution of
liquid water in the conversion from ZWD to IWV
(Eqn 3). For example, Elgered (1993) estimated an
upper bound of 7.5 mm for the delay due to liquid
water. Typical values foR are approximately six, so
6 mm of ZWD is equivalent to about 1 mm of IWV.

Dataset description

All accessible GPS data from dual frequency
receivers across the Australian region and territories
were collated for the entire year 2000. This gave the
largest dataset with which to validate GPS_IWV. The

with choke ring antennas and recorded carrier-phase
GPS measurements every 30 seconds throughout
2000, except for times of occasional communication
failures when small quantities of data were lost.

To convert ZTD to IWV, three-hourly surface pres-
sure and temperature recordings from the weather sta-
tion nearest to each GPS receiver were obtained from
the ABM's Australian Data Archive for Meteorology
(ADAM). Similarly, daily radiosonde observations
from the nearest Australian Upper Air Network site
were obtained. All data corresponding to the original
signals from sensors were retrieved and used.
Atmospheric soundings were obtained by Vaisala
RS80-A radiosondes manufactured between
September 1988 and May 2000. These radiosondes
suffer from a dry bias in relative humidity, which may
be estimated by using a formula proposed by Wang et
al. (2002). Two NWP systems were selected for com-
puting IWV, namely ABM’s GASP, since it is the sys-
tem developed by ABM and the highly sophisticated
ECMWEF system. The 2000 operational GASP system
is largely as described in Seaman et al. (1995) and in
Bourke et al. (1995). Relative to the system described
in these references the overall resolution in 2000 had

seventeen GPS sites used are shown in Fig. 1. Thesebeen upgraded to T239/L29, with the prediction

sites predominantly form the Australian Regional
GPS Network maintained by Geoscience Australia,
whose data are also made available through the
International Global Navigation Satellite Systems
(GNSS) Service (IGS). All receivers were equipped

model differing primarily with respect to its use of

semi-Lagrangian time-stepping and improved con-
vective parametrisation. The ECMWF global assimi-
lation and prediction system is as described by
Simmons and Hollingsworth (2002).

Fig.1 GPS sites with nearby radiosonde sites used in this study.
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Table 1. GPS site list showing geographical coordinates, horizontal and vertical separation from nearest surface mete-
orological site and radiosonde launch site. Latitudes and longitudes are positive north of the equator and in the
eastern hemisphere. The ‘# symbol denotes GPS sites without a nearby radiosonde site. The number of GPS
solutions and ZTD estimates for the year 2000 are shown in the last two columns.

Site GPS Lat Long Height GPS/ GPS/ No. No.

ID Surf. Radiosonde Sol ZTD
Station Sep. Days Est.
Sep.
(deg) (deg) (m Horiz. Height  Horiz Height
above (km) (m) (km) (m)
msl) Surf. RS
- GPS - GPS

Cocos Island COCO -12.2 96.8 5 0.1 -1 0.1 -2 360 8640

Jabiru # JAB1 -12.7 132.9 28 0.1 0 - - 308 7392

Darwin DARW -12.8 131.1 75 26.0 30 53.2 -45 324 7776

Townsville TOW2 -19.3 147.1 31 30.2 -21 30.2 -23 362 8688

Karratha KARR -21.0 117.1 117 23.2 -104 172.2 -111 340 8160

Alice Springs ALIC -23.7 133.9 588 13.8 -41 13.8 -42 359 8616

Yaragadee YAR2 -29.0 115.3 268 67.6 4 68.7 -235 293 7032

Perth PERT -31.8 115.9 46 13.0 -20 16.4 -30 309 7416

Ceduna # CEDU -31.9 133.8 154 30.9 -138 - - 359 8616

Mt Stromlo STR1 -35.3 149.0 781 17.3 -201 141.3 -569 354 8496

Tidbinbilla TID1 -35.4 149.0 647 10.6 -59 140.0 -435 276 6624

Burnie # BUR1 -41.1 145.9 5 16.6 7 - - 261 6264

Hobart HOB2 -42.8 147.4 45 6.2 -18 6.2 -41 356 8544

Macquarie . MAC1 -54.5 158.9 14 11 -6 1.1 -8 342 8208

Casey CAS1 -66.3 110.5 39 0.9 3 0.9 1 362 8688

Mawson MAW1 -67.6 62.9 30 0.4 -14 0.4 -20 354 8496

Davis DAV1 -68.6 78.0 27 0.0 -5 0.0 -11 314 7536

Table 1 lists the geographical coordinates of each

network, namely days-of-year 57, 58, 246 and 247

GPS site, as well as the horizontal and vertical sepa- were not used due to orbit modelling problems. For
rations between these sites and the corresponding sur-the remaining sites, the number of daily solutions is
face meteorological stations and radiosonde sites that usually less than 362 due to missing or incomplete
were used to convert GPS estimated ZTD to IWV and raw GPS data for a particular day, usually due to com-

for the comparisons between GPS IWV and
radiosonde IWV. It can be seen that the horizontal
separations vary from about 100 m at GPS sites
DAV1, COCO, MAW1, CAS1 and MAC1 to 170 km
at KARR. Vertical separations vary from 1 m at CAS1
to 569 m at STR1. These variations must be consid-
ered when interpreting any IWV comparisons from
the different sensors. The GPS sites JAB1, BUR1 and
CEDU were considered too distant from any
radiosonde site for comparisons to be meaningful.
Data availability per site is summarised in the last
two columns of Table 1, which show the number of
daily GPS network solutions for each GPS site, and
the number of ZTD estimates available per site during
2000. Significant raw GPS data loss occurred for
BUR1 (June to mid-August), JAB1 (January and
February), TID1 (January to March) and YAR2

(January and February). Problems with GPS data pre-

processing arose for DAV1, causing its exclusion for
nearly 50 days, whilst four days of data for the entire

munication failures.

Data processing and computation of
IWV estimates

The specific methods used to compute IWV above the
GPS antenna from GPS Receiver Independent
Exchange (RINEX) format data, radiosonde data and
NWP systems will be described so that meaningful

comparisons between the three techniques may be
carried out.

