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ABSTRACT

This paper presents a conceptual approach for near real time Global Positioning System (GPS) meteorology in Malaysia
using combined space- and ground-based GPS observations. Data from a single GPS station is utilised to derive wet refrac-
tivities for comparison with radio occultation (RO). This study shows that the wet refractivities from the ground-based GPS
present similar patterns and better correlation with the radiosonde data than that from the space-based GPS RO data at altitudes
between O - 5 km. Similarly, the wet refractivities derived from RO are more highly correlated with the radiosonde data than the
ground-based GPS at altitudes above 5 km. The residual N, vary from -9.25 - 21.136 N-unit at 00 h UTC for the ground-based
GPS while for the GPS RO, it is -19 - 9.259 N-unit at 00 h UTC.
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1. INTRODUCTION

Atmospheric water vapour plays a crucial role in the
Earth’s energy and hydrological cycles due to its high vari-
ability. Hence, information on atmospheric water vapour is
essential for predicting global climate changes and rainfall
phenomena. However, because of its spatial variability and
complexity in time and space, accurate water vapour ob-
servations in real time are very challenging (Varmaghani
2012). Several comparative analyses of Global Position-
ing System (GPS) meteorology with in-situ meteorological
observations (e.g., Kursinski et al. 1997; Liou et al. 2006;
Rizos et al. 2009) have confirmed its reliability, and hence
established the benefits of GPS observations for atmospher-
ic sounding. GPS meteorology is sensitive to the total atmo-
spheric delay of GPS radio signals and hence can provide
atmospheric information (e.g., Bevis et al. 1992; Liou et al.
2007; 2010, Lin 2010; Rizos 2012).

In space geodetic positioning an estimate of the tropo-
spheric delay is one of the by-products of GPS data process-
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ing. Conventionally, the total delay of GPS radio signals
along the line of sight from each satellite are mapped to the
zenith direction leading to a single average parameter called
the zenith total delay or zenith path delay (ZPD). ZPD is
a crucial parameter for meteorological and climatological
study (Kuo et al. 2000; Chen et al. 2011). For instance, it
serves as an additional input parameter in Numerical Weath-
er Prediction (NWP) models for synoptic meteorology, while
for nowcasting; it is a standard real time product used as a
measure of the state of the atmosphere (Bosy et al. 2010).

Over the years, ground-based GPS meteorology has
been predominantly used to estimate Integrated Water Va-
pour (IWV) over a GPS site utilising the ZPD, but this ap-
proach has limitations in resolving atmospheric refractivity
in the upper troposphere and lacks the capability to profile
the atmosphere. Alternatively, the space-based GPS radio
occultation (RO) technique has been developed, providing
global coverage with a capability to generate atmospheric
refractivity profiles. However, it has limitations in resolving
the lower tropospheric refractivity.

Unfortunately, the lower tropospheric region presents
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the greatest atmospheric uncertainties, and these conditions
are usually more severe in the equatorial region due to high
vapour content and variations in the equatorial troposphere.
However, the region is yet to be adequately studied. Hence;
there is the need for optimal profiling of the vertical struc-
ture of the equatorial tropospheric column. The equatorial
region, otherwise known as the low latitude or tropical re-
gion, is exposed to intensive sunlight all year round due to
the relatively low zenith distance of the sun in the region,
with temperatures in the ranges 20° - 35°C (Musa et al.
2011). Since water vapour is responsible for atmospheric
stabilisation, the warmer the air, the more water vapour it
can hold to form droplets that eventually produce rain. This
circumstance is responsible for the peculiar atmospheric dy-
namics and climatic uncertainty in the tropics. This great
uncertainty has hitherto limited the ability of global circula-
tion models to properly resolve the atmospheric dynamics
in the tropical region.

The challenge therefore is to precisely determine the tro-
pospheric column vapour budget and its spatial distribution
in real time. Located in the tropical equatorial region, Penin-
sular Malaysia experiences bi-monsoonal seasons; these are
the North-East monsoon (November to early March) and the
South-West monsoon (early May to August). The two mon-
soons bring heavy rain, which sometimes causes extensive
flooding in the country. In general, the mean monthly rainfall
in this region indicates drier weather conditions from May to
early July and wetter conditions from November to Janu-
ary (Musa 2007). Therefore, the monsoon seasons highly
influence the rainfall distribution in the area. Consequently,
the climate and weather conditions in the country reflect the
strong influence of the atmospheric water vapour. In view of
this, it is appropriate to develop a strategy for optimal estima-
tion of atmospheric water vapour over Peninsular Malaysia.
This paper discusses the proposed approach for GPS atmo-
spheric sensing in Peninsular Malaysia through the integra-
tion of space- and ground-based GPS observations. Hence
the concept of G-MeM relies on a combination of GPS RO
measurements with ground-based GPS observations.

