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Abstract— In this paper, a simplified latitude and day-of-year
based model is proposed for the retrieval of Precipitable Water
Vapor (PWYV) from Global Positioning System (GPS) signal.
Conventionally, PWYV, the total amount of water in a vertical
column of unit cross-section area, is estimated from the GPS
signal delay and a dimensionless conversion factor PI. This Pl
value is found to rely on a water-vapor weighted mean
temperature (7,,) value which varies widely across the day,
month and year for different regions. It is therefore, both time
and site specific. Analysis of the PI value and its effect on the
retrieved PWYV from the data obtained for tropical, sub-tropical
and temperate regions show that although the PI value is time
and site specific, the change in the median value of PI for
different years is minimal and is dependent only on factors like
the latitude coordinates of the particular site and the day of the
year. Therefore, using the data obtained from 174 different
sites, a latitude-coordinate and day-of-year based PI value
model for the retrieval of PWYV is proposed in this paper. The
proposed model has been successfully validated using data from
different databases: the IGS GPS NASA database, the IGS GPS
GGOS database and the VLBI database. Results show a strong
agreement between PWYV values calculated using the proposed
model and that calculated using the temperature dependent
models with 99%, 98% and 93% of error within £1 mm for IGS
GPS NASA, IGS GPS GGOS and VLBI databases, respectively.
Moreover, the proposed model allows for the ease of PWV
retrieval, which is useful in meteorological studies and also
applicable in satellite communications.

Index Terms—Global Positioning System (GPS), Precipitable
Water Vapor (PWYV), Radiosonde, T,,-T; relation, Zenith Wet
Delay (ZWD), GGOS, VLBI, PI

1. INTRODUCTION

THE water-vapor stored in the column of the atmosphere
in terms of water budget is the Precipitable Water Vapor
(PWYV) [1]. The PWV is an important indicator of water
vapor climatology and variability in the lower troposphere
and related climate processes [2, 3]. This variable is strongly
linked to the hydrological cycle and dynamical processes
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especially in regions where the overall PWYV is high [4]. The
PWYV concentrations vary with high degree of spatial and
temporal variability, depending upon the season, topography
and other local and regional climatic conditions [5-7]. Thus,
it is of importance to measure the PWV correctly and
understand its variability.

Radiosondes, microwave-radiometers, satellite based
instruments are a few conventional technologies that can be
used to measure the PWV. Water vapor climatology is
typically investigated using Radiosonde and satellite
observations. Such observations have limitations in capturing
good resolution diurnal variations as they have low spatial-
temporal resolutions [8, 9]. Radiosondes are generally
launched only twice a day.

To overcome the drawbacks of these systems, Global
Positioning System (GPS) signal is extensively being used to
retrieve the PWV values [10]. With the rapid deployment of
GPS monitoring stations in local, regional, and global scales,
ground-based GPS meteorology offers improved spatial and
temporal resolutions for water vapor variations compared to
traditional techniques [10, 11]. GPS is widely being used as
an all-weather, low-cost remote sensing instrument for
weather forecasting and climatology. Particularly in the field
of remote sensing and weather forecasting, the GPS-derived
PWYV has been used for the analysis of severe weather
conditions such as storms, floods [12-14], heavy rainfall
events monitoring, rainfall now-casting, cloud microphysics
and dynamics studies [15-17].

Estimation of the PWYV values from GPS signal is mainly
based on the delay incurred to the signals travelling from a
GPS satellite to a receiver on the ground. This atmospheric
delay of GPS signal is mostly caused by the ionosphere and
troposphere of the earth. The total delay along the zenith path
is called as Zenith Total Delay (ZTD), AL%. The ZTD can be
partitioned into two parts: Zenith Hydrostatic Delay (ZHD),
AL} and Zenith Wet Delay (ZWD), ALS,. ZHD mainly
depends on the surface pressure (P;) [18]; and the ZWD is a
function of the atmospheric water vapor profile. ZWD is
important for the retrieval of the PWV values from GPS
signals. We use GPS Inferred Positioning SYstem-Orbit
Analysis and Simulation Software (GIPSY-OASIS) [19-21]
for the computation of ZWD in this paper.