Computation of ZTD from GPS data

The GPS data from the seventeen sites were
processed as a single network using the Bernese geo-
detic GPS software version 4.2 (Hugentobler et al.
2001). This software compares the simultaneous
GPS observations of the same satellites from multi-
ple ground sites to eliminate common errors due to
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satellite orbits and poor synchronisation between each station were available at three-hourly intervals
satellite and ground site clocks. The GPS baselines that correspond to the timing of pressure observations
were formed to maximise the number of double dif- at the weather stations, while one-hourly ZTD esti-
ference observations, with the satellite positions mates were computed using the GPS data. Therefore
tightly constrained to those from the final (latency the three-hourly ZHD estimates were interpolated to
about 13 days) IGS precise ephemeris, which has a the epoch of the ZTD estimate (using eight-knot cubic
positional quality of about 5 cm and is sufficient for  splines). To test the errors associated with this
enabling an IWV accuracy of 1 mm (Ge et al. 2000). approach, pressure data collected every 60 seconds
The final IGS earth rotation parameter estimates from a Paroscientific Met3 sensor, co-located with the
were also used. The effect of ionospheric refraction TOW2 GPS antenna, were used as a reference and
was minimised by linearly combining dual frequency compared with the hourly estimates of pressure
GPS data. Earth-body and ocean tide-loading effects throughout 2000. The mean and rms of the differences
were corrected by using the IERS Conventions were 0.002 hPa and 0.17 hPa respectively, suggesting
(McCarthy 1996) and the GOT00.2 ocean tide model that the interpolation caused errors of about 1 mm in
(Ray 1999) respectively. Receiver antenna phase ZHD. Similarly, when extrapolating the nearest sur-
centre variations were corrected using the IGS phase face station temperatuiig to the GPS antenna level,
centre models (ftp://igsch.jpl.nasa.gov/pub/station/ only the height dependence was considered using a
generalligs_01.pcv). fixed lapse rate of 0.0065 K/m. The conversion factor
The continuous data were processed in discrete 24- Q was computed at three-hourly intervals withat
hour solutions using a 180 second data sampling GPS antenna level in Eqn 6, then interpolated to the
interval and a minimum elevation cut-off of 15°. ZWD epochs using eight-knot cubic splines. This gave
Receiver-to-satellite elevation-angle data weighting GPS_IWV estimates above each GPS antenna at
was used, with estimates of all ambiguities left as hourly intervals for the whole of 2000.
floating point, i.e. not integer-fixed. This was to
ensure a consistent strategy and solution comparison Computation of IWV from radiosonde soundings
across the entire network. GPS site marker coordi- Radiosonde IWV (RS_IWV) estimates may be
nates were constrained to within 1 cm of the obtained using all available complete soundings from
ITRF2000 estimates (Boucher et al. 2004) for each radiosonde pressure, temperature, dew-point temper-
daily processing session to improve the decorrelation ature and height recorded along the ascending bal-
between the estimated station coordinates and tropos- loon’s path. For IWV comparisons of estimates
pheric delays. A one-centimetre constraint, instead of derived from radiosondes and GPS, the RS_IWV esti-
very tight ‘fixing’, was applied to ensure the solutions mates can be corrected for the difference in height
were not biased by unexplained seasonal coordinate between the radiosonde surface data and the GPS
time series effects (Dong et al. 2002) or any unac- antenna.
counted errors. The ZTD was computed by estimat- For the column bounded by the GPS antenna
ing a zenith correction to the Saastamoinen (1972) height Zb (at pressurePb) and the top radiosonde
model delay estimate per site per hour, using the Niell recording leveET (at pressur®T), IWV in kg/m?2 is
(1996) mapping function. Relative constraints of 2 given by

mm were applied between adjacent tropospheric esti- 7T PT
mates and the discrete 24-hour solutions from three 1
. . IWV = h=-=(qdP 7
consecutive days were combined at the post- Ip\,d gjq
Zb Pb

processed normal equation level (Brockmann 1996)

to provide the final ZTD estimates for each ‘middle’  where

day. This follows the procedure of Vedel et al. (2004) p, is the density of water vapour (kgf)rin the col-
to overcome any jumps in the ZTD time series at pro- umn integrated fronZb to ZT,

cessing session boundaries. dhis the height difference (m) between layers,

g is the specific humidity (mass mixing ratio, kg/kg)
Computation of ZHD, ZWD and Q above the GPS computed from discrete radiosonde reports,
antenna dP is the pressure difference (Pa) between layers,

To compute the ZHD above the GPS antenna using g is the acceleration due to gravity (&)/s

Eqn 1, the pressure data collected at the nearest sur- Given radiosonde measurements of dew-point
face weather station were mapped from the barometer temperatureTy (K) and pressuré® (Pa), the partial
height above sea level to that of the GPS antenna water vapour pressusgPa) for temperatures warmer
according to the WMO (1968) formula, with horizon-  than —50.01°C, was computed using a simplified sat-
tal pressure variations ignored. The computed ZHDs at uration vapour equation (Gueymard 1993):
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and the specific humidityj using

_ 0.62198/(P —¢)
9% 1+ 0.62198/(P - )

RS_IWV was computed above the GPS antenna
using the radiosonde soundings from the nearest
launch site as input to Eqns 7, 8 and 9, with horizon-
tal water vapour variations ignored.

Computation of IWV from GASP and ECMWF
NWP systems

The objective analysis of mixing ratio from GASP and
relative humidity from the ECMWF global NWP sys-
tems obtained from the ABM archives at the listed pres-
sure levels were first horizontally interpolated to GPS
locations, then converted to specific humidity and inte-
grated above the GPS locations to obtain IWV (Egn 10).

n-1
WV=53 (U(P*Py, )/2)+(G+0), )/2) (PP /2., 10

=1

where

P, is the pressure at the GPS antenna height and

P for each=2, ...n are sequential NWP level pressures.
The values of}; atP, and ofq were calculated assum-
ing g varies as logarithm of pressure between analysis
levels, and whenevét; was greater than 1000 hBa
was assumed equal to specific humidity at the first
model level (1000 hPa).

GASP:

10 levels (1000, 850, 700, 600, 500, 400, 300, 200,
150, 100) hPa

1.5 x 1.5 degrees;

ECMWEF:

11 levels (1000, 925, 850, 700, 600, 500, 400, 300,
200, 150, 100) hPa

2.5 x 2.5 degrees.

Comparisons of IWV estimates from
GPS, radiosondes, GASP and
ECMWF NWP systems

Intercomparisons of GPS_IWV, RS_IWV, WV
derived from the GASP (GASP_IWV) and ECMWF

(ECMWF_IWV ) NWP system analyses, and six-hour
forecasts for GASP (GASPfg_IWV) were carried out.

The objective was to validate GPS retrieval proce-
dures under different climatic conditions of the south-
ern hemisphere, and to gauge the accuracies of the
year 2000 operational analyses (and six-hour first-
guess forecasts) representation of IWV relative to
operational radiosonde data and independent GPS
estimates.

