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Abstract: This paper presents observations of precipitable water vapor (PWV) from the Global Positioning
System (GPS) signals and the surface meteorological measurements. Three stations in Antarctica that are Scott
Base (SBA), Casey (CAS1), Macquarie Island (MAC1) and Syowa (SYOG) were taken as the location of
observation. For analysis, the data gathered from January to December 2004 are analyzed. The PWV content
for Antarctic region was obtained below 10 mm (on average) with an accuracy of 1~2 mm and its variability
shows a U-profile pattern. Based on this accuracy, the PWV time series for Antarctic region can be predicted
through the surface temperature measurements, which is cost effective, continuous and capable of climate
monitoring.
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INTRODUCTION atmospheric water vapor in all weather conditions and on

One of the most environmental parameters that play source of information about water vapor, which can used
a key  role  of the Earth’s atmosphere and a highly to develop fine-scale fine-scale of climatic or
variable atmospheric constituent in determining and meteorological models. These applications are enabled by
predicting the global climate system is the total available observing the GPS signal after it has passed through the
of  atmospheric  moisture  measured  by  integrated Earth’s atmosphere using a ground-based receiver and
precipitable water vapor (PWV). PWV value represents the surface meteorological (MET) measurements, which
the total amount of water vapor content in the lower are known as ground-based GPS meteorology [1,3]. In this
atmosphere that would result from condensing all the method, GPS satellites send electromagnetic signals to the
water vapor in an atmospheric column at a particular time ground-based receivers, which are fixed in a location on
and over a given location from the surface of Earth to the the Earth. In other words, the microwave signals from the
top of  the  atmosphere [1, 2]. To date, water vapor GPS satellites to the ground receiver are delayed by the
remains one of the most poorly characterized variation of the refractive index due to temperature,
meteorological parameters. It is least understood pressure and water content characteristics. Total delay in
constituents of the Earth’s atmosphere due to its rapid the signals is measured and the PWV is obtained by the
change and irregular spatial and temporal variability, delay caused by the water vapor in the troposphere.
especially in the Antarctic environment due to difficulties Nowadays, several studies have demonstrated that the
of the remote location and maintenance cost. Knowledge low-cost ground based GPS sensing technique can
of accurate PWV quantification and interpretation of their reliably be used to estimate PWV with 1~2 mm accuracy
physical characters are crucial in understanding how the and relative uncertainty of 5-10% [4,5] compared to the
global climate system such as global warming changing traditional ground-based techniques, which are made
over time. through balloon-borne radiosondes and water vapor

Recent advancements in Global Positioning System radiometers (WVRs). This method also provides
(GPS) sensing technology and the availability of low-cost continuous measurements at a network of fixed stations
GPS receivers have allowed the measurement of than space-based GPS.

a global scale. Presently, GPS observation is a major
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This paper observed the variability of PWV measured MAC1 is located at a sub-Antarctic on Macquarie Island
from ground-based GPS meteorology. Measurement of in the Southern ocean. In this station, the amount of
water vapor in both space and time will be useful in the precipitations and temperature were varying higher and
contexts for severe weather monitoring and to understand more humid conditions than the three stations in the coast
a wide variety of a process from a small-scale weather Antarctic region. Both CAS1 and MAC1 are managed by
system to global climate change. Therefore, accurate Australian Antarctic Division. While Syowa station is
prediction of global climate change requires good quality located on East Ongul Island, it is situated 4 km from the
of water vapor information with high spatial and temporal seashore. The station is covered by snow and some very
resolution. Thus, the details of this work are aimed to hard vegetation with annual mean temperature and
quantifying the variability of GPS PWV and its prediction moderate wind speed are about -10°C and 6.5 ms ,
to provide continuous data in the future. The GPS PWV respectively. Table 1 gives the geographical positions and
in this work is carried out at Scott Base station (SBA). instrument setup of these stations. 
Their variation is then compared with another three The experimental system set up at SBA for the PWV
stations at Antarctic region: Casey (CAS1), Macquarie measurement is depicted in Figure 1b. The system
(MAC1) and Syowa (SYOG) to clarify its pattern and consists of a GPS receiver and a ground meteorological
trend. instrumentation. The measurement system at SBA was

