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Abstract

The Earth’s climate and weather is a highly dynamic and complex system. Monitoring and
predicting meteorological conditions with a high accuracy and reliability is, therefore, a
challenging task. Water vapour (WV) has a strong influence on the Earth’s climate and
weather due to the large energy transfers in the hydrological process. However, it remains
poorly understood and inadequately measured both spatially and temporally, especially
in Australia and the southern hemisphere. Four dimensional (4D) WV fields may be
reconstructed using a tomographic inversion method that takes advantage of the high
density of ground-based GPS Continue Operating Reference Station (CORS) networks.
Recent development in GNSS tomography technique based on the dense Australian national
positioning infrastructure has the potential to provide near real time 4D WYV solutions at
a high spatial and temporal resolution for numerical weather prediction, severe weather
monitoring and precise positioning. This paper presents a preliminary study using the most
advanced state CORS network—GPSnet as a test bed and introduces 4D GPS tomography
in Australia and evaluates different parameters for voxel and height resolution and the
influence of a priori data through simulations in a controlled field. Preliminary analyses
of a real data campaign using a priori information are presented. These preliminary results
conclude that the most optimal setup for GNSS tomography models in Victoria is: ~55 km
horizontal resolution and 15 vertical layers with a smaller spacing in the lower troposphere
and a larger spacing towards the tropopause. Further analysis will be undertaken to optimize
the parameter settings for real data processing. The initial investigation into real data
analysis has concluded an overall RMS error of 5.8 ppm with respect to the operational
Australian Numerical Weather Prediction (NWP) model for 1 day.
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the integrated amount of WV in the atmosphere with high
accuracy and under all weather conditions. It is currently
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continuous operability (Bevis et al. 1992; Rocken et al.
1995; Tregoning et al. 1998; Gradinarsky 2002; Bai 2005;
Le Marshall et al. 2010). The capability of GPS tomography
to reconstruct atmospheric wet refractivity fields has been
proven in multiple studies using GNSS slant wet delays
(SWDs) as the input observables (Flores et al. 2000; Nilsson
2005; Rohm and Bosy 2011; Van Baelen et al. 2011) and
double difference (DD) SWDs (Nicholson et al. 2005; Troller
et al. 2006; Lutz 2008; Perler et al. 2011). Current studies
continue to assess the best methods to optimise the recon-
struction process to ultimately attain robust algorithms with
a high accuracy, reliability and near real time application.
Due to the sparse nature of ground-based atmospheric
observation systems in the southern hemisphere the devel-
opment of alternate methods for observing the spatial and
temporal structure of the atmosphere is of high priority (Fu
et al. 2009). Currently, the SPACE Research Centre at RMIT
University and The Australian Bureau of Meteorology’s
longstanding joint collaboration has provided the research
platform for the implementation of space-borne GPS
meteorological information into the current NWP model
(Le Marshall et al. 2010). This study aims to exploit the
ground-based GPS infrastructure in Victoria and potentially
other regions of Australia for the reconstruction of 4D WV
distribution using GPS tomography. Detailed description
of GPS signal refraction, GPS tomography principles and
functional model of tomography is given in Sect. 2. The
Victorian topography and atmosphere is a new area for
tomographic analysis and thus a simulation study, shown in
Sect. 3, is used as a first attempt to assess varying horizontal
and vertical voxel resolutions and the influence of a priori
data. Two synthetic horizontally homogeneous fields are
used for the analysis (1) an exponentially decreasing wet
refractivity field, and, (2) a spike wet refractivity field.
The optimal parameters are then used for a preliminary
analysis of real data, described in Sect. 4. This preliminary
study is concluded in the Sect. 5, discussing implications of
obtained results, presenting recommendations and showing
further steps in the GPS tomography research. The outlook
of this research will look at developing a robust tomographic
platform providing high vertical and temporal wet refractiv-
ity data in near real time for numerical weather prediction
models, severe weather prediction and precise positioning.

2 4D Modelling of Wet Refractivity
with GPS Tomography

GPS satellite signals are delayed and bent due to the varia-
tions in refractive index as they propagate through different
layers of the atmosphere to a ground receiver. A linear com-
bination can effectively eliminate the ionospheric component

T.Manning et al.

leaving the dry and wet effects of the troposphere represented
as refractivity (Rueger 2002).