In GASP, the 3D moisture field is determined by
the GASP six-hour first guess and by moisture and
moisture-sensitive observations. Enhancing obser-
vations with GPS_IWV data should theoretically
contribute to the reduction in analysis error. To be
useful for data assimilation, the new GPS_IWV
data should have well-understood and easy-to-
describe error characteristics such as known ran-
dom error, minimum gross errors, small or well-
known correlations and be bias free. The compar-
isons of GASPfg_IWV and GPS_IWYV relative to
radiosondes provide an indication of the possible
benefit of assimilating GPS_IWV data. As will be
shown in the following, its relative accuracy is sig-
nificantly greater at most GPS sites than that of
GASPfg_IWV prior to assimilation. GPS_IWV can
thus contribute new information when assimilated
and is expected to contribute significantly to the
reduction of the remaining unexplained variance in
analysed GASP moisture field. Due to the differ-
ences in the resolution of the archived output of the
two NWP systems, which affect the accuracies of
the retrieved NWP IWV and thus slightly obscure
comparison results, direct intercomparison of
GASP and ECMWEF derived IWV is not a specific
focus of this study.

Comparison of IWV from GPS and radiosondes
Estimates of GPS_IWV and RS_IWV above the GPS
antenna were compared for the year 2000 for fourteen
GPS sites that are co-located with or near radiosonde
sites. Figure 2 provides graphical comparisons of
GPS_IWV and RS_IWV for COCO, DARW, ALIC
and MAW1 for twelve months. The RS_IWV is
shown depending on the availability of the radiosonde
reports, twice daily for COCO, DARW and MAW1,

or once daily for ALIC.

A strong correlation between the GPS_IWV and
RS_IWV is clearly seen in Fig. 2, and the compari-
son statistics for the fourteen selected sites are list-
ed in Table 2. These are also summarised graphical-
ly in Fig. 3 together with the average GPS_IWV for
each site. The largest standard deviations occur at
sites where atmospheric moisture is the highest or
where the distance between the GPS site and the
radiosonde or surface station is large. For example,
KARR is 172.2 km from the nearest radiosonde site
at Port Hedland and TID1 and STR1 are both
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Fig. 2 Comparison of GPS_IWV and RS_IWV for Fig. 3 Year 2000 average GPS_IWV at 17 GPS sites
(a) COCO, (b) DARW, (c) ALIC and (d) and comparison statistics of GPS_IWV minus
MAW1. Radiosonde estimates were available RS_IWV.

twice daily, except at ALIC where they were
only available once per day.
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approximately 140 km from the nearest radiosonde
site at Wagga Wagga. These findings match those of
Liou et al. (2001), who suggest that the magnitude
of the standard deviation of the difference between
GPS_IWV and WVR IWV estimates relates to the
magnitude of IWV. They report an average value of

Rﬂl I - 2.2 mm for Taipei and Guam located near the trop-
}' i ics between 18 and 24 March 1998. In this study,
the standard deviations of GPS_IWV and RS_IWV

differences for COCO, DARW and TOW2 are of
similar magnitude. The standard deviation of 1.1
mm for HOB2 is similar to the two-month average
from November to December 1995 reported by
U R T Tregoning et al. (1998) for Cape Grim, Tasmania of
1.5 mm between GPS_IWV and RS_IWV and 1.3

I# mm between GPS_IWV and WVR_IWV.

-

Furthermore, Feng et al. (2003) report a GPS_IWV

| ]{ minus RS_IWYV standard deviation of 1.8 mm and a
bt | | mean difference of 0.66 mm for five GPS sites for

_ [ A July to September 2000, witfi,, derived from

! i

¥ I# E‘ ": radiosondes. However, July to September is a peri-
" | k v o4 od of reduced tropospheric water vapour at all their

five GPS sites when compared to the yearly aver-

age. For ALIC, DARW and TOW?2 it is only 54, 60
(d) MAW1 and 62 per cent respectively of the yearly amount.
1 When scaled, for a given site, by the amount of
water vapour, the standard deviations reported by
Feng et al. (2003) and those obtained in this study
(Table 2) are very similar. The standard deviation is
typically less at higher latitudes since it is a func-
tion of the amount of IWV. It is apparent from Table
2 and Fig. 3 that the GPS estimates all show a pos-
itive bias relative to radiosondes, varying from 0.5
mm at DARW to about 2.2 mm in Hobart.

e e e
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Table 2. Comparison of GPS_IWV with RS_IWV for the year 2000. Outliers omitted at the 3.5 standard deviation level.
N is the number of comparison time points. IWV values are expressed in mm. The last column shows the cor-
relation coefficients between GPS_IWV and RS_IWV.

Site ID N Ave Ave rms Std dev Mean bias Std dev Corr
RS_IWV GPS_IWV IAve RS _IWV
%
COcCO 700 42.9 44.4 2.9 2.5 1.5 5.8 0.97
DARW 645 41.0 41.9 3.0 2.9 0.9 7.0 0.98
TOW2 357 32.3 34.0 2.7 2.1 1.7 6.5 0.99
KARR 737 26.6 28.6 5.0 4.6 2.1 17.3 0.95
ALIC 350 19.4 21.5 2.7 1.8 2.0 9.3 0.99
YAR2 368 14.9 16.2 2.4 2.0 1.3 13.4 0.98
PERT 607 17.2 17.4 1.6 1.6 0.2 9.3 0.98
STR1 414 12.8 13.5 2.9 2.8 0.7 22.0 0.93
TID1 330 12.4 12.6 2.7 2.7 0.2 21.8 0.92
HOB2 709 14.4 16.7 2.5 1.1 2.2 7.6 0.98
MAC1 662 10.4 11.5 1.7 1.2 1.1 11.5 0.96
CAS1 580 3.3 5.1 19 0.6 1.8 18.2 0.91
MAW1 660 2.6 3.0 0.9 0.7 0.5 26.9 0.92
DAV1 589 2.9 4.5 1.7 0.7 1.6 24.1 0.89

Comparison of IWV from radiosondes with GASP

and ECMWEF analyses

Table 3 provides a summary of the accuracy of inte-
grated moisture in the two NWP system analyses for
the entire year 2000 relative to radiosondes. It can be
seen that both GASP and ECMWF analyses have pre-
dominantly moist biases relative to radiosonde esti-
mates. Excluding the Antarctic sites, the average bias-
es are 1.09 mm for GASP and 1.01 mm for ECMWF.
This means that both GASP and ECMWF mixing
ratio analyses yield IWV values that are systematical-
ly larger than respective radiosonde observations. We
link these relative underestimates in RS_IWV to dry
biases in Vaisala RS80-A humidity measurements as
they have more effect on estimates of RS_IWV than
on NWP analyses of IWV. The latter are corrected in
part by model physics, but also have contributions
from other measurements of moisture. The correspon-
ding average standard deviations of IWV estimates
relative to radiosondes for these non-Antarctic sta-
tions are 2.66 mm for GASP and 2.59 mm for
ECMWF.