MATERIALAND METHODS Antarctic Research Programme (MARP) and was

Figure 1 shows the location and method for work, the Zephyr Geodetic antenna was employed due to
measurements of PWV using ground-based GPS. The its improved accuracy, resulting from sub-millimeter phase
location of permanent Antarctic GPS stations covering 4 center repeatability, much more resistant to ionospheric
sites: the Scott Base (SBA), Casey (CAS1), Macquarie errors and superior satellite tracking at all elevation angles
(MAC1) and Syowa (SYOG) are shown in Figure 1a. SBA and significantly reduced ground-bounce multipath in
is at a distance of about 3 km from McMurdo station difficult environments. The ground meteorological system
(MCM) and 1,353 km from the South Pole. CAS1 is located is operated and managed by NIWA (National Institute of
on Vincennes Bay outside the Antarctic Circle at East Water and Atmospheric Research Ltd., New Zealand) and
Antarctica on the coast of Wilkes Land (Windmill ANZ. For CAS1, MAC1 and SYOG, the GPS data were
Islands). The weather conditions at both SBA and CAS1 obtained from GARNER archive at SOPAC
stations were changes fast, iciest, coldest, pristine, (http://sopac.ucsd.edu) and all the RINEX observation
windiest, which is with the driest continent on the Earth. files in those stations use the Hatanaka (d-file) format  and

1

installed on November 2002 under the Malaysian

maintained by the Antarctica New Zealand (ANZ). In this

Figure 1: Ground-based GPS PWV measurements at Scott Base station 
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Table 1: The geographical position and instrument setup of GPS receiver at Antarctic region

Station ID Latitude (deg) Longitude (deg) Height (m) Types of GPS receiver and year installed Cutoff elev. angle

Syowa (JPN) SYOG 69.00°S 39.60°E 45.00 Trimble 4000SSI (2002) 10°

Casey (AUS) CAS1 66.28°S 110.52°E 22.46 AOA ICS-4000Z ACT (2003-2004) n/a

Macquarie (AUS) MAC1 54.50°S 158.93°E -6.79 AOA ICS-4000Z ACT (2003-2004) n/a

Scott Base (NZ) SBA 77.85°S 166.76°E 15.85 Trimble TS5700 (2002) 13°

processed with 30 seconds intervals. To determine the GPS signals [9]. The ZTD on a GPS along the receiver
PWV in this work, both surfaces MET data for CAS1 and path is mapped to the zenith and then filtering by least
MAC1 were obtained from the Australian Antarctic Data adjustment approach to improve its accuracy. The ZTD
Center (AADC) and MET data for SYOG was obtained from this determination is so-called the ZTD absolute
from the British Antarctic Survey (BAS). (ZTD ).

As shown in Figure 1b, a Trimble TS5700 GPS Further, to assess the quality of ZTD , it is validated
receiving  system  was  set  to track GPS signals with with the ZTD reference (ZTD ) estimated from Center for
cutoff elevation of 13° to minimize multipathing effects Orbit Determination in Europe (CODE) Analysis Center,
and imposed in the post-processing. The raw code and which is available at http://www.aiub.unibe.ch. All of
phase data were collected on both the L1 and L2 ZTD  from International GNSS Service (IGS) and analyzed
frequencies and measurements. At any given time, the by CODE are available in 2-hour intervals. The ZTD  at
GPS receiver tracked 8 to 12 satellites. The GPS receiver SBA is compared with the ZTD  at McMurdo station
recorded data in UT time. The Trimble TS5700 receiver (MCM4) and the ZTD  from CAS1, MAC1 and SYOG are
produces 3 sets of data in binary format (*.dat) consists also compared with their ZTD , respectively. For
of *.NAV, *.OBS and *.MET files. A assessment purpose, data for January 2004 at all stations
Translate/Edit/Quality Check (TEQC) routine from were processed. The ZTD product at SBA, CAS1 and
UNAVCO is then used to convert the *.dat into RINEX MAC1 are available in 10 minutes and 1-hour time bin,
files (navigation, *.*n and observation, *.*o) and then respectively. For SYOG, it is in 3-hour intervals for all the
rearrange into separate individual files (L1, L2, C1, P2, EPO GPS tracking stations. The statistic results of ZTD
and EPH) for eased of processing. Detail of a flow diagram comparisons in term of BIAS are listed in Table 2. BIAS is
for determination of PWV obtained from ground-based the difference value between ZTD  and ZTD (BIAS =
GPS and surface MET measurements can be found in the 1/n * (abs  -ref )) and n is the effective number of
work of Suparta et al. [6]. For this work, a Tropospheric sample.
Water Vapor (TroWav) program written in Matlab has Figure 2 shows the results for ZTD validation in 2-
been  developed  to  calculate  the GPS PWV at 10 minute hour average, together with scatterplot and their
interval based on the measured data [7]. relationships between ZTD  and ZTD  for each site. The