Py Py Py
N = 77.68907 + 71.295T + 375463F = Nary + Nyers
)]

where N is the refractivity (ppm), Py is the partial pressure
of dry air (hPa), T is the atmospheric temperature (K)
and P, is the partial water vapour pressure (hPa). The
first element of (1) is associated with dry refractivity N,
whereas the last two with wet refractivity N,;.

The GPS tomographic reconstruction process consists of
retrieving the scalar field of wet refractivity values within a
finite grid of volume pixels (voxels) from multiple integrated
values passing through the media at different positions and
orientations (Gradinarsky and Jarlemark 2004). The key
aspect in GPS tomography is a linear relation between path
delays which are an integrated measure of signal delay, and,
refractivity N within the finite voxel model, the same relation
holds. According to (1) for dry and wet refractivity, the
integration of refractivity N along the propagation path delay
APP between satellite x and receiver a can be expressed as
(Troller et al. 2006):

X X
APPY = 10—6/ N -ds = 10—6/ Ny - ds
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a

where ds is the line element along the ray path and SHD
and SWD are slant dry and wet delays, respectively. Ray
bending is neglected and a cut-off elevation angle of 5° is
used (Bender et al. 2008).

The Bernese GPS processing software V5.0 is used to
attain the Zenith Total Delays (ZTD) and the DD residuals
ACD;C,’;; using a “shortest distance baseline” strategy and a
double differencing approach (Dach et al. 2007). A DD path
delay observation can be reconstructed between two satellites
(x and y) and two receivers (a and b) using the ZTDs from the
receivers which are mapped to the corresponding elevations
of the satellites using the Niell mapping function (Niell 1996)
m (el2) with the addition of DD residuals. In this study the
wet refractivity is of interests, therefore the dry component
is eliminated with high accuracy using additional ground
meteorological observations at the GPS station using the
dry Saastamoinen model (Saastamoinen 1972). The final DD

SWD equation (Troller et al. 2006) reads as follows:

2, SWDX>Y _ A2 SWDX,Y X,y
A ab — A a,b + ACIDa,b’
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where,

A2SWDTY — (AiWD -m (elf) — AZWD . m (eljf))

— (A7 m (ely) = DT m (el) ).
“

DD SWDs are constructed and used as the input views
through the finite voxel model due to the advantage of
automatically eliminating the satellite and receiver clock
biases (Ware et al. 1997).

For this study, the 4D WV tomography is processed
using the Atmospheric Water Vapour Tomography Soft-
ware 2 (AWATOS 2) which uses a Kalman filter for the for-
ward processing, pseudo-inverse and inter-voxel constraints
(Perler 2011). Using a triliniear parameterized field the algo-
rithm of AWATOS 2 expresses the DD SWD observations as
a weighted sum of the grid nodes (Perler et al. 2011).

Si+1
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The tomography system of Eq. (5) is solved for wet
refractivity using additional constraints in the form of pseudo
observations, and optional a priori observations Ny, such
as radiosonde or ground-based meteorological sensors, GPS
radio occultation and radiometers. In the matrix form Eq. (5)
with additional information as stated above, reads as follows
(Lutz 2008):

Nwet 1
AZSWDE xwer 2
ZWD wet 3
N “ =H- Nwet 4 (6)
apriori,i N, 5
0; wet

Nwet 6

Where H is the design matrix. The Kalman filter is a
powerful processing procedure and is highly advantageous
for estimating the evolution of dynamically changing param-
eters. Previous studies have also incorporated a Kalman
filtering technique to efficiently utilize the slant delay obser-
vations to attain tomographic solutions (Gradinarsky and
Jarlemark 2004; Nilsson 2005; Troller et al. 2006; Perler
et al. 2011). Without loss of generality Kalman filter equa-
tions in epoch k, adapted to comply with notation presented
before read as follows (Grewal and Weill 2002):

Predicted state vector:

Nwet k (_) = FkNwet k—1 (+) @)

Prediction covariance matrix:

P (—) = FiPp_((HF[_ + Qry (8)
Updated state estimate:
Nwet k (+) = Nwet k (_) + Kk (Zk - HkNwet k (_)) (9)

Update covariance matrix:

Py (+) = Pi (—) — KpHi Py (-) (10)
With the Kalman gain:
— T T -1
Ki = Pc (O HY (HPc ) H] +Re) (D)

Where, Qi reflects the dynamic disturbance noise, zx is a
matrix containing all types of observations as stated in (6),
Py is the covariance matrix, Fy is the transition matrix, Ry is
a measurement noise, and Nye x (—/+) is the predicted and
updated state, respectively.