Comparison of IWV from GPS with GASP and
ECMWEF analyses

A comparison of GPS_IWV estimates with
GASP_IWV and ECMWF_IWV from operational
analyses is shown in Table 4 for all seventeen GPS

sites. Results indicate that GPS_IWV estimates are,
in most cases, slightly larger than respective
GASP_IWV and ECMWF_IWV and for Antarctic
stations substantially larger. We have just seen that the
GASP_IWV and ECMWF_IWYV are also biased pos-
itively with respect to radiosondes (Table 3). That is
the GPS_IWV and numerical analyses are somewhat
surprisingly (as both NWP systems assimilate
radiosonde data) in closer agreement than GPS_IWV
and RS_IWV. Comparison with NWP system analy-
ses also allows GPS_IWYV verification and vice versa,
which is useful at locations such as BUR1, CEDU and
JAB1 where radiosonde reports are not available to
the assimilation systems. Standard deviations for
these sites are somewhat larger as seen in Table 4.

The comparison performed separately for 0000
UTC and 1200 UTC as in Table 5, when considered in
conjunction with the composite results of Table 4,
provides an indication of the effect of radiosonde
data. ALIC and TOW2 were selected to illustrate the
performance of the two NWP assimilation systems at
locations where radiosondes are only launched once
per day at 0000 UTC.

It can be seen from Table 5 that there is a substan-
tial loss in accuracy in GASP_IWV estimates at 1200
UTC relative to 0000 UTC, as measured by rms or
standard deviation. This we attribute to the lack of
radiosonde reports available for assimilation at that



140

Australian Meteorological Magazine 55:2 June 2006

Table 3. Comparisons of RS_IWV with GASP_IWV and RS_IWV with ECMWF_IWV at 0000 UTC and 1200 UTC for
the year 2000. Outliers omitted at the 3.5 standard deviation level. N is the number of comparison time points.
IWV values are expressed in mm. ALIC and TOW?2 statistics are only computed for 0000 UTC.

Site ID N Ave rms Std dev  Mean Std dev N rms  Stddev Mean Std dev
RS_IWV bias /Ave bias /Ave
RS _IWV RS _IWV
% %
RS_IWV — GASP_IWV at 0000 UTC,1200 UTC RS_IWV — ECMWF_IWV at 0000 UTC,1200 UTC

COCO 711 43.1 3.5 34 -1.0 7.9 712 3.2 3.0 -1.1 7.0
DARW 731 41.0 3.0 2.9 -0.6 7.1 730 2.9 2.9 0.1 7.1
TOW2 365 32.6 3.1 2.8 -1.3 8.6 365 3.0 2.8 -1.1 8.6
KARR* 771 26.8 4.3 4.1 -1.4 15.2 726 4.0 3.8 -1.3 14.5
ALIC 364 19.7 2.5 2.4 -0.8 12.2 364 2.4 2.2 -0.9 11.2
YAR2 463 16.9 2.7 2.4 -1.3 14.3 462 2.6 2.3 -1.3 13.8
PERT 723 17.5 2.3 1.9 -1.2 10.9 717 2.8 2.1 -1.9 12.2
STR1 426 12.8 3.1 2.9 -1.2 22.6 424 2.6 2.5 -0.9 19.1
TID1 430 14.0 4.0 3.8 -1.2 27.1 431 3.7 3.6 -1.0 25.6
HOB2 713 14.4 2.0 1.6 -1.3 11.1 716 2.2 2.0 -1.1 13.6
MAC1 712 10.3 1.4 1.3 -0.7 12.3 712 1.4 1.3 -0.5 12.7
CAS1 692 3.6 0.7 0.6 -0.3 16.7 693 0.7 0.7 -0.1 19.9
MAW1 689 2.6 0.7 0.6 -0.4 22.8 690 0.5 0.5 -0.2 17.9
DAV1 705 3.0 0.7 0.7 -0.3 22.4 703 0.5 0.5 -0.2 15.8

* Radiosonde flights at times other than 0000 UTC and 1200 UTC were also available and used for KARR.

time. There is also a smaller loss in accuracy in Microwave Sounding Unit and the High Resolution

ECMWF_IWV estimates. This may be explained by

Infrared Radiation Sounder.
the generally higher accuracy of the more sophisticat- use Defense Meteorological

Additionally ECMWF
Satellite Program

ed ECMWEF system analyses and possibly a more microwave moisture-sensitive radiances in their sys-
accurate calculation of ECMWF_IWV because they tem. However, such satellite data is used predomi-
include an extra level at 925 hPa. Thus the additional nantly over the oceans, and thus the positive moisture
GPS_IWV observations at 1200 UTC have the poten- biases relative to the radiosondes are likely to be due
tial to substantially improve the accuracy of GASP to biases in physics parametrisation, which condition
and ECMWEF analyses at these sites. At both of these the atmosphere of the assimilation systems to have a
sites the two assimilation-system-derived estimates at positive moist bias. The GPS versus analysis statistics

1200 UTC predominantly overestimate relative to
GPS, while Table 2 shows the tendency for the
radiosondes to underestimate relative to GPS. A ques-
tion arises as to why the numerical analyses are show-
ing a moist bias relative to the radiosonde moisture
data, when, over continental Australia, the radioson-
des contribute the major source of moisture data
available to the assimilation systems. Clearly, this is
affected by other moisture information available for
assimilation from either moisture sensitive radiance
channels of the polar-orbiting satellites or short-range
prediction, which data assimilation combines accord-
ing to their respective reliabilities. Both the ECMWF
and GASP systems use NOAA Advanced Television
Infrared Observation Satellite Operational Vertical
Sounder radiative data from the Advanced

for ALIC and TOW2 at 1200 UTC, when radiosondes

are not available, highlight the effect of model
physics as well as prediction error.

As a summary, but also to demonstrate graphically
an application of GPS_IWV to NWP system perform-
ance monitoring, time series comparisons for January
2000 for four sites, COCO, DARW, ALIC and HOB2
are shown in Fig. 4. Here the number of comparison
time-points at GPS sites has been adjusted to the num-
ber of radiosonde flights at 0000 UTC and 1200 UTC.
For ALIC there are no 1200 UTC flights and thus no
RS_IWV at that time. The time series in Fig. 4 show
clearly the overall positive bias of the GPS_IWV rela-
tive to the other estimates, but also show again the
high correlation of all estimates in their variability.
Note that the outlier detection carried out for the pres-
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Table 4. Comparisons of GPS_IWV with GASP_IWV and GPS_IWV with ECMWF_IWV at 0000 UTC and 1200 UTC
for the year 2000. Outliers omitted at the 3.5 standard deviation level. N is the number of comparison time

points. IWV values are expressed in mm.