Once ZWD is computed, PWV values, i.e., pwv (in mm,
total amount of water in a vertical column of unit cross-
section area) can be derived as [10, 22],
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Here, p, is the density of liquid water (1000 kg/m?). PI
[23] is the dimensionless factor determined by eq. (2) where
R, is the specific gas constant for water vapor of 461.5181
J/kgK, K5 and K, are the refractivity constants of (3.739 +
0.012) x10° K*/P, and (22.1 +2.2) x 10 K/P,, respectively
[10]. T,y (in Kelvin) can be obtained from Radiosonde data as
shown in eq. (3).

Ty = ——. 3)

where e is the water vapor pressure and T is the air
temperature acquired from the Radiosonde sounding profiles.

Here, it is noted that the PWV values are derived by
multiplying ZWD by a dimensionless conversion factor PI.
This factor P/ is calculated using water-vapor weighted mean
temperature (T,,) as shown in eq. (2), which is calculated
using Radiosonde data with eq. (3). Due to the low temporal
resolution of Radiosonde data, Ty, is generally predicted
using surface temperature (T;) data. The relation between Ty,
and Ty is found to be site-specific and varies from one region
to another. Thus, a new (T, - Ty) relationship has to be
derived for different observation sites and this is often time
consuming. Meanwhile, there is also a practice of using PI
value as a constant of 0.15 as a rule of thumb, which often
results in inaccuracy in results [24]. Therefore, it is of great
interest for us to propose an alternative and efficient way for
retrieving the PWV values from GPS signal accurately.

In the rest of this paper, Section II presents an overview of
some existing (T, — T; ) relationships and the relationships
that we have studied using 4 years of data from 174 different
stations consisting of tropical, sub-tropical and temperate
regions. Section III proposes a new model and highlights the
novelty and contribution of this work. Section IV presents
comparison results to verify and validate the proposed model.
Finally, Section V concludes this paper.

II. MEAN TEMPERATURE (T;,) AND SURFACE TEMPERATURE
(T;) RELATIONSHIPS
A. Review on Existing (T,,, — T) Relationships
The most commonly used (T, — Ts) relationship was
reported by Bevis et al. [10] as,
Tn=a+bTy, (€))

where a =70.2 and b = 0.72.
It is noted that eq. (4) was derived based on analysis of
8718 Radiosonde profiles spanning approximately a two-year

TABLE I
(Ty — Ts ) RELATIONSHIP FOR SPECIFIC STATIONS FROM LITERATURE

Ref. Coordinate Region a b
[29] 4595°N, 13.64° E Temperate 39.94 0.83
[30] | 30.53°N,117.12°E | Sub-Tropical | 44.05 0.81
[31] 421°N, 101.98°E Tropical 182 0.35
[32] 1.35°N, 103.68° E Tropical 182.56 | 0.3432

period from sites within the United States with a latitude
range of 27° to 65° and an altitude range of 0 to 1.6 km [10].
This equation has been used by many researchers working in
this field [25-27], notwithstanding researchers from the
tropics and Antarctica regions. But studies have shown that
the accuracy of the Bevis relationship in eq. (4) is found to be
latitude dependent. It tends to overestimate T, by upto 5 K
at mid and high latitudes and tends to underestimate T, by
up to 6 K at low latitudes [28]. Therefore, instead of using
eq. (4), some researchers were aware that the coefficients a
and b in eq. (4) are region and season specific, and thus
proposed their own (T, —T) relationships [29-32] as
summarized in Table I.