Following Perler et al. (2011) the transition matrix Fy in
AWATOS 2 is implemented as the identity matrix. The initial
state provided from the background model is predicted with
(7) and updated with (9) based on the Kalman gain matrix
K (11) in every estimation step. The procedure also applies
to prediction (8) and update (10) of the covariance matrix.
The initialization of the Kalman filter follows parameters set
in AWATOS 2 from Perler (2011).

3 GPS Tomography Simulations

The feasibility and capability of reconstructing the physical
dynamics of wet refractivity using a 4D tomographic tech-
nique above the topography of Victoria, Australia is initially
tested using simulations of a synthetic tropospheric state.
The simulations are then used as a preliminary evaluation for
the horizontal and vertical voxel resolution, and, to assess
the influence of a priori data on the solution convergence
rate and solution accuracy. Future studies will focus on
developing a scientific platform for near real time tomo-
graphic data in Australia. The Victorian GPS CORS network
comprises approximately 105 dual-frequency geodetic grade
GPS receivers in continuous operation from which 76 are
used for this research. Mean inter-station distance is approxi-
mately ~55 km with a reasonably homogeneous distribution.
The network is highly dense for Australian standards and
has the potential to be a major resource for meteorological
data especially in the absence of sufficient meteorologi-
cal observation systems. The initial voxel construction was
set to a standard 1° (110 km) horizontal voxel resolution.
A mean GPS inter-station distance of 55 km for GPSnet was
adopted as the horizontal resolution following conclusions of
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Fig. 1 3D view of the tomographic voxel model showing the first six layers (a). And, plan view of the GPSnet network and voxel model (b). Voxel

corner point (A) is used for profile analysis

preconditions for GPS tomography from Bender and Raabe
(2007). A final configuration of 27.5 km resolution was
also tested to identify the limitations of a higher horizontal
resolution, useful for analysis of severe multi cells storms,
super cell storms and tropical cyclones (Ahrens and Samson
2010). Figure 1 shows the current Victorian GPSnet infras-
tructure and locations of sites under experiment and the base
6 x 12 voxel model (55 km resolution). In this analysis the
voxel corner point A is used for validation purposes of the
reconstructed refractivity field (Fig. 1).

3.1 Experiment Setup

Each simulation campaign is processed using real ground
GPS station and satellite coordinates. Two synthetic hori-
zontally homogeneous fields are used for the analysis (1) an
exponentially decreasing wet refractivity field averaged from
aradiosonde profile from 1st December 2010, and (2) a spike
wet refractivity field (Perler 2011).

There is no variation in the horizontal as the main limita-
tion in GPS tomography is the vertical resolvability (Perler
2011; Rohm and Bosy 2011). For simulations based on a
synthetic exponentially decreasing wet refractivity field the
following expression is used (Perler 2011):

h
Nwet(h) = NwetOeXp (_l’l_) s (12)

N
Where, N, o is the surface wet refractivity and hg is
the scale height. To assess the impact of the vertical
layer spacing on the tomographic solution two different
segmentation techniques were used, namely constant and
exponentially decreasing resolutions. Figure 3 presents the

height distribution of GPSnet stations with respect to both
layer spacing techniques.

A flat distribution of GPSnet stations is evident with only
8 stations above 500 m altitude and a maximum station
height of ~1,900 m. Large variations in receiver heights are
essential for resolving the vertical structure using tomogra-
phy (Bender and Raabe 2007). With the absence of opti-
mal receiver geometry, inter-voxel constraints and additional
information on the vertical profile of refractivity become
increasingly more important (Gradinarsky and Jarlemark
2004). Current experiments adopt two different vertical spac-
ing techniques—constant (Rohm and Bosy 2011) and expo-
nential (Champollion et al. 2005; Lutz 2008; Perler 2011).
This preliminary study aims to compare both methods using
the same number of layers which corresponds to the same
number of unknowns in (6). The exponential spacing tech-
nique distributes the stations over 7 lower layers creating a
height differential which in theory will enhance the vertical
resolvability compared to the constant technique which hold
nearly all stations in the bottom layer.