Site ID N rms Std dev Mean bias N RMS Std dev  Mean bias No. of RS
GPS_IWV- GASP_IWV GPS_IWV- ECMWF_IWV
COCO 723 4.1 4.1 0.4 720 3.2 3.1 0.3 707
JAB1 623 4.0 4.0 0.1 621 4.2 4.1 0.3 -
DARW 669 3.2 3.2 0.2 668 3.2 3.1 0.7 727
TOW2 727 4.0 4.0 -0.2 725 3.5 3.5 -0.5 726
KARR 691 4.1 4.1 0.3 688 3.6 3.6 0.4 724
ALIC 724 4.4 4.3 0.8 722 3.2 3.1 0.6 362
YAR2 590 2.4 2.4 0.3 591 2.4 2.4 -0.1 724
PERT 630 2.3 2.1 -1.1 628 2.8 2.1 -1.8 718
CEDU 717 3.4 3.4 -0.2 715 3.0 3.0 -0.2 -
STR1 713 4.0 3.7 -1.4 710 2.2 2.2 -0.3 728
TID1 554 2.5 2.4 -0.8 553 2.2 2.1 -0.8 728
BUR1 535 3.1 3.1 0.1 534 2.7 2.7 0.2 -
HOB2 716 2.1 1.9 1.0 711 2.2 1.9 1.1 728
MAC1 699 1.7 1.6 0.5 694 1.6 1.4 0.7 710
CAS1 708 1.8 0.9 1.6 690 2.0 0.9 1.8 687
MAW1 714 1.0 1.0 0.1 711 0.9 0.8 0.3 678
DAV1 646 1.7 1.0 1.4 635 1.7 0.9 1.5 700

Table 5. Comparisons of GPS_IWV with GASP_IWV and GPS_IWV with ECMWF_IWYV at 0000 UTC and 1200 UTC
for the year 2000. Outliers omitted at the 3.5 standard deviation level. N is the number of comparison time

points. IWV values are expressed in mm.

Site ID Time N ms Std dev  Mean bias N rms  Std dev Mean bias No of
uUTC RS
GPS_IWV — GASP_IWV GPS_IWV- ECMWF_IWV
ALIC 00 364 3.3 3.1 1.4 363 3.0 2.7 1.3 362
ALIC 12 360 5.3 5.3 0.3 359 3.4 3.4 -0.1 -
TOW2 00 364 3.4 3.4 0.6 363 3.1 3.0 0.8 363
TOW2 12 363 4.5 4.4 -1.1 362 3.9 3.5 -1.8 -

entation of the comparison statistics of Tables 3, 4 and global assimilation. The relative average error meas-
5, has not been applied to these plots. The big dips in ured as a ratio of standard deviation between
RS_IWV in Fig. 4(b) at 0000 and 1200 UTC on 9

January 2000 are the result of radiosonde humidity

sensor failures during these flights.

Comparison of IWV from radiosondes with GASP

first guess

RS_IWV at 0000 UTC and 1200 UTC were also com-
pared with GASPfg_IWV estimates to gauge the
potential impact of GPS_IWV in the current ABM

GASPfg_IWV and RS_IWV relative to year 2000
average RS_IWV for stations other than Antarctica
(CAS1, MAW1, DAV1) is 20.0 per cent which is larg-
er than the equivalent 11.9 per cent error of
GPS_IWV to RS _IWV estimation obtained from
In this comparison KARR,

Table 2, column eight.

STR1 and TID1 relative errors between first guess
statistics and RS_IWV statistics are larger than at
other non-Antarctic sites (as in the case of the same
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Fig. 4 Intercomparison of GPS_IWV, RS_IWV, GASP_IWV and ECMWF_IWYV estimates during January 2000 for (a)
COCO, (b) DARW, (c) ALIC and (d) HOB2. Estimates are produced for 0000 UTC and 1200 UTC, corre-
sponding to the twice-daily radiosonde flights, except at ALIC where there is a single radiosonde launch at 0000
UTC each day. The obvious outliers at (b) DARW in RS_IWV are due to humidity sensor failures.

(a) COCO

(c) ALIC
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scales of IWV than that obtainable from radiosondes.
Hogg et al. (1981), Rogers and Schwartz (1991),

tance between the GPS and radiosonde or surface sta-GUldner and Spankuch (1999), Bouma and Stoew

tion sites, which adversely affects GPS_IWV accura-

(2001) have all analysed such data for selected loca-

comparisons between GASPfg_IWV and GPS_IWV

isolate either high frequency mesoscale fluctuations

errors relative to radiosondes are 18.0 and 8.8 per cent ©F diurnal cycles in IWV. In Australia Dunsmuir and

respectively. It thus points to potential benefits for
GASP NWP system for both analyses and forecasts
from assimilation of GPS_IWV data.

GPS_IWV diurnal variations

Substantial variability in atmospheric water vapour
content is known to exist on both synoptic spatial
scale and observing frequency time-scales. A detailed
quantification of this variability for meteorological
purposes is difficult without sophisticated instrumen-
tation. High temporal frequency WVR and GPS data
can provide an insight into higher frequency time-

Phillips (1990) used 10 years of three-hourly obser-
vational data from 31 sites to examine and model tem-
poral variations (annual, semiannual and diurnal
cycles) in surface moisture mixing ratio, which is
strongly correlated with IWV.

It is clearly desirable to have a capability for cor-
rect representation of diurnal variability in the hydro-
logic cycle in terms of amplitude and phase in the
analysis and prediction of moisture in NWP systems.
GPS derived diurnal variations as a function of both
location and season should allow better verification of
NWP system moisture accuracy. Therefore time series
of hourly GPS_IWV estimates across the Australian
region, which encompass a wide range of climatic



Glowacki et al.: Validation of GPS-based integrated water vapour for Australia

143

conditions and capture substantial spatial IWV vari-
ability (Fig. 3), were used to investigate the presence
of diurnal frequency variations in IWV. The mean

diurnal GPS_IWV anomalies for the year 2000 were
computed as described in Dai et al. (2002). Figure 5

GPS_IWV and thus the amplitude of its diurnal
variation at a given location depend on ZWD apg
which are functions of surface pressure and tempera-
ture, variables that also have diurnal variations.
Quantifying the magnitude of GPS_IWV diurnal vari-

shows these anomalies for five GPS sites and a clear ation amplitude, given the amplitudes of surface pres-

diurnal variation in IWV of 1 to 2 mm amplitude may

sure and temperature, is not straightforward due to

be seen. Most of these variations are easily seen to interdependence of all three parameters and to other
have a similar phase response across continental factors that affect ZWD arifi,, independently. By fix-

Australia, with morning minima between 0700 and
0800 and late afternoon maxima between 1500 and
1800 local solar time.