As shown in Table I, for the temperate city of Nova
Gorica, Slovenia (45.95° N, 13.64° E) [29], the coefficients a
and b are found to be 39.94 and 0.83; while for the sub-
tropical city of Anqing, China (30.53° N, 117.12° E) [30],
they are found to be 44.05 and 0.81. Moreover, for the
tropical regions of Malaysia (4.21°N, 101.98° E) [31] and
Singapore (1.35° N, 103.68° E) [32], the values of a and b
are found to be close to each other, i.e., 182 and 0.35, and
182.5 and 0.3432, respectively. As can be seen from Table I,
when latitude increases, the coefficient a decreases and b
increases. It is also clear that the coefficients are distinctly
different from those of Bevis equation.

B. Derivation of (T,, — T;) Relationships

For our analysis, we have also derived the (T, —T;)
relationships for different regions. The database used for this
purpose is downloaded from the database of Wyoming
University [33], which provides Radiosonde data for any
chosen station two times a day, generally at 00:00 UTC and
12:00 UTC. The surface observation data (T;) are obtained
from METAR reports of Wyoming University. METAR,
which is a format for reporting the weather information, is
available online for different stations in similar manner as the
Radiosonde data [33]. The METAR reports show that the
surface observation is made for different stations at different

TABLE II
DERIVED T, — Ts RELATIONSHIPS FOR DIFFERENT REGIONS

Region Number Latitude Range a b
g of stations (absolute values)
Temperate 59 36.41°-90° 67.12 0.73
Sub-Tropical 62 23.80-35.33° 106.36 | 0.60
Tropical 53 0.05°-22.31° 129.13 | 052
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Fig. 2. Ty, vs T for stations from temperate region (in red dots), from sub-
tropical region (in blue circles) and from tropical region (in green triangles)
with linearly regressed equations represented in black, yellow and magenta for

Fig. 1. Location of 174 Radiosonde stations. Markers numbered from 1-59 (in
red color) represent temperate stations, numbered from 60-121 (in green
color) represent sub-tropical stations and those from 121-174 (in pink)
represent the tropical stations. [Best viewed in color]

timings. The temporal resolution of MEATR data is
generally 30 minutes.

For this paper, 4 years (2012-2015) of data from 174
different Radiosonde stations (59 stations of temperate
region, 62 stations from sub-tropical region and 53 stations
from tropical region) is used for model derivation and
analysis purposes. Locations of 174 stations in the study are
illustrated in Fig. 1.

Fig.2 presents the scatter plot of T,,, vs Ty and the linear
regression between the two for the temperate, sub-tropical
and tropical regions. The relationship for all the regions are
in the form of eq. (4). The estimated coefficients a and b
with the total number of stations used for derivation and the
latitude ranges are summarized in Table II.

From Table II, it can be seen that the gradient term, b, for
temperate region (0.73) is higher and decreases in the sub-
tropical (0.60) and the tropical (0.52) regions. This trend is
consistent to those derived by other literature as shown in
Table 1. This indicates that the correlation between T, and T
is highest for temperate and lowest for tropical, and also
verified by the estimated correlation coefficient values which
are 0.90, 0.77 and 0.5 for temperate, sub-tropical and tropical
regions respectively. This result can also be distinctly
analyzed from Fig.2, which shows data from all region at
once. Such variations amongst the 3 regions are mainly due
to seasonal changes. For example, temperate regions have
four distinct seasons, spring, summer, autumn and winter,
and therefore, the surface temperature fluctuates over a large
range from 230 K to 320 K. For the tropical region,
temperatures remain high all the year round, and therefore,
the surface temperature fluctuates over a much smaller range
of 289 K to 310 K as compared to the temperate region.

From both Table I and Table II, it can clearly be noted that
the relation between Ty, and T is site-specific which varies
from one region to another and the coefficients of only

the respective regions. [Best viewed in color]

temperate region matches well with that of the Bevis
equation [10]. Thus, it can be concluded that the Bevis
equation is only suitable for stations in the temperate region
and a new (T, - Ty) relationship needs to be derived for each
station/region, which becomes complex and tedious
especially when the data sources for T, and Ty are not
collocated.