RESULTS AND DISCUSSIONS Table 2), which corresponds to 0.60 mm of PWV (1 mm

ZTD Determination: The Zenith Tropospheric Delay lower than three other stations indicate the tropospheric
(ZTD) parameter plays an important role in analyzing condition at SBA is very dry. For all stations, the standard
microwave space-geodetic measurements. It was deviation errors of ZTD  were found to be 0.18 to 0.25
determined from GPS signals and the surface MET percent, which is a very small and shows that the ZTD
measurements. The GPS signals delays between satellite profiles at all stations are closely correlated to each other.
and receiver in the atmosphere is determined using The ZTD  values are high (positive) than ZTD  due to
Keplerian equation [8] on the basis of World Geodetic included the non-ideal gases in calculating the ZTD. A
System 1984 (WGS84) frame. In this case, the assessment strong correlation between ZTD  and ZTD  are clearly
of the accuracy coordinates are used the International seen in Fig. 4b, which is all significance at the 99%
Terrestrial Reference Frame (ITRF) coordinates. The effect confidence level. Moreover, all the ZTD profiles in Fig. 4a
of ionospheric refraction was determined by employing shown almost similar character with each other, indicates
the measurements from GPS dual frequencies and ZTD  results of these observations are high quality,
subsequently almost all the ionospheric errors can be good agreement in the method and competitive with the
removed by recording the phase angles of the carriers of ZTD  estimated from CODE.
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Table 2: Comparison of the difference between ZTD  and ZTD  (BIAS) at SBA, CAS1, MAC1 and SYOG for the period of January 2004. ZTD valuesabs ref

are expressed in cm.

ZTD  - ZTDabs ref

---------------------------------------------------------------------------------------------------------------------------------------
Site Range Mean BIAS RMS STD Correlation (99%)

SBA -0.63 - 2.53 0.90 0.48 0.58 0.68 0.89
CAS1 -0.35 - 0.26 0.36 0.36 0.06 0.06 0.99
MAC1  0.20 - 1.28 0.71 0.71 0.17 0.17 0.98
SYOG -0.21 - 0.01 0.02 0.04 0.08 0.01 0.91
Average -0.24 - 1.02 0.49 0.39 0.22 0.23 0.94

Fig. 2: The ZTD results compared to the ZTD  methods at SBA, CAS1, MAC1 and SYOG for the period of January 2004ref

and their relationships.

Analysis of PWV Results and Prediction: Figure 3 shows (MAC1). At MAC1 (nearby the Southern Ocean), PWV
the variations of GPS PWV determination for January and amount is more fluctuated and its values are twice bigger
monthly analysis for the year of 2004. As shown in the compared to SBA. In this station, the higher of pressure,
figure, the consistency of GPS-derived PWV is good with the hotter of temperature and very humid the region is
standard deviation errors were found to be 5.5 to 7.4 more unstable than the other stations in the coast region.
percent within 1~2 mm accuracy. Table 3 gives the This climatic fluctuation will be bringing a lot of
statistical results of PWV analysis at all stations. At all evaporation and precipitation from the Ocean and further
stations, the PWV values in yearly averaged and for increases the water vapor.
January are small (below 10 mm) and higher than the other By comparing Figures 2a and 3a, it is clear that the
months, respectively. It can be seen that in the nearby PWV variation is consistent with the pattern of ZTD. In
South of Antarctic region (SBA, in the Ross Island) and other words, the tropospheric conditions of Antarctic
at nearby North of Antarctic region (SYOG), both PWV continent represented by ZTD dynamics are strongly
values for January and monthly analysis are small determined by the diurnal variation of PWV trends,
compared to East region (CAS1) and sub-Antarctic depending  on the slant path length of the GPS satellites.
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Table 3: PWV results at SBA, CAS1, MAC1 and SYOG based on January 2004 and mean monthly analysis, respectively. PWV values are expressed in mm.