The occurrence of a systematic diurnal IWV cycle
at inland sites such as ALIC is attributed to a natural-
ly occurring solar-driven cycle of moisture enhancing
evapotranspiration, usually peaking between mid-
morning and mid-afternoon local solar time, slowing
down in late afternoon, followed by drying of the
atmosphere by gradual cooling and dew formation in
the evening and overnight. Patterns like this are more
difficult to isolate in locations of substantial horizon-
tal air movements and unstable weather such as
COCO, which is not shown, where the yearly aver-

ing ZWD in Eqgn 3 for a giveiigand using different,,,
models, we have found a dependence of the amplitude
of GPS_IWV variations on the assumed model for the
(Thy To relationship. In the case of the regression
model in Eqn 6, sensitivity is dependent on the regres-
sion slope, which effectively scales the diurnal cycle
amplitude. Our initial local estimation ofT{, Ty
regression, using 23 years of soundings for DARW is,
Tn=208.66 + 0.2Fs. HoweverT,,= 153.75 + 0.448;

for just year 2000 soundings data. For PER},=
104.54 + 0.612 and 115.9375 + 0.9 for just year
2000 soundings data. Locally derived regression mod-
els indicate that in the case of DARW, the regression
slope should be lower for that site, and thus the respec-

aged diurnal signal is weaker. Coastal sites such as tive diurnal amplitude smaller. GPS_IWV values could

DARW have their daily cycles affected by oceanic
moisture supply, land-sea contrast driven convection

consequently be revised upwards by nearly 0.6 mm
when the correspondinig is low, and downwards by

and sea or land breezes. Higher latitude sites such asalmost 0.2 mm whefis high. On average the DARW

MAC1 and those in Antarctica are characterised by an
apparent semidiurnal cycle in yearly averaged data,
an effect which is in part due to the length of solar day
in high latitudes. Although a semidiurnal cycle has
also been detected for TOW2, it is not shown.

Amplitudes of diurnal variations vary with the
level of moisture content, with diurnal temperature
range and are dependent on geographical location
(Fig. 5), being generally larger in the moist tropics
and smaller in dry inland locations or higher latitudes.
Figure 5 also indicates that the amplitude of the diur-
nal signal is usually substantially lower than the
amplitude of day-to-day variations in IWV as seen for
corresponding stations in Fig. 2.

The apparent similarities in the diurnal variation
characteristics over similar geographical areas may be
helpful in validating IWV from NWP systems at loca-
tions where there are no GPS stations, but for which
the diurnal variations may be approximated from
those known at other GPS locations. Furthermore, it
can be seen in Fig. 5 that the mean hourly rate of
change in GPS_IWV varies during the day and from
site to site. At most sites it is most rapid during morn-
ing hours when there is a sharp increase in surface
temperature. This information may be useful when
choosing a time-window for the assimilation of mois-
ture observations from low temporal frequency meas-
uring instruments such as radiosondes.

GPS_IWV would slightly increase, but the amplitude
of diurnal variations would slightly decrease. A clearer
picture of diurnal variations could be gained with fur-
ther reduction in the uncertainty in the estimatiom,ef

and when using GPS_IWV data from time series that
are longer than a single year. This is intended in a sub-
sequent study.

Because derived diurnal variations in GPS_IWV
data are relatively small and could be induced only by
diurnal variations in temperaturdg(and thusTy),
another GPS moisture dependent variable ZWD was
examined for the presence of diurnal variations, as it
is free from temperature effects in GPS data process-
ing. Figure 6 shows anomalies in ZWD for the same
sites as in Fig. 5. It can be seen that the GPS_IWV
and ZWD anomalies have very similar variability at
each of the five sites considered. This suggests that
variations in GPS_IWV, and implicitly in PW, are
most likely real and not due toTg, artifact.

Factors influencing GPS_IWV
accuracy

In the various comparisons considered here, the
GPS_IWV estimation accuracy was assessed by com-
paring GPS_IWV estimates with the independent
IWV estimates from radiosondes and NWP systems.
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Fig. 5  Year 2000 mean diurnal GPS_IWV anomalies Effect of radiosonde dry bias
at selected GPS locations Recent findings of dry biases in Vaisala RS80-A
measurements of relative humidity (Wang et al. 2002;
- Leiterer et al. 2005; Nakamura et al. 2004) suggest a

i |

| better agreement between RS_IWV and GPS_IWV is

et | o il likely than indicated by Table 2. We estimated dry
b e ™ bias corrections (see Appendix) for the radiosonde
LR . sites used in this study using data from flights in the
e R P, P year 2000. We followed the method of Wang et al.
e R e e e e (2002), but tailored it to the Vaisala RS80-A
| ol F radiosonde and to the standard processing of
W, SR radiosonde data in Australia. This meant omitting the
w contamination, basic calibration model and measured
al - ground check error corrections used by ibid. For com-
I-onil Bk’ Tiews of Dy | Funas | . . . . .
parison, dry bias corrections estimated according to
Leiterer et al. (2005) are also shown in the Appendix.
These corrections would substantially reduce the
mean differences between GPS_IWV and RS_IWV in
Fig. 6  Year 2000 mean diurnal GPS ZWD anomalies Table 2 and would also contribute to the reduction of
at selected GPS locations rms errors. Recent comparisons using data collected
in Poland (Brzoska et al. 2004) found that the Leiterer
u et al. (2005) corrections performed somewhat better
w | [ b than those of Wang et al. (2002). Nakamura et al.
3 = = o (2004) tested three correction methods on data col-
o lected in Japan and found that the method of Leiterer
A ; . et al. (2005) accounted for a smaller fraction of the
e S . oyt SO Vaisala RS80-A dry bias relative to the other two
e <l Fisnywefdesnedaygisn methods, including that of Wang et al. (2002). Given
* those discrepancies in correction methods and their
: outcomes, and the lack of unbiased IWV reference
estimates (from WVR or the new more accurate
o Vaisala RS90 radiosonde) in our study, we did not
Lot Tt Tows ey | R | recalculate Table 3 values with the above-mentioned
corrections.
Another consideration was that GPS_IWV esti-
The inaccuracies of radiosonde-derived water vapour mates in this study were calculated usifg, (To
products have long been known to be at the 5 per cent regression, and so indirectly radiosonde moisture data
or more level, approximately 1.5 mm of the global (Eqn 5 forT,, uses water-vapour partial-press@e
average IWV (Keihm 2001). The inaccuracies are that were not corrected for the dry bias when used to
partly due to systematic biases, and unless these arederive this regression. NWP system analyses and
accurately known, validation of GPS_IWV estimates forecasts in our comparisons also used uncorrected
against radiosondes will not be better than this level, radiosonde data.
even if GPS_IWV estimates are more accurate than
RS_IWV estimates. That is assuming their errors are Effect of data-processing software
uncorrelated. Therefore, we now discuss three factors Each step of the GPS ZTD retrieval process is per-
that influence the relative accuracies, namely inaccu- formed with a certain degree of uncertainty and each
racies in radiosonde estimates due to dry biases, GPSintroduces its own instrumental, procedural and
data processing inaccuracies and errors in the adop- computational errors, such as those associated with
tion of aT,, model generated from data not local to GPS antennas, receivers and with processing algo-
the site considered. It is also of note that independent rithms and strategies adopted by the data analyst and
research of van der Hoeven et al. (1998) has demon- a|so IGS Analysis Centres. Each of these steps is
strated that GPS_IWV estimation has an accuracy that being continually refined by the GPS geodetic
is at least comparable to that of radiosondes and WVR research community, which results in smaller errors.
measurements; of those two, WVR measurements are Furthermore, this study was undertaken during a