Next step was to assess the influence of additional point
observations N, on the tomographic solution. Two meth-
ods are tested (1) the N, Tepresents simulated data for
a network of synoptic weather stations, and, (2) the Nepyiori
represents a simulated profile located in the centre of the
model. Both methods derive observations from simulated
wet refractivity field (12) and are input into the observation
matrix equation set (6) as a known value with a variance of
1 ppm? at point (pg 1)

The evolution of the simulated tomographic reconstruc-
tion process uses a forward and backward modelling strat-
egy. Firstly, an initial synthetic refractivity field (original
field) is defined. In the forward model process, ray tracing



Determining the 4D Dynamics of Wet Refractivity Using GPS Tomography in the Australian Region 45

a b
15000
14000 15000
13000 | AWATOS 2 Simulation 14000 |AWATOS 2 Simulation
) 13000 ——Spike analysis
12000 Exponential model
12000
11000
11000
10000
10000
— 9000
E = 9000
= 8000 _g 8000
% 7000 % 2000
==
6000 I 6000
5000 5000
4000 4000
3000 3000
2000 2000 ]
1000 1000
0 0

0 20 40 60 80 0 g 10 15

Wet refractivity (ppm) Wet refractivity (ppm)

Fig. 2 Exponentially decreasing refractivity field (a), spike refractivity
field (b)

implemented in the AWATOS?2 software (Perler et al. 2011)
is used to simulate integral SWD (2) and point observations
through the synthetic atmosphere (12), as shown in Fig. 2. At
this stage measurement noise is added to the simulation pro-
cess using a Gaussian distribution error of 5 mm in the zenith
direction. This accuracy measurement is extracted from final
results of a validation study comparing ZPD estimates of
three GPSnet receivers to three Victorian radiosonde sites
over a 2 month period (December 2010-January 2011)
and complies with the value used in (Perler 2011). After-
ward, observations including satellite and receiver coordi-
nates are used to reconstruct DD SWD observations table 2.
The simulated observation data is then used to reconstruct
the refractivity field using the Kalman filter (7-11)—this
is the backward model process. Finally, the estimated field
Nwe, is compared to the simulated atmosphere N,,,. The step
size of the backward model (9) and observation sampling
size are both set to 30 s. The data evaluation process uses
a profile comparison at voxel corners (A), since our focus
lies on resolving the vertical structure. The root mean square
(RMS) error of the difference between simulated N, profile
at (A) and estimated wet refractivity profile at (A) is used to
assess the accuracy of the profile solution. Additionally, the
solution convergence rate and processing time are also taken
into account.

3.2 Results and Discussion

Horizontal Resolution
The high horizontal voxel resolution is an imperative
parameter for optimizing the depiction of highly dynamic

Table 1 Table presenting the optimal configuration and the experiment
variations

Voxel resolution Base configuration Experiment variations

Horizontal 6 latitude X 12 longitude 3 x6,6x 12,12 x24
Vertical 15 levels 15

Vertical layer Exponential function Constant, exponential
spacing function

Table 2 Observation model parameters

Value

Double difference slant wet delays
74 (~105 in GPSnet)

~55

GPS sampling interval size (s) 30

Observation model parameters
GPS observations

Number of GPS stations
Inter-station distance (km)