Therefore, it is significant to develop an alternative
methodology with good accuracy that can directly predict the
PI values for different stations, instead of using long term
site specific parameters like temperature which might be
difficult to come by.

III. MODELING AND PROPOSAL OF A NEW P/ FUNCTION
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Fig 3. Plot of daily mean P/ values against Day of Year (DoY), for 4 years of
data from 2012 to 2015. The red and green circles are for North and South
Tropical stations, blue and cyan dots are for North and South Sub-Tropical
stations and black and magenta crosses are for North and South Temperate
stations respectively. The solid red line represents the best fit line for

respective regions. [Best viewed in color]
Following the discussion in Section II, an alternative
method to predict the PI values is presented in this section.
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Fig 4. Boxplot of PI values for 174 Radiosonde stations for 4 years (2012-2015). Red color represents the stations from negative latitude and black from positive

latitude. [Best viewed in color]

Four years (2012-2015) of PI values calculated from all the
174 Radiosonde stations (shown in Fig.1) using eq. (2-3) are
studied against independent parameters like station
coordinates, day of year (DoY), and station altitude. A
temperature independent model is then proposed. Predicted
PI values with the new proposed model will be used in eq.
(1) to derive the PWV.

A. Trend of PI Values with Day of Year

Fig. 3 presents 4-years’ daily averaged PI values plotted
against the DoY for all 174 stations. The red and green circles
are for northern (31 stations) and southern (22 stations)
tropical stations, blue and cyan dots are for northern (42
stations) and southern (20 stations) sub-tropical stations and
black and magenta crosses are for northern (49 stations) and
southern (10 stations) temperate stations respectively. In
general, Radiosonde stations are sparsely distributed in the
southern hemisphere. And most of the southern area on earth
is covered by sea. Thus the number of southern temperate
stations compared to the northern hemisphere is small.
Almost all the available stations from southern temperate
regions have been included in the study. It can be noted from
Fig. 1 that the chosen stations are well distributed.

From Fig. 3, it can be observed that the PI values for
tropical stations are almost constant throughout all years.
However, the PI values for other two regions show
sinusoidal trends with the change of day number (DoY). The
trend of change in P/ values for stations from north and south
alternates for the respective region due to the alternate
seasons. The amplitude of the sinusoid is higher for stations
from northern hemisphere compared to that for stations from
the southern. This phenomenon is especially observed for
stations from southern temperate region. As previously
mentioned, the number of stations considered from southern
temperate region is limited and the chosen stations are all
near to the sea (from coastal areas). Thus the variation in P/
values does not follow very distinct pattern as that of
northern stations. The sinusoidal trend of P/ values with DoY

TABLE III
VALUES OF ¢ AND d FOR (5)

c d
Region North South North South
Temperate -0.0066 0.0028 0.152 0.145
Sub-Tropical -0.0038 0.0019 0.160 0.161
Tropical -0.00016 0.00010 0.164 0.163

can be mathematically modelled with eq. (5). Eq. (5) follows
the same pattern as the Global Pressure Temperature (GPT)
model to calculate surface temperature and mean weighted
temperature in [34]. Through the regression technique, the
values of ¢ and d in eq. (5) for different regions can be
estimated and are tabulated in Table III, and the best fit line
is plotted in solid red in Fig. 3.

DoY — 28
Pl =c¢ cos( 5)

365.25 2”) +d
From Table II1, it is found that values of d decreases as we
move from the tropical stations to the temperate stations for
both northern and southern regions and the absolute value of
parameter ¢ increases from tropical stations to the temperate
stations. Physically, parameter d, represents the long term
annual statistics of P/ values which can be derived based on
the station location. Parameter ¢ indicates the seasonal
variations, which is the highest in the temperate region, low
in the sub-tropical region and the least in the tropical region.
This trend can be seen from ¢ values in Table III. Note that
the trend is more dominant in the northern hemisphere as
compared to the southern. This parameter ¢ is therefore
location dependent taking into the consideration whether the
station is from the northern or southern hemisphere.