2. GPS RADIO OCCULTATION TECHNIQUE

As described in Wickert et al. (2004), the RO technique
uses dual-frequency carrier phase measurements (L-band)
made by a GPS receiver installed on a Low-Earth-Orbiting
(LEO) satellite, tracking a setting or rising GPS satellite.
Combining these measurements with the satellites position
and velocity information, the phase path increase due to the
atmosphere during the occultation event can be derived. The
bending angle of the signal path is a key measurement for
GPS RO and is induced by ionospheric and neutral atmo-
spheric refraction (Lin 2010). The vertical profiles of bend-
ing angle and refractivity, temperature, pressure and water
vapour in the neutral atmosphere can be derived from the

raw RO measures of the excess Doppler shift to the radio
signal transmitted by the GPS satellite (Kursinski et al.
1997; Lin 2010). The dry and wet retrieval products can be
generated from the refractivity profiles. Several compari-
sons of GPS RO and in-situ meteorological observations
(e.g., Xie et al. 2010; Kishore et al. 2011; Kursinki et al.
2012) have demonstrated its reliability and benefits for at-
mospheric sounding.

Liou et al. (2010) observed that information about the
atmosphere and ionosphere for meteorology, climatology
and geophysics required a global coverage of the earth sur-
face by RO measurements as well as high accuracy mea-
surements and usage of radio signals in different frequency
bands. However, the global coverage can only be realised
by using many satellites transmitting radio signals. Further-
more, it is required that the atmospheric sounding period
over a certain region should be shorter than the time scale of
the changes in the atmospheric state, while the measurement
frequency in any region should correspond to the frequency
of observations. These requirements can be satisfied by a
system of high orbital satellites with long orbital period and
low orbital satellites Liou et al. (2010), hence, the configura-
tion of the GPS satellites and LEOs fulfil these conditions.

For each occultation event, the GPS RO data analysis

is carried out in three main steps (Mousa and Tsuda 2001;
2012):
Step 1. Derivation of the atmospheric bending angle: In
geometric optics theory, aray passing through the atmosphere
behaves according to Fermat’s Principle of Least Time. The
ray travel path is a curve defined by the expression:

rn(r)sin¢ = constant = a (1)

where r is the distance from the origin of symmetry to a
point on the ray path, ¢ is the angle between the direction
of r and the tangent to the ray path, and » is the refractive
index at r. Equation (1) corresponds to Snell’s Law in polar
coordinates for a spherically symmetric medium, and is oth-
erwise; known as Bouguer’s Formula (Lowry et al. 2002;
Mousa and Tsuda 2012).

The phase path between the receiver and transmitter on a
ray can be obtained explicitly for the radio signal between a re-
ceiver Eq. (1) and transmitter Eq. (2) as (Lowry et al. 2002):

L= [ @)
1

where dl = v dr* + r*d6” is in polar coordinates and 6 is the
spherical angle between the transmitter and receiver.

If G is the straight-line geometrical path length of the
radio signal through the atmosphere, the excess path length
between the transmitter and the receiver can be written as
(Bevis et al. 1992):
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AL= [n(r)dl-G
L (3)

G=yrl+r’-2rrcos6

Given that dr =dlcosa and using Egs. (1) and (2) may be
re-written as

2 le:l-iﬂx
m (r) dl:f n dx

B Jrin*(r) - a® o Wxt-a®

dx “)

where x = nr is the re-fractional radius. On this basis, a sig-
nal travelling in a spherically symmetric medium will bend
by an angle o (Born and Wolf 1999):

1 dn, (5)

a=-2a | ————
a/ nyn*rt-a dr

where a is the impact parameter of the ray and can be ob-
tained in practice from Eq. (1) as:

rnsin(¥, +6,) =rn,sin(¥.+5,)=a (6)

where ¥,, ¥,, §,, and &, are derived from ¢, and ¢, as
shown in Fig. 1.

Thus, the total bending of the ray (o =3J, + 8,) can be
derived as a function of the impact parameter (a), such that
the bending angle (o) is the fundamental function to be in-
verted in occultation processing. The bending angle o is
derived from the L1 and L2 phase delay of the GPS. The
excess delay due to the atmosphere can then be isolated us-
ing the position of the transmitter (r,), the receiver (r,) and
their clocks (Fig. 1).

The atmospheric excess phases are obtained using the
GPS double-differencing approach (Wickert et al. 2001).
This utilises ground GPS data with a non-occulting refer-
ence GPS satellite in RO data processing in order to elimi-
nate some systematic errors. However, the zero-differenc-
ing technique can also be used (Arras 2010; Wickert et al.
2012). The RO geometry for the zero-differencing approach
is depicted in Fig. 2.