Tomography step size (s) 30
Additional observations None

Observation covariance matrix Full covariance model

hydrological hazards (Lutz 2008). The horizontal distri-
bution of wet refractivity is highly variable in space and
time especially during the life cycle of severe weather.
The development of an optimal configuration for detecting
the dynamic changes in wet refractivity in Australia is
a goal for future research with potential applications in
nowcasting, severe weather and precise positioning. This
preliminary study compares the tomographic solution
accuracy of three horizontal voxel resolutions (Table 1)
using the exponentially decreasing wet refractivity state
2(a). The objective is to identify which horizontal voxel
spacing is optimal for reconstructing the 4D structure of wet
refractivity based on solution convergence rate, RMS error
analysis and total processing time. A 3 x 6 configuration
(110 km resolution) was used in an initial tomographic
simulation. The second simulation followed Bender and
Raabe (2007) where the mean GPS inter-station distance of
~55 km was adopted (6 x 12). The final 27.5 km resolution
was constructed as double the second resolution (12 x 24)
to assess a higher resolution, advantageous for severe
weather monitoring (Ahrens and Samson 2010). For all three
horizontal resolutions vertical layer spacing is kept fixed to
the exponential model (Fig. 3a). Figure 4 presents the RMS
error for each configuration over the first hour. The 55 km
solution converges below 1 ppm within 13 min and has a
final RMS error of 0.49 ppm after 24 h. The 110 and 27.5 km
solutions take 45 and 40 min respectively to converge below
an RMS error of 1 ppm and conclude a final RMS error of
0.20 and 0.78 ppm respectively. The total processing time
for this 24 h campaign using 27.5, 55 and 110 km, solutions
were 10 h, 24 h and 5 weeks respectively.

Based on these initial results the 55 km horizontal reso-
lution was concluded to be optimal as the convergence rate
was faster than the 27.5 and 110 km solutions by more than
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a factor of 3. The processing time of the 55 and 110 km
solutions were both equal to, or, less than the total campaign
time which is sufficient for the scope of near real time
solutions. The 27.5 km resolution was disregarded due to
the processing time taking 35 times longer than the 55 km
solution and the slow convergence as seen in Fig. 4.

Vertical Resolution

Up to 50 % of water vapour is located in the boundary layer.
It is therefore, imperative to model the dynamic and vertical
structure of water vapour below ~2 km with high resolution.
This paper presents results from a simulation study on the
vertical resolution, testing the feasibility of reconstructing a
sharp vertical wet refractivity spike within a defined vertical
layer (Perler 2011; Rohm and Bosy 2011). This analysis uses
a constant wet refractivity field of 0 ppm and implements a
wet refractivity spike layer of 10 ppm from 2,000 to 2,500 m
altitude situated ~100 m beyond the altitude of the highest
ground station. It compares two layer spacing techniques:

1 December 2010 UTC (min)

constant and exponential spacing (Fig. 3). A total of 15
layers are used for each voxel spacing technique providing
1 km vertical grid spacing with the constant method and
high to low vertical resolution with increasing altitude for the
exponential method. DD SWD observations are simulated
through the spike refractivity field (Fig. 2b).

Figure 5a presents the profile comparison between con-
stant and exponential spacing after 20 min of processing.
Both configurations produce a similar RMS of 2 ppm after
20 min, however it can clearly be seen that the exponential
method has a much higher vertical resolution in the lower tro-
posphere (< 5 km altitude) in contrast to the constant method
and much less in the upper troposphere (up to 15 km). In
this respect the exponential technique is advantageous as it
provides high resolution at low altitudes where the density
of water vapour is high and lower resolution in the upper
layers where there is exponentially less. This conclusion is
consistent with Lutz (2008) and Perler (2011). Figure 5b
presents the convergence of the solution over time with the
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Fig. 5 Spike layer profile comparison between constant and exponen-
tial vertical spacing configurations (a), and time evolution of spike layer
analysis using exponential vertical spacing configuration (b)

spike being accurately resolved after 20 min of processing
using a time step and data interval size of 30 s. The optimum
number of layers are yet to be determined, currently 15 layers
in exponential scheme is set to comply with 1 km vertical
resolution from constant method.

Additional Point Observations

Using evidence presented in this section the 55 km grid
model and exponential layer function are used as the optimal
grid structure. Two types of additional data are processed
and compared using identical forward and backward sim-
ulation processing parameters. The first simulates the use
of synoptic weather station networks within Victoria. The
second simulates the inclusion of profile observations such
as radiosonde and GPS radio occultation (Hajj et al. 2002).
For both methods point meteorological data (Nyprieri) are
simulated for each station or profile point (pg 5 ) using (12)
with a variance of 1 ppm? and included into the observation
matrix in (6). The objective of this simulation is to identify
the magnitude of influence additional data has on the solu-
tion with respect to convergence time and final RMS error
accuracy. The data sampling rate for the synoptic and profile
data was set to 15 min and 12 h respectively, to simulate
Australian standards.