B. Study of latitude dependency
1) Modelling Parameter d

Four years’ of data is used to derive the long term annual
median P/ values to model the parameter d. Fig. 4 shows the
boxplot of P/ values for all the 174 stations. The red colored
boxes are for stations from negative latitude and black for the
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Fig. 5 (a) Study of median P/ values with respect to absolute latitude values. (b) Altitude correction for the estimated P/ values in (a). (c) Variation in parameter
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stations from positive latitude region. From Fig. 4, it is
clearly observed that when the absolute value of latitude
increases, the median P/ values decrease whilst its variation
increases. For stations from tropical region (with absolute
latitude between 0.05° and 22.31°), the median P/ value is the
highest at around 0.162 and its variation is also the smallest.
A significant variation in P/ values is observed as the stations
move farther from the equator. Such differences can again be
linked to the seasonal changes that occur in sub-tropical and
temperate regions, which cause larger variation in
temperature and hence effects are observed in the Pl values.

Moreover, as can be inferred from Fig.4, the median P/
values of a given station could be predicted using its latitude
information. The median PI values is found to have a good
and clear correlation with latitude of the station as shown in
Fig. 5(a). The median PI values for stations from negative
latitude are represented by red stars and from positive
latitude are represented by black dots. The solid blue line is
the best fit curve as shown in eq. (6). Given L, the latitude
value of any given station, eq. (6) calculates the median P/
value for that station.

d=0.165—(1.7-1075) |L,|". (6)

While modeling PI values, it was observed that the station
altitude (H) might also affect the accuracy of the modeled P/
values. Therefore, the effects of station altitude, H, on the
predicted PI values is also assessed by using a residual
parameter which is the difference between predicted median
PI value, d using eq. (6) and actual median P/ value. Fig.
5(b) shows the residual plot. It clearly shows a linearly
decreasing trend of residual with reference to the station
altitudes. The solid blue line in Fig. 5(b) is the linearly
regressed equation which gives the altitude correction factor
defined as f =—2.38-107% H. It is found that the change in
PI values is independent of altitude when stations are from
lower altitude region where H < 1000 m. The effect of H
becomes significant when the stations are from higher
altitude region where H > 1000 m. Therefore, it is advisable
to use the altitude correction factor for stations from higher
altitude region where H > 1000 m.
2) Modelling Parameter c

It is noted that the parameter c¢ reflects the seasonal
variations and specific values of ¢ (as shown in Table III)

show latitude and hemisphere dependency of PI values. The
plot in Fig. 5(c) shows the relation of parameter ¢ with
respect to latitude. The red stars are for stations from
negative latitude and the blue dots are for stations from
positive latitude. The solid red and blue lines represent the
best fit curve for parameter ¢ as shown by eq. (7). Fig. 5(c)
and typical values of parameter ¢ from Table III, show that
the parameter ¢ also captures the phenomenon of higher P/
values for southern stations compared to the northern stations
with alternating signs.

c=—1-sgn(Ly) 1.7 -107>|L,|"fac — 0.0001 7

In eq. (7), a new factor, named as hg,, is introduced to
account for the differences between northern and southern
hemispheres. The regression results show that he,. is 1.25
for stations from southern hemisphere and 1.48 for stations
from northern hemisphere. A term sgn(L,) denotes whether
the station is from the northern hemisphere or the southern
hemisphere. sgn(L,) is 1 for stations from the northern
hemisphere and -1 for stations from the southern hemisphere.