The excess atmospheric Doppler can be derived from
atmospheric excess delay as a function of time.

This excess atmospheric Doppler is related to the sig-
nal bending as (Liou et al. 2010; Mousa and Tsuda 2012):

Af =-f/c(Vi-cos®, + Vicos®, - V] - sin ®) (7

where fis the GPS transmitter frequency, c is the speed of
light, and V, and V, are the transmitter and receiver velocity
vectors respectively. The superscript r and T are the radial
and tangential component of the velocity vector respec-

tively. @, and @, are the angles between the ray path and
the direction of r, for both the receiver and the transmitter
respectively.

Step 2. Retrieval of the refractivity profile: The most
popular inversion technique for atmospheric data retrieval
using RO is the Abel inversion or transform. This has been
widely used in seismic and astronomical inversions (e.g.,
Kursinski et al. 1997). The process involves using the Abel
inversion to invert the bending angle obtained from GPS
Doppler shift [Eq. (5)] to derive the refractive index as (Hajj
et al. 2002; Mousa and Tsuda 2012):

n(x) = exp| - f%da ®)

a

where x = nr.

Step 3. Retrieval of atmospheric parameters: Finally, the
atmospheric parameters; density (o), pressure (P), tempera-
ture (7), and/or water vapour (e) are derived from the refrac-
tivity profile using (Thayer 1974):

N=(n-1)10°

=k (Ps/T)Zy+ ky(P,) T)Z) + ks(P,/ T*) Z, ©)

where Z;' and Z,' are the inverse compressibility factors
for dry air and water vapour, respectively. The refraction

Tangent point

Fig. 1. A schematic diagram defining the geometrical variables for a
GPS transmitter/receiver link.

Occulting GPS satellite

b

Tangent point

& ) Bending angle

Fig. 2. GPS RO (zero-differencing geometry) with the LEO satellites.
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coefficients for Eq. (9) are given by Bevis et al. (1994) as:

k, = (77.604 + 0.05) Kmbar™"
ky = (70.4 + 2.2) Kmbar™! (10)
ks =(3.739 £ 0.012) X 10° K> mbar’"

The first term on the right-hand-side of Eq. (9) is the
dry term, while the second and the third are the wet terms
(Healy and Eyre 2000; Foelsche and Kirchengast 2001; Lin
2010). A detailed description of the RO principle (measure-
ments, retrieval of atmospheric parameters as well as proce-
dures for error mitigation) can be found in (Hajj et al. 2002;
Liou et al. 2010).

3. GROUND-BASED GPS ATMOSPHERIC
PROFILING

Several studies (e.g., Bevis et al. 1992; Liou et al.
2001; de Haan et al. 2009; Rizos et al. 2009) demonstrated
the efficiency of ground-based GPS meteorology, especially
in neutral atmospheric sensing, but the atmospheric profil-
ing concept from ground-based GPS observations became
popular following the development of GPS tomography for
3-D and 4-D variational tropospheric analysis, as well as
retrieval of the horizontal and vertical refractivity field (e.g.,
Hirahara 2000; Flores et al. 2000; Davies et al. 2001; Mac-
donald et al. 2002).

Lowry et al. (2002) examined the feasibility of estimat-
ing the atmospheric refractivity structure using ray propa-
gation models to fit GPS-derived tropospheric delay using
a least squares method. They concluded that ground-based
GPS provides useful atmospheric refractivity structure con-
straints despite its limited vertical resolution which was
attributed to the limitations of the inverse method with a
significant portion representing the spatial inhomogeneity
of the atmosphere. They recommended that future efforts
should attempt to minimise the spatial and temporal varia-
tion between GPS and in-situ measurements.

Similarly, Lin et al. (2011) generated tropospheric re-
fractivity profiles from a single GPS site in Shanghai, China
using the exponential wet refractivity distribution concept
proposed by Bean (1961). The GPS Precise Point Position-
ing (PPP) technique was used for high accuracy zenith wet
delay (ZWD) estimation. The equivalent height of the wet
term H,, was the key parameter of the wet refractivity pro-
file model and the golden section search method (GSSM)
was used to search for H, to generate the wet refractivity
profiles. The profile from GPS and the Hopfield model was
compared using profiles from radiosonde as control values.
It was reported that the GPS retrieved refractivity profiles
showed better correlation with the radiosonde profiles at
elevations below 5 km. However, they suggested that at-
mospheric refractivity retrieval of this kind should be based

upon slant path delay (SPD) since it increases in value with
a decrease in elevation angle.