The synoptic solution converged to an accuracy of less
than 1 ppm within 4 min with a final RMS error of 0.22 ppm,
whereas, the profile solution converged to an accuracy of
less than 1 ppm within 3 min with a final RMS error of
0.1 ppm. Compared to the solution without additional data
the convergence rate for the synoptic and profile solution are
faster by a factor of 3 and 4 respectively.

In addition, further developments are proposed to include
both synoptic and profile data from instruments such as
radiosonde and GPS radio occultation for real data cam-
paigns. These will have significant influence on the vertical
resolvability and the tomographic solution’s ability to track
sharp temporal changes in highly dynamic wet refractivity
fields especially during the lifecycle of severe weather.

4 Preliminary Real Data Experiment

This preliminary real data experiment is conducted for 24 h
on the 1st December 2010 under unstable conditions of
severe weather. Hail, heavy rain and thunderstorms were all
reported throughout Victoria during the 24 h campaign. GPS
data from the Victorian GPS network (Fig. 2) was processed
using the Bernese GPS processing software V5.0 (Dach et al.
2007) using a shortest distance baseline strategy and a double
difference approach. The estimated hourly Zenith Path Delay
(ZPD), the DD residuals, interpolated meteorological data
from Numerical Weather Prediction model ACCESS-R (Le
Marshall et al. 2010) and satellite and receiver coordinates
are used to reconstruct the DD SWD (3) observations which
are the primary input for the tomography inversion dur-
ing each update step (7-11). Furthermore, an exponentially
decreasing wet refractivity field (12) is used as the initial
state. A 55 km voxel model is used with a 15 increasingly
larger height layers. This preliminary study restricts the
experiment to 1 day with update solutions every 5 min.

Each 6 hourly NWP analysis profile is compared to the
tomographic solution with a final RMS error of 5.8 ppm.
Figure 6 shows the evolution of the tomographic profile (A)
up to 7,500 m throughout the 24 h with the indication of
sharp temporal changes detected. The profile on the right
(Fig. 6) presents the average profile for the 24 h and the
standard deviation of wet refractivity at different heights. It
can be seen that the largest amount of variation occurs below
3,000 m which provides the emphasis for higher resolution
in lower layers. Continuing research will focus on the accu-
rate implementation of additional a priori information from
modern atmospheric sounding technologies such as GPS RO
and radio sounding.

5 Conclusion and Outlook

The results presented in this paper show a new study into
methods of discretizing the atmosphere in the Victorian
region using a 4D GPS tomography solution processed with
the AWATOS?2 software package (Perler et al. 2011). The
SPACE Research Centre in collaboration with the BoM are
currently involved in researching sophisticated methods of
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Fig. 6 Wet refractivity profile
for 24 h (1st December 2010).
The figure shows the temporal
change of a wet refractivity
profile (A) every 5 min with the
profile on the right presenting the
average profile and standard
deviation of the daily wet
refractivity at different heights
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implementing space-borne GPS meteorological information
into the BoM NWP model (Le Marshall et al. 2010). Ground-
based GPS observations as critical Australian National Posi-
tioning Infrastructure have not yet been incorporated into
the operational NWP ACCESS-R model. This preliminary
study provides the platform for continuing developments
in 4D GPS tomography and ultimately aims at deriving
an optimized algorithm of tomography within Australia to
increase the capability of NWP model forecasts, nowcasting
and especially in the early detection of severe weather events.
A simulation study is used to compare solution accuracies
of varying horizontal and vertical voxel resolutions and the
influence of a priori data. This preliminary investigation
revealed an optimal voxel construction of 55 km horizontal
resolution with 15 increasing height layers based on conver-
gence rate, final RMS error and data processing time. Further
simulations showed the addition of a priori information has a
large influence on the vertical resolvability and convergence
rate of tomographic solutions. Future simulation research
will be focused on conclusive parameter optimization for
the Australian region. Preliminary real data analysis assessed
the time evolution of tomography solutions over 24 h with
an overall RMS error of 5.8 ppm compared with Australian
NWP analysis. Further real data research will aim at incor-
porating sophisticated a priori observation methods such
as GPS RO and radiosonde into the tomography to assess
the improvements in the resulting refractivity fields and the
potential future capability of assimilating solutions into the
Australian NWP model to analyze forecast improvements.
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