C. Proposal of A simplified PI model

Therefore, to calculate the Pl values for a given station at a
specific day, we need the station latitude information in
degrees, L,, altitude of the station in meters, H, day of the
year for which the PI values are to be calculated, DoY.
Depending on whether L, values are positive (from north) or
negative (from south), he,. can be selected accordingly.
hqc for the northern hemisphere is 1.48 with sgn(L,) =1
and for the southern hemisphere is 1.25 with sgn(L,) = —1.
Using these information, the proposed P/ model is given in

eq. (8).

PI=[-1 " sgn(l,)- 1.7-1075|Ly|" e — 0.0001]
y (DOY —28 5 )
S\ 736525 "
+10.165 — (1.7 - 1075) |L,|“%%]

+f ®

Where, f is negligible for stations from low altitude (H
<1000 m) region and f = —2.38-107% H for stations from
high altitude (H >1000 m) region.
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Fig. 7. (a). Histogram of difference between PWV-GGOS-Prop and PWV-

Fig. 6. (a) Histogram of the difference between Prop-PI and GGOS-PI (b)
Histogram of difference between Prop-PI and Rad-PI. With bin size of 0.006
PI values. (4 years of data from 174 stations (Fig. 1))

A. Performance Comparison

For assessing the performance of our proposed
temperature independent model, P/ values calculated from
our proposed method in eq. (8) are compared with two
different temperature dependent methods: 1) PI values
calculated using T;,, derived from Radiosonde data and 2) P/
values calculated using T,, database published by GGOS
Atmosphere. GGOS database uses data from numerical
weather models from European Centre for Medium-Range
Weather Forecasts by operational analysis (ECMWF) [35].
Four years of PI values calculated for all 174 locations
(shown in Fig. 1) using both Radiosonde and GGOS data are
used for this purpose. In the following, P/ values calculated
using eq. (8) is named as Prop-PI, Pl values from
Radiosonde data (using eq. (2-3)) is named as Rad-PI, and P/
values calculated from GGOS T,, database (using eq. (2)) is
named as GGOS-PI.

The relative error in PWV, from eq. (1), due to error in P/
values can be calculated using eq. (9) [28].

APWV _ API
PWV ~  PI

©)

On the basis of eq. (9), for PI values ranging from 0.12 —
0.17 (Fig. 3), the 1% and 2% accuracies in PWV requires
errors in P values of less than 0.0014 and 0.003 on average,
respectively. Fig 6(a) and 6(b) show the histograms of
difference between Prop-PI and GGOS-PI and difference
between Prop-PI and Rad-PI respectively. Almost 67 % of
differences between Prop-PI and GGOS-PI and 58 % of
differences between Prop-PI and Rad-PI are within +0.003 P/
values. Therefore, the results suggest that the predicted P/
values from the proposed method can be used to predict
PWYV values with high accuracy as compared to the existing
methodologies. This is also reflected in the next section.

B.  Further Validation of Proposed Model

The proposed model is further validated using different
databases; the IGS GPS GGOS database, IGS GPS NASA
database, Very-Long-Baseline Interferometry (VLBI) wet
delay data, and the Radiosonde data.

1) IGS GPS GGOS Database

Two years (2013-2014) of ZWD values and corresponding

T, values for 384 IGS stations are downloaded from GGOS

GGOS-Tm. (2 years of data from 384 IGS stations) (b) Histogram of
difference between PWV-1GS-Prop and PWV-IGS-Tm. (2 years of data from
24 1GS stations). (c¢) Histogram of difference between PWV-VLBI-Prop and
PWV-VLBI-Tm. (2 years of data from 15 VLBI stations). With bin size of 1
mm.

Atmosphere website [35]. The PWV values are then derived
for each IGS site using T,,, and GGOS ZWD (eq. (1-2)) and
is named as PWV-GGOS-Tm. The IGS site location
information (altitude and latitude) and DoY is used in eq. (8)
for the proposed model and PWV values are calculated in eq.
(1) using predicted PI values and GGOS ZWD, named as
PWV-GGOS-Prop.