There are several empirical and semi-empirical refrac-
tivity profile models such as the Hopfield model. Hopfield
(1969) gave the refractivity in the neutral atmosphere at
height & (m) as:

H,-h \*
Nl(h>=N?(7h ) an
! ! Htropo - H
0 Htmpo - h 4
Nty = Vo (7 (12)
ropo

H, = (40136 + 148.72t;) m
H,,,=11000 m
where 7, is the surface temperature, NY and N° are the sur-
face hydrostatic and the non-hydrostatic or wet refractivity
term respectively, H is the surface height above mean sea
level while, H, and H,,,, are the heights of neutral atmo-
sphere and troposphere respectively.

Bean (1961) proposed a dual-exponential model for

wet term of refractivity:
N(h):NSexp(-h/Hd)+Nfi,exp(-h/Hw) (13)

where H, and H,, are the equivalent heights of the dry and
wet term of refractivity, respectively. Following Thayer
(1974), the wet refractivity in the vertical direction is as-
sumed to obey exponential distribution hence;

N.(h) = Nyexp(-h/H,) (14)

This distribution is assumed to represent the average
condition of wet refractivity distribution in the troposphere.
Therefore, in the neutral atmosphere, the ZWD is the inte-
gral of the wet term of refractivity (V,) in zenith path. Thus,
we have (Lin et al. 2011):

ZWD = ZWD,,,, =10 [N, (h)dh
H,opo (15)
= 10’6HWN2,[1 - exp<-h’,—””>]

ZWD is also a function of H, which can be obtained
using a searching algorithm (Lin et al. 2011). For H,, less
than 3 km, the term in brackets on the right hand side of Eq.
(15) approaches one (1), while H,,,,, is usually near or great-
er than 11 km. Thus, the ZWD may be approximated as:

H, tropo
H,

ZWD = 10°H,N° [1 - exp(- )] ~10°H,N° (16)
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Equations (15) and (16) indicate that ZWD is an in-
creasing function of H,,. In general, for a moderate climate,
H,, can also be approximated as:

ZWD

HW z
10°°N°

A7)

Nevertheless, Liou et al. (2010) affirmed that the real
profiles N(h) may differ from the exponential dependence
and gave a more accurate form of vertical refractivity pro-
file as:

N(h) = Noexp(- a,h> - b, h) (18)

where N, is the near-surface refractivity,

-5
by =-11—01n<—9-2]>\<,010 ) (19)

But they observed that this relation [Eq. (18)] does not
account for the refractivity features at the tropopause and
troposphere due to the continuous presence of vapour.

4. THE INTEGRATION APPROACH

Foelsche (1999) observed that water vapour imaging
using a combination of ground- and space-based GNSS data
can only be achieved if individual occultations are collo-
cated with a ground GNSS receiver network. This condi-
tion usually occurs intermittently in time with a single or
a few LEO satellites. However, frequent constellations for
true imaging can only be possible with at least ten (10) LEO
satellites (Foelsche 1999; Foelsche and Kirchengast 2001).

Assuming straight line propagation between the trans-
mitter and receiver, as well as constant refractivity within a
pixel element, Foelsche (1999) and Foelsche and Kirchen-
gast (2001) related observed atmospheric excess phase and
refractivity with a system of linear equations to generate
slant integrated water vapour (SIWV) using refractivity as
the state vector. The water vapour imaging was then per-
formed relying on the generalised inverse solution consider-
ing SIWYV as observations and water vapour density as state
vector. In order to handle the ill-conditioning in the equa-
tions for the imaging due to the nature of the ray geometry
between the ground stations and the GNSS satellite, the GPS
occultation profile was introduced as a-priori information
and the solution was obtained from reconstruction using the
Bayesian approach (Foelsche and Kirchengast 2001).

Considering the cost and complexity of the tomo-
graphic approach and in view of some of the limitations
of ground-based GPS atmospheric profiling, our proposed
methodology considers a parallel processing concept. The
combination of the wet refractivity profiles simultaneously

derived from ground- and space-based GPS meteorology
form the basis of our proposed integration concept.