considered to be of somewhat higher accuracy. time of high ionospheric activity. The eleven-year
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sunspot cycle peaked in 2000; as such 2000 repre-

sents the most pessimistic scenario regarding
GPS_IWV quality. The retrieval and conversion

From a GPS perspective, different constraints may
be more appropriate for some sites than others and
the choice may also depend on the atmospheric

procedures also rely on data such as corrections for activity. Assigning ‘dynamic’ constraints in software

ocean tide loading, derived from instruments other
than GPS receivers, and these contribute their own
uncertainties.

The current knowledge of error statistics of GPS
ZTDs in a meteorological context is limited. The GPS
estimation of atmospheric delay parameters was per-
formed in this study using the Bernese software.
Other popular geodetic software, notably GIPSY
from the Jet Propulsion Laboratory, California
Institute of Technology and GAMIT from
Massachusetts Institute of Technology use similar
models and methods to compute the tropospheric
delay, so comparisons with such estimates provide
other means of quality control. For instance, Feng et
al. (2003) used GAMIT and obtained accuracies sim-
ilar to those in this study. The IGS tropospheric prod-
uct, namely the combination of ZTDs from (then)
seven different IGS Analysis Centres that used vari-

such as Bernese is, at present, extremely difficult.
Before choosing the 2 mm constraint, we varied the
constraint from no constraint down to 1 mm, and

obtained very similar results for 1 mm and 2 mm

constraints. Overall, if the constraint is too loose,

occasional large spurious spikes in ZTD arise. If the
constraint is too tight, the estimates are over-

smoothed and are not sensitive to more rapid atmos-
pheric changes that may be of interest.

The effect of mean atmospheric temperature on

the model

It follows from Eqgns 3 to 6 that given the ZWD esti-
mate, the mean temperature model used and the accu-
racy of the temperature estimate at the GPS site are
the main factors affecting GPS_IWV determination
accuracy. For greater accuracy, models Tgrare
sometimes derived locally and allow for seasonal

ous geodetic GPS software packages, can also be usedvariations. However, Mendes et al. (2000) concluded

for quality control, although these are only produced
with a two-hour temporal frequency. As an illustration

of the quality of the IGS tropospheric product over the
year 2000 for the sites in this study, Table 6 lists the
rms, standard deviation and bias of IGS derived
GPS_IWV compared with RS_IWV. Recalling Table

2, it can be seen that GPS_IWYV derived from the IGS

that ‘regionally-optimized models do not provide
superior performance compared to the global models’
as ‘there is little gain in tuning the models for a par-
ticular region, as regards the mean bias, and almost no
gain in reducing the rms scatter’ Ty, Two of the
Mendes ‘global’ mapping functionsT{, = 50.4 +
0.789T and T, = 196.05 + 0.000003402) tested

tropospheric product and the Bernese software used here, for the DARW and PERT data, yielded

in this study are very similar.
As mentioned earlier, relative constraints of 2
mm were applied between adjacent tropospheric

GPS_IWYV consistent with those produced using Eqn
6, while our locally derived regressions for these sites
yielded GPS_IWV more consistent with those based

estimates for tropospheric delay estimation as these on the Ross and Rosenfeld (1997, 1999) local formu-

were found to be a reasonable 'generic optimum'.

lae, with Guam used as a proxy for DARW.

Table 6. Differences between GPS_IWV derived from the IGS tropospheric product and RS_IWV for the year 2000.

Outliers omitted at the 3.5 standard deviation level.

Error values are expressed in mm.

Site ID No of comparison rms Std dev Mean bias Std dev / Ave
data points RS_IWV (%)
COCO 693 3.2 2.2 2.4 5.1
DARW 638 3.3 2.7 1.9 6.5
TOW2 353 3.3 1.9 2.7 5.9
KARR 707 54 4.9 2.3 18.6
ALIC 334 2.9 1.6 2.4 8.4
PERT 645 1.5 1.5 0.2 8.5
HOB2 687 2.0 1.0 1.8 7.0
MAC1 665 1.7 1.0 1.3 9.8
CAS1 455 1.9 0.4 1.8 14.7
MAW1 669 1.1 0.6 0.9 24.0
DAV1 516 1.6 0.4 1.5 15.4
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Feng et al. (2003) compardg, estimates derived
from radiosonde data for July-September 2000 for
five Australian GPS sites and from the regression
model of Bevis et al. (1992), obtaining very similar
results for both methods. Infrequent and sparse
radiosonde reports are, however, less practical for
estimation in real-time hourly applications. Vey et al.
(2004) report (after Schuler 2001; Bevis et al. 1994)
that using site specifit,, derived from NWP systems
rather than a global relation reduces the IWV relative
error from 2 to 1 per cent. For assimilation of
GPS_IWV observations into a NWP system, direct
T, estimation from NWP system outputs should be
considered.

Conclusions

The quality of GPS_IWV across the Australian region
has been assessed using data for the whole of 2000
from seventeen sites distributed across a wide range
of climates. For eight GPS sites (COCO, DARW,
TOW?2, ALIC, YAR2, PERT, HOB2, MAC1) either
co-located or close to (average separation of 24 km)
radiosonde launch sites, an average error of
GPS_IWV relative to RS_IWV estimation standard
deviation was 8.8 per cent. This error would be some-
what smaller if all GPS sites were co-located with sur-
face weather stations and radiosonde sites.
Furthermore, mean biases found in GPS_IWV esti-
mates relative to RS_IWV estimates would be further
reduced if RS_IWV estimates were corrected for the
dry bias in the Vaisala RS80-A relative humidity
measurements. For Antarctica the GPS_IWV stan-
dard deviation errors were found to be about 18 to 21
per cent, which is a relatively large value.