Fig. 7(a) shows the histogram plot of difference between
PWV-GGOS-Prop and PWV-GGOS-Tm. It is calculated that
almost 98% of difference is within +£1 mm, and the root mean
square, RMS of difference is around 0.31 mm. The RMS
values suggest that the PWV values calculated using the
proposed method works with similar accuracy as compared
to the existing temperature dependent methodology [24].

2) IGS GPS NASA Database

Two years (2013-2014) of RINEX files are downloaded
from NASA’s website [37] for 24 IGS stations (8 from
temperate, 8 from sub-tropical and 8 from tropical regions)
and ZWD is processed using GIPSY OASIS software with
the recommended scripts. All the chosen stations are
collocated to the corresponding Radiosonde stations used in
the derivation of the model. For each IGS station,
corresponding (Ty, - Ty) relationship is selected from Table 1T
to predict the T,, values. The predicted T,, values are then
used in eq. (1) and eq. (2) to derive the PWV values which is
named as PWV-IGS-Tm. Each station location information
(altitude and latitude) and DoY is then used in the proposed
model, eq. (8), to get the corresponding P/ values. Finally the
predicted PI values and calculated ZWD values are used in
eq. (1) and PWV values are calculated, named as PWV-1GS-
Prop.

Fig. 7(b) shows the histogram plot of difference between
PWV-IGS-Prop and PWV-IGS-Tm. The distribution of
histogram is similar to Fig. 7(a) with almost 99% of the
differences within =1 mm with an RMS value of 0.33 mm.
This result again strongly suggest that the proposed model
can calculate PWV wvalues as accurately as using the
traditional Ty, - T relationship approach [24].

3) VLBI Database

The proposed model is further validated using the VLBI
database. The CDDIS archive of VLBI products consists of
solutions derived by IVS analysis centers from the analysis
of VLBI experiment files [38]. These products include the
troposphere parameters like ZTD and ZWD. These
tropospheric parameters with meteorologically important



surface parameters such as temperature, pressure and
humidity, is downloaded from IVS data center [39]. In this
analysis, 2 years (2013-2014) of ZWD wvalues and
corresponding surface temperature values for 15 VLBI
stations (Algo, Bada, Fort, Hart, Hoba, Kath, koke, Mate,
Nyal, Onsa, TSKB, West, Wett, Yebe, Zele) are used.

For each VLBI station, corresponding (T, - Ty)
relationship is selected from Table II and T;,, values are then
predicted. The predicted T,, values and VLBI wet delay
values are then used in eq. (1) and eq. (2) to calculate the
PWYV values which is named as PWV-VLBI-Tm. Each
station location information (altitude and latitude) and DoY is
then used in the propose model, eq. (8), to get the
corresponding PI values, which are used in eq. (1) with
VLBI ZWD to calculate the PWV values, and named as
PWYV-VLBI-Prop.

Fig. 7(c) shows the histogram plot of difference between
PWV-VLBI-Prop and PWV-VLBI-Tm. The distribution
shows that a large portion (almost 93%) of the differences is
very small (within £1 mm) with an RMS value of 0.38 mm.
Therefore, similar conclusions as presented in earlier
subsection can be drawn. Through validations using different
datasets, it is shown that the proposed model works well with
high accuracy.

4) Independent Station Validation

To have a comprehensive comparison, a GPS station from
Japan (ID: TSKB), which is collocated with the VLBI station
(ID: TS) and Radiosonde station (No.: 47646) is used for
independent validation purpose. The Radiosonde data from
this station was deliberately left out (not one of the 174
stations) during the derivation of the proposed equation.