4.1 Conceptual Formulation

In the neutral atmosphere the excess path delay can be
written as the integral of the refractivity (N) along the GPS
signal path. Thus, for each signal path we have (Foelsche
1999):

AL= [(n-1)ds=10°XN;S, (20)
S 1

where S is the ray path length from transmitter to a receiver,
N, is the corresponding refractivity and AL is the excess de-
lay. This leads to a system of linear equations:

y=A+v 21

where y is the observation vector (wet delay), A is the de-
sign matrix containing the length of the signal over a GPS
station, while x is the state vector (N,,), and v is the observa-
tion error. Nevertheless, the direct solution to Eq. (21) could
be based on the generalised inverse theory. The generalised
model for the observation equation:

L= f(x0) (22)

where L, = L + v is the adjusted observation and x, = x + X
is the adjusted parameter. Hence the solution to Eq. (21)
will be of the form (Ayeni 1980):

x=-(AT-P-A"-AT-P L (23)

The weight matrix P is constructed as the inverse of the co-
variance matrix of observations (Bosy et al. 2010) hence:

P=y (24)

The optimal parameter (refractivity) is obtained as (Foel-
sche and Kirchengast 2001):

X=x+ AT A+ ) AT - Ay (25)

where x is the vector of estimated parameters, x, is the state
vector (i.e., the wet refractivity), ! and 33! are the inverse
covariance matrix of measurement error and the estimated
parameter respectively. The covariance matrix of the opti-
mised state vector >, can be obtained as:

Y.=(A'S A+ ! (26)
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5. THE CONCEPTUAL APPROACH FOR
THE G-MEM

In order to develop the G-MeM concept, a new strat-
egy for optimal atmospheric water vapour estimation is pro-
posed. This approach involves simultaneous estimation of
atmospheric parameters from ground- and space-based GPS
data processing. The conceptual design for the integration
approach is as shown in Fig. 3.

The methodology for realising this concept is divided

into four phases (Fig. 4): (1) data input and sources, (2) data
processing and estimation, (3) integration and optimisation
strategy, and (4) analysis and evaluations.
Phase 1. Data input and sources: The primary data are
ground- and space-based GPS positioning data and surface
meteorological data (atmospheric temperature and pressure).
Upper air observations from radiosonde or NWP models (wa-
ter vapour profile, refractivity profile etc.) will be obtained
for analysis and validation. This proposed approach will util-
ise the GPS continuously operating reference station (CORS)
network known as ISKANDARnet [established by Univer-
siti Teknologi Malaysia (UTM) mainly for real-time survey-
ing applications (Shariff et al. 2010)]. One of the stations
(ISK1) is currently equipped with a surface meteorological
sensor which collects and streams both GPS and surface me-
teorological data in real-time to the GNSS and Geodynam-
ics (UTM G&G) research group control centre. In order to
meet the requirements for near-real-time GPS meteorology
over Peninsular Malaysia, this concept takes advantage of
the existing research collaboration between UTM G&G and
the Malaysian Space Agency (ANGKASA) through which
the ISKANDARnet is currently being expanded. Some of
the new stations currently being constructed are strategically
sited close to meteorological stations. The CORS contrib-
uted by ANGKASA include AGLG, AGKB, and AGKS.
Details of the proposed GPS/MET stations and their distri-
bution across Peninsular Malaysia are given in Table 1 and
Fig. 5 respectively.

For the space-based component, GPS data from LEO
missions will be processed in post-mission and real-time
mode by the respective mission centres and other Interna-
tional GNSS Service (IGS) analysis centres. These are free-
ly accessible for research and other uses. Two such centres
are the joint mission centre for FORMOSAT3/COSMIC
mission [i.e., COSMIC data Analysis and Archival Centre
(CDAAC) in Boulder, USA and the Taiwan Analysis Cen-
tre for Cosmic (TACC)].

Phase 2. Data processing and parameter estimation:
This phase will implement the parallel processing scheme.
Two components are involved; the ground-based GPS pro-
cessing system and the space-based occultation system.
The methodology for our proposed ground-based system
follows the principle of direct ground-based GPS profiling
of atmospheric refractivity as outlined by Lin et al. (2011).

Our approach utilises the data double-differencing (DD) ap-
proach to facilitate the estimation of accurate hourly ZPD.
The parameter settings for the proposed processing strategy
are detailed in Table 2.

The Bernese GPS processing software version 5.0 will
be used. Although; the software was designed to operate in a
post-mission mode Dach et al. (2007), it will be customised
for the proposed near-real-time mode. Values for N, will
then be generated based on the dual exponential distribution
model described by Eq. (14). Dach et al. (2007) observed
that the Saastamoinen (1972) model with Niell mapping
function (NMF) performs better than other models at eleva-
tion angles lower than 5°, while Lowry et al. (2002) and Lin
et al. (2011) recommend the Hopfield hydrostatic refractiv-
ity model for estimating the hydrostatic refractivity. There-
fore, these models will be adopted for this study. We seek
to generate SPD from the estimated ZPD so that ZWD can
be replaced with the wet delay along an individual satellite
path as the slant wet delay (SWD). Hence, the ZPD will be
converted to SPD using the following (DouSa 2008):