The ABM NWP system six-hour forecasts, used as
a first guess in operational data assimilation, were
found to have relative IWV errors with respect to
radiosondes of 20.0 per cent for all radiosondes in this
study except for those in Antarctica in the year 2000
data. Since GPS_IWV estimates can be obtained dur-
ing all weather conditions and have a high temporal
frequency, timely and accurate GPS moisture obser-
vations, when converted to proxies for moisture pro-
files in NWP assimilation, have the potential to
reduce IWV errors. Modest positive impacts have
already been noted elsewhere in the world, as detailed
by Gutman et al. (2004) for continental USA. The
sites ALIC and TOW2, where radiosondes are only
launched once per day at 0000 UTC, well illustrate
the potential benefit resulting from the assimilation of
higher temporal frequency GPS moisture data. The
1200 UTC GASP_IWV estimates were clearly shown
to be less satisfactory than those for 0000 UTC

reflecting the absence of radiosonde data at this time.
Since early 2004 the ABM is launching radiosondes
predominantly at 0000 UTC, with occasional 1200
UTC radiosondes on ad hocbasis.

In addition, the following conclusions, outlooks
and recommendations can be made:
GPS offers a promising total column water vapour
estimation system for the Australian region.
The comparison of GPS and radiosonde derived
IWV indicates accuracies similar to those reported
in previous studies and these accuracies validate
the applied methodology and software used to
derive GPS_IWV. Relative accuracies of
GPS_IWV estimates with respect to radiosondes
show dependence on the amount of atmospheric
moisture. Standard deviations are larger in the trop-
ics and small in Antarctica. Further study of the
accuracy of GPS_IWV estimates, particularly bias-
es relative to RS_IWYV, is recommended. It would
be desirable to compare GPS_IWV against addi-
tional independent measurements of IWV, such as
available from the more accurate WVRs. Issues
regarding the GPS processing technique require
investigation and refinement, particularly the treat-
ment of new antenna phase centre models and map-
ping functions currently under development.
GPS_IWV can be used for monitoring the per-
formance of data assimilation and prediction sys-
tems over an extended period of time and on a
daily basis. Relevant comparisons may be used
for detecting moisture biases in NWP systems.
The GPS_IWV estimation accuracy warrants its
use in the ABM assimilation systems, except at
this time, for Antarctica. Furthermore, direct
assimilation of ZTD or ZWD is also warranted and
possibly more preferable given that it is unaffected
by the issues in estimatifig,. Despite their small
number, GPS moisture estimates have potential to
enhance moisture analyses in data assimilation
because of the relatively low spatial and temporal
frequency of the current radiosonde network
across the Australian region.
Significant diurnal GPS_IWV variations were
found to exist at most of the GPS sites across the
Australian region, which have not been reported
previously because radiosonde measurements at
0000 UTC and 1200 UTC are not able to represent
the amplitude or phase of the diurnal cycle. The
amplitude of the GPS-based estimate of the diurnal
cycle is clearly dependent on th&(Ty) regres-
sion accuracy.
ZTD was converted to IWV using surface temper-
ature data as the input to a regression model devel-
oped to replicate the mean atmospheric tempera-
ture obtained from radiosonde profiles across the
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USA. The derivation of local mean atmospheric
temperature models should be undertaken.

e This validation study used IGS “final’ orbits (avail-
able with a latency of approximately 13 days).
However, since the IGS real-time orbital product
and the IGS Ultra Rapid Orbit has been shown
(Dousa 2001) to provide similar quality results to
post-processed applications, the operational appli-
cation of near real-time GPS_IWV in the ABM
NWP data assimilation system should now be feasi-
ble. Implementing such a system operationally will

Geodynamic Applications of the Global Positioning System
(GPS). Inauguraldissertation der Philosophisch-naturwis-
senschaftlichen Fakultat der Universtitat Bern, 211 pp.

Brzoska, B., Jaczewski, A. and Litynska, Z. 2d8dmogenisation of
water vapour data from RS-80 and RS-90 radiosan@&ST
723 Workshop, Noordwijk, The Netherlands, 11-13 March 2004.

Dai, A., Wang, J., Ware, R.H. and Van Hove, T. 2002. Diurnal vari-
ation in water vapor over North America and its implications for
sampling errors in radiosonde humidity. Geophys. Res., 107
doi: 10.1029/2001JD000642.

Davis, J.L., Herring, T.A., Shapiro, I.I., Rogers, A.E.E. and Elgered,
G. 1985. Geodesy by radio interferometry: effects of atmospher-
ic modeling errors on estimates of baseline lendRadio
Science, 201593-607.

depend on the successful demonstration of the use Dick, G., Gendt, G. and Reigber, C. 2001. First experience with near

of the GPS_IWV estimates in the current assess-
ment experiments and the testing of the quality of
real-time orbits across the Australian region.
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Appendix

Average RS_IWV corrections resulting from dry bias
corrections to year 2000 radiosondes’ relative humid-
ity (RH) reports. Two correction methods compared:
‘W', after Wang et al (2002); ‘L, after Leiterer et al.
(2005). RS_IWV estimates were done and corrections
computed for GPS sites from nearby radiosonde data.
‘W’ corrections include age corrections for the
Vaisala RS80-A sensor. If corrections are applied
RS_IWV values should be revised upwards.

GPS ‘W'RH ‘L'RH No of RS RS
ID correction correction cases  station average
(mm IWV) (mm IWV) number  (years)
COCO 1.14 2.50 718 200284 0.61
DARW 1.08 2.36 735 14015 0.65
TOW?2 1.35 1.90 368 32040 1.00
KARR 1.06 1.58 808 4032 0.83
ALIC 1.02 1.13 366 15590 0.64
YAR2 0.99 0.97 466 8051 0.66
PERT 1.00 1.00 730 9021 0.70
HIL1 1.00 1.02 730 9021 0.70
STR1 0.83 0.75 432 72150 0.65
TIDB 0.86 0.80 432 72150 0.65
BUR1 0.89 0.86 728 72150 0.65
HOB2 0.88 0.84 728 72150 0.65
MAC1 0.70 0.60 725 300004 0.86
CAS1 0.42 0.22 705 300017 0.95
MAW1  0.38 0.16 698 300001 1.03
DAV1 0.39 0.19 714 300000 0.99