Based on the good data availability from all databases, two
years (2011 and 2012) of ZWD data are downloaded from
the respective sites of GPS station (using NASA database
and GGOS database) and VLBI station. Corresponding PWV
values are then calculated using the proposed model. PWV
values are also calculated for the co-located Radiosonde
station. The calculation procedure of the PWV value from
Radiosonde data is given in [40]. PWV calculated for GPS
station; using NASA database is named as IGS PWV; using
GGOS database is named as GGOS PWV; using VLBI
database is named as VLBI PWV and using Radiosonde
database is named as Radiosonde PWV.

Fig. 8 shows the scatter plot of PWV values from different
databases against DoY. The green circles represent the IGS
PWYV, black dots represent the GGOS PWV, red stars
represent the VLBI PWV and blue triangles represent the
Radiosonde PWV. From Fig. 8, it is observed that the PWV
values calculated using GPS data and VLBI data which uses
the proposed model follows the same pattern over different
years and matches well with the Radiosonde PWV. Although
the pattern is the same, absolute values of PWV from GPS,
VLBI and Radiosonde have some differences since different
instruments were used for the measurement of the delays and
for calculation of the PWV. Furthermore, all these stations
are not exactly at the same location. There is approximately a
10 km distance between the GPS and Radiosonde stations.

Moreover, it is also observed that the PWV from VLBI
and the PWV from GPS have the same pattern but the PWV
from VLBI is generally less than the PWV from GPS.

Time Series of GPS, VLBI and Radiosonde PWV (TSKB, Japan)
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Fig. 8. Plot of PWV Vs DoY for diffe;;a:years. Green circle represent PWV
from GPS station using IGS database, black dots represent PWV from GPS
station calculated from GGOS database, red stars represent PWV from VLBI
data and blue triangles represent PWV from Radiosonde data. 2 years of data
from independent station of Japan, TSKB (36.06N, 140.05E). [Best viewed in
color]

Similar observations have been reported in the literature [38].
Small differences can be observed between PWV calculated
for the same GPS station but using different sources (from
NASA and from GGOS). This is due to the error induced by
different parameters considered during the processing of the
wet delay by using different processing softwares.

Despite the small differences which can be accounted for
in the above, all 4 PWV matches very well. Therefore, it can
be concluded that, by using an independent station for
performance evaluation, using three independent databases,
GPS, VLBI and Radiosonde, the proposed model is found to
be both accurate and reliable.

V. CONCLUSION

In this paper, a simplified, latitude and day-of-year based
PI value model is proposed for the retrieval of PWV values
from GPS signals. The PI value is conventionally determined
using the water-vapor weighted mean temperature T, which
is found to have a linear relationship with the surface
temperature T,. This method is site-specific and its’ use is
limited by the poor temporal and spatial resolution of
Radiosonde data.

In the analysis of different regions: temperate, sub-tropical
and tropical using data of four years from 174 different
stations, it was concluded that the median PI value varies
with latitude and variations about the median PI value are
the result of seasonal changes that a particular station goes
through. Stations from the tropics have very little variation
whereas stations from the temperate has the highest variation.
PI value residuals were studied with respect to station
altitude and was concluded that the altitude of a station plays
a significant role when the stations are from higher altitude
compared to lower altitude. For simplified model it is
recommended that the altitude factor should only be used
when the altitude of a given station is higher than 1000 m.
Thus, by examining the relationship of PI with respect to its
geographic coordinates and considering the seasonal effects,
a latitude and DoY based PI model was proposed.

The accuracy of the proposed PI model for estimating the
GPS-based PWV is compared against the PI values
calculated using T, data from Radiosonde and from GGOS



database using 4 years of data from 174 stations. Results
show that the PI values estimated using the proposed model
have similar accuracy to the temperature dependent model.
PWYV values were calculated using temperature dependent
models and compared against the proposed model using 3
databases; GPS, VLBI and Radiosonde. It is shown that the
error in PWYV is small and lies within =1 mm. This accuracy
is high enough for different geodetic applications [24].

The proposed model has the advantage of being
computationally efficient and simple to use without requiring
high temporal and spatial resolution resources, and thus
could be applied universally.
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