SPD = mf,(z) - ZHD + mf, (z) - ZWD =SHD + SWD  (27)

where, ZHD and SHD are the zenith and slant hydrostatic
delay respectively, mf,(z) and mf,(z) are the hdrostatic and
wet mapping functions respectively, and z is the zenith an-
gle of the satellite. Equation (27) will be used for estimation

GPs Satellites orbit
St

DATA INPUT
& SOURCES

LEO (COSMIC) Satellite Orbit
Occultation
Measurements |

GPS CORS
Measurements

Other supporting Data:
IGS & GEN Directory

THE GROUND-
BASED SYSTEM ¢

==

DATA PROCESSING &
INTEGRATION SYSTEM

THE
INTEGRATION
SYSTEM

THE SPACE-
BASED SYSTEM

——

==

OUTPUT:

2 ,—15,; Wet refractivity profile

M Slant Integrated Water Vapour

: ZPD, SWD.

OUTPUT DISPLAY UNIT 1)
——

Fig. 3. The integrated GPS atmospheric sounding concept.
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Fig. 4. The Proposed methodology for the NRT integrated GPS meteorology.

Table 1. List of GPS Meteorological Stations.

S/No.  Station Name Stat;on Ab- State Approximate Coordinates
rev Latitude  Longitude

1 ISKANDARnet1 ISK1 Johor 01°33’37"  103°38°14”’

2 Kota Bahru AGKB Kelantan ~ 06°09°55"  102°17°32”
3 Kuantan JLKU Pahang  03°48°00"”  103°20°00™
4 Melaka JLML Melaka 02°10°44>”  102°14°56”’
5 Banting AGKS Selangor ~ 02°49°33”"  101°32°14”’
6 Pulau Langkawi AGLG Kedah 06°19°43”° 99°51°05"

AGKB

AGLG “ A

""""\ : JL U
AGKS&*‘J»»

JLML ‘ﬁf'
ISK1 >

NS

Fig. 5. Proposed GPS/MET stations and selected IGS CORS distribution.
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Table 2. Parameter settings and models for the proposed data processing strategy.

Parameters Processing Strategy
Input Hourly
Network design OBS-MAX
Elevation cut-off angle 3°

Weighting of GPS observations

cos*(z); z = zenith angle

Sampling rate 30-180s

Orbits/EOP

IGS Ultra-rapid Orbit (igu) and Earth Orientation parameters (EOP)

Station coordinates

Tightly constrained to the ITRF2008 reference frame

Absolute antenna phase centre corrections PHAS COD.I08, SATELLIT.I08

Ocean loading model FES2004

Tonosphere

Double-difference ionospheric-free (IF) linear combination

Ambiguity resolution

Fixed solution, resolved using QIF strategy

Ionosphere model for ambiguity fixing

Global ionosphere model from CODE

Gradient estimation

Horizontal gradient parameters: tilting at 24 h interval

A-priori model

A-priori Saastamoinen hydrostatic model with dry nail mapping function

Mapping function

Wet-Niell mapping function (1 h interval)

Relative troposphere constraints Loose

ZPD estimates

Hourly (1 h)

of the SWD which can then be expressed as a function of the
equivalent height of the wet term (H,,) and used to generate
H, with a searching algorithm.

5.1 Searching for the Equivalent Height (H,,):

The GSSM will be utilised for the search scheme and
the algorithm is presented in Fig. 6.

This method is applied to each SWD to retrieve H,, from
each GPS estimate using Eq. (16). The ground-based wet re-
fractivity profile will then be generated utilising Eq. (14). For
the space-based component, the basic principle of GPS RO
has been discussed in section 2, which outlines the steps in
generating the refractivity profile from GPS RO data. The
equivalent SWD for all the RO-derived refractivity can be ap-
proximated using Eq. (16). Therefore, SWD and the equiva-
lent N, are estimated simultaneously from the two processing
systems. The sequences for these processing considerations
are summarised in the process flow architecture (Fig. 7).
Phase 3. The integration and optimisation strategy: Two
approaches have been identified for the integration strategy.
I. The single step approach: This approach considers the
profiles and SWD from the two systems as observations and
solves for optimal refractivity in a least squares sense. This
will be referred to as the “single-step or direct optimisation
concept”. In order to realise this concept, Eq. (21) is slightly
modified:

y=Ar+v (28)

where A represents the equivalent height H,, instead of signal
path length and the remaining parameters are as defined in
Eq. (21). The optimal N, will be realised by solving Eq. (28)
through a system of Eqs. (22) - (25).

II. The selective approach: The second approach involves
collocating occultation points with ground-based GPS sta-
tions. Figure 8 shows a collocation scheme using the oc-
cultation points from a European Meteorological Satellite
(EUMETSAT) called METOP A and ISKANDARnet (the
proposed GPS/MET).

Since occultation points are traceable to the ground
surface from the tangent point, the coordinate of each oc-
cultation event and GPS ground station will be used to de-
termine their collocation, while the equivalent heights will
be used to ascertain the consistency of estimated quantities
from occultation and ground-based GPS.

Shi and Gao (2012) affirmed that the horizontal co-lo-
cation resolution for the space-based and the ground-based
GPS observation can generally be considered to range from
100 - 300 km. However, Kuo et al. (2005) adopted 300 km.
In this study, the co-location of 2° (about 200 km) is pro-
posed. Thus, the following assumptions are made:

(1) A GPS occultation point M(¢p, A) is said to be col-
located with the GPS ground station N(g, A7) if
0<M(p,A)-N(@, 1) <+2°.
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(2) At altitude above 5 km, profiles from occultation are (3) At altitudes below 5 km, profiles from the ground-based
more consistence and reliable than those from the GPS are more consistent and reliable than those from
ground-based GPS. occultation.

GIVEN:
Initial Interval: (a;, b,)
Precision:L>0

x=a,+0.382 (a, - b,)
y=a,+0.618 (b, —a,)

Compute Function:

0= 10x N
fly)= | Ois.y.N‘?

k=1ton
Iterations IF:
b_a <L

WHEREAS

LET: LET:
A1 = X brer = X X1 = Ve and A1 = A Pl = Vi Vi = and
Vi1 = Asa +0.618 (Dysy - Asa) X1 = Beg +0.382 (byy - Apen)
COF’V'PUTE: COMPUTE:
(Viea) F(X1)
LET:
k =k+1

Fig. 6. Golden Section Search Method (GSSM) Algorithm (modified after Lin et al. 2011).
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Fig. 7. The NRT Processing Architecture.
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Fig. 8. Collocated occultation point [from METOP A satellite (http://
www.romsaf.org)] with ISKANDARnet for 1% - 30" January 2008.

Based on these considerations, the inconsistent estimates will
be marked as “bad” observations and rejected. Subsequent-
ly, the selected estimates will be utilised in the optimisation
sequence as discussed above for the first approach. This will
be referred to as “stepwise or selective optimisation”.
Phase 4. Evaluation and analysis: The optimised refractiv-
ity will be examined using the estimate from the variance-
covariance matrix [Eq. (22)]. For a near real time realisation
of quality control, a refractivity field from NWP model (e.g.,
NCEP and ECMWF models) or high resolution readiosonde
observations will be used to achieve hourly assessment of
our determinations. The errors in SWD for instance, can be
computed as the absolute difference between the reference
or true value (e.g., from radiosonde) and the derived value
from GPS:

SWD,,, =|SWD(H,) - SWD (H,) | (29)

The correlation statistics and root mean square errors of de-
termination can be computed.

6. ANALYSIS OF WET REFRACTIVITY FROM A
SINGLE GPS SITE AND GPS RADIO
OCCULTATION (RO) DATA

In order to ascertain the feasibility of the proposed
methodology, a comparative analysis of wet refractivity (N,,)
derived from the ground-based GPS and space-based GPS
RO observations has been conducted. ZWD estimated from
GPS data at station BANT which is one of the Malaysian

real-time kinematic network (MyRTKnet) for DOY 2008
002 at 00 and 12 h was utilised in the GSSM model as dis-
cussed above to generate N,, over the GPS sites. Refractivity
(N) data from RO and high accuracy radiosonde observa-
tions over the same period was obtained from CDAAC and
the United State National Space Administration (NASA)
global radiosonde archive websites respectively. The col-
location of the GPS RO and the ground-based GPS observa-
tions was based on the foregoing considerations. The coor-
dinates of the available two occultation points, the ground
GPS and radiosonde stations are depicted in Table 3.

The N,, at the GPS site was estimated at the same alti-
tude interval as the RO data (i.e., 100 m) up to 11 km, while
N,, from RO and radiosonde were derived from their respec-
tive refractivity data using Eq. (9). At the epoch 2008 002
00 h, RO data was available from altitude 1.6 km, while it is
available from altitude 700 m at epoch 2008 002 12 h.

7. RESULTS AND DISCUSSION

The ground-based GPS refractivity at the same altitude
was compared with RO using N,, from the high accuracy
radiosonde observations as truth. The variation of the wet
refractivity with height from both RO and ground GPS as
compared to radiosonde is depicted in Fig. 9.

The residuals computed based on Eq. (29) and the re-
sidual statistics of the derived wet refractivity over station
BANT and GPS RO at 00 and 12 h on 2™ January 2008 is
shown in Table 4.

From Table 4 the differences between the GPS-derived
N, and the radiosonde-derived N,, vary from -9.25 - 21.136
N-unit at 00 h UTC and -10.63 - 11.714 N-unit at 12 h
UTC for the ground-based GPS (at station BANT) while
for the GPS RO, it is -19 - 9.259 N-unit at 00 h UTC and
-12.078 - 13.999 N-unit at 12 h UTC. Their linear correla-
tion coefficients are 0.962 and 0.989 for station BANT as
well as 0.964 and 0.988 for RO at 00 and 12 h UTC respec-
tively. The scatter-plot is shown in Fig. 10.

From Fig. 9, it could be observed that the pattern of
variation of the wet refractivity from the ground-based GPS
data shows a pattern similar to that from the radiosonde than
the one from GPS RO at the two epochs considered in this
study. Furthermore, at the lower altitude (from O - 5 km),
the ground-based GPS N, showed better correlation with
radiosonde N, than RO N, which is highly correlated with
radiosonde N, at the altitude above 5 km (see Fig. 10), this is
in agreement with the findings from Lin et al. (2011, 2012)
respectively.

8. CONCLUSION

This paper presented a conceptual approach for the
proposed integrated GPS atmospheric sounding system. A
number of studies have shown that GPS meteorology is cost
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Table 3. Coordinate of occultation points, the
GPS station (BANT) and radiosonde station.
Station Latitude Longitude
1% Occult. 04°39°31” 99°55°02”’
2" Occult. 03°10°24” 99°55°13”’
BANT 02°49°33”’ 101°32°14”
Radiosonde 02°44°00”° 101°42°00”°
_ 8Oi(a) EPQCH 2008 002 00 h _ 1207(b) EPOCH 2008002 12 h
S S
E 70 £ 1001
7 60 ;
£ 501 % 807
:é 401 —BANT é 60+ ——BANT
g 304 —Radiosonde g 40- ——Radiosonde
& 207 —RO & —RO
% 10- - 20
3 0 T T T T —— 1 B 0 T T T _— T 1
0 2000 4000 6000  S0DO 10000 12000 0 2000 4000 6000 8000 10000 12000
MBSL Altitnde (m) MSL Altitude (m)

Fig. 9. Comparison of Wet refractivity profiles from RO and ground-based GPS data at BANT on day of year 2008 002.

1.022x - 5.3624
2=0.9247

1.1094x - 0.5383
0.9291

Table 4. The residuals statistics for the wet refractivity at

epoch 2008 002.
Epoch 2008 002 00 h | Epoch 2008 002 12 h
BANT RO BANT RO
MIN -9.250 -19.770 -10.635 -12.078
MAX 21.136 9.259 11.714 13.999
MEAN 4.836 -1.399 1.714 0.519
STDEV 5.204 5.344 4.851 4.494
RMS 7.084 5497 5.294 4.502
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Radiosonde and GPS RO Wet Ref, at 00 h
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(b) Radiosonde and Ground GPS Wet Ref. at 12 h
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y = 0.9596x + 0.6274
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3
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(d) Radiosonde and GPSRO WetRef, at12 h

GPSRO N,

Gb 80 160 liO
GPS RO N,

Fig. 10. Scatter-plot for comparing the GPS-derived N,, against the radiosonde-derived N,,.
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effective, offers better spatial distribution and continuous
observation irrespective of weather condition. Hence, it is
a promising tool to complement other remote sensing tech-
niques for measuring water vapour content. G-MeM based
on the data combination from ground-based GPS (CORS)
and space-based GPS (GPS on-board LEO satellite) obser-
vations has been proposed. The wet refractivity from these
two observation techniques formed the background param-
eters in this proposed system. In order to establish the back-
ground assumptions for the proposed concept, ground-based
and space-based (RO) GPS data were utilised simultane-
ously to generate the wet refractivity. It was observed from
the findings that the wet refractivities from the ground-based
GPS data present similar patterns and better correlation with
the truth data (radiosonde) at altitudes between O - 5 km than
that from the space-based GPS RO data. Conversely, the
wet refractivities derived from the RO are more highly cor-
related with the radiosonde data than the ground-based GPS
at altitudes above 5 km. A detailed study involving more
ground-based GPS stations is required to fully demonstrate
the proposed concept and make conclusive deductions. This
additional research will be considered in our subsequent
publications. Results from this study are expected to be valu-
able for meteorologists and geodesists to explore the benefits
of GPS-derived water vapour, and as a starting point for the
development of a GPS-based meteorology system in Pen-
insular Malaysia. This will improve our knowledge of the
tropospheric refractive mechanism in the equatorial region.
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