MIN MEAN MAX STD RMS
---------------------- ----------------------- ---------------------- ---------------------- -----------------------

Site J Y J Y J Y J Y J Y

SBA 4.51 1.68 7.21 4.03 10.38 9.20 1.14 2.73 0.75 1.61
CAS1 6.87 4.23 10.46 6.36 13.16 10.31 1.30 2.16 1.19 2.00
MAC1 4.49 12.30 10.55 13.99 22.98 16.66 1.52 1.47 1.36 0.96
SYOG 3.73 3.09 6.11 6.22 11.87 10.02 1.37 2.40 1.37 2.17
Average 4.90 5.33 8.58 7.65 14.60 11.55 1.33 2.19 1.16 1.68

Note: J and Y are stands for January and yearly analysis for the year of 2004

Fig. 3: The PWV profiles at SBA, CAS1, MAC1 and SYOG for the period of January 2004 and based on mean monthly
analysis. The gray line in (b) is daily average of PWV.

As shown in Fig. 3b, the PWV pattern showed seasonal pressure or relative humidity. This shows that the
variation, higher (wetter) during summer (December, intensity of the Sun is playing an important role in
January and February or DJF) and lower (driest) during developing the character of PWV.
winter (June, July and August or JJA) periods, or can be Figure 4a shows the variations of surface
concluded with U-profile. Indeed, the PWV minimum was temperature for the period of year 2004 at four stations.
associated with cold air advection during the winter and As shown in the figure, the temperature increased in
PWV maximum was associated with warm temperatures, spring is too fast and decrease in autumn continues
strong cumulus convection and precipitation. Overall, the longer. By comparing of Figures 3b and 4a, it can be seen
profile of Antarctic PWV as shown in Fig. 3b are strongly that the PWV variability in Antarctic region was clear
influenced by diurnal variation of surface temperature strongly  influenced  by  the  surface  temperature  and
compared with another parameters, for example, air both  shown a similar trend. Both variations of PWV and
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Fig. 4: (a) Surface temperature profiles and (b) relationship between PWV and surface temperature for the period of 2004
at SBA, CAS1, MAC1 and SYOG. At the top of each figure in (b) shows the equation of PWV model.

temperature are higher during summer and lower for winter
periods. The profiles of relationship between PWV and
surface temperature for the period of year 2004 are plotted
in Figure 4b. In the figure, their relationships based on
mean daily analysis are not linear, but nearly exponential.
With this respect, we are able to predict the model of
atmospheric PWV for Antarctic region based on the
surface temperature measurement using the following
empirical equation:

PWV = Ae  + C (1)Bi

where A, B and C are constants obtained from multi linear
regression and t is the surface temperature measured at
the site in degrees Celsius. This model will be giving local
water vapor information and one can be achieved in the
PWV estimation is low cost and only needs surface
temperature measurement.

Generally, the PWV model for Antarctic region from
Figure 4b and PWV prediction from (1), now can be
formulated using average and standard deviation values
for four stations as

     PWV = (10.8812 ± 1.9070)e  ± 0.0001 (2) of PWV profiles for Antarctic region.(0.0683±0.0166)t
Fig. 5: Comparison between observation and prediction
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Figure 5 shows the plot of comparison between PWV The advantage of this study is to develop a new
model and PWV observation on daily average for the observational technique that can fill existing gaps
period of 2004. As shown in the figure, PWV model and between current observational technologies, such as
observation at SBA, CAS1 and SYOG are closely radiosondes and WVRs. From GPS technique, the PWV
correlated to each other with errors of 3.87%, 0.92% and accuracy was found within 1~2 mm, indicating the PWV
0.76%, respectively. However, error of PWV predicted at derived from GPS measurements may prove to be a cost-
MAC1 is quite higher by about 5.35% compared to other effective option. Model for predicting the Antarctic water
stations. This is clear due to the unstable climatic at vapor was proposed to provide continuous PWV data
MAC1 and more humid of relative humidity with daily and can be used in areas without installed a GPS receiver.
mean ranging from 43.6 to 105% and temperature ranged Furthermore, the PWV data and model can be used as a
from -3.58 to 8.33°C. The high error peaks are seen in comprehensive tool for meteorology applications such as
about two months at the beginning and at the end of the prediction of global change and climate monitoring. As
year. This month is summer season, which is the most well, it can be used to understand how the physical
active season (intensity of the Sun was higher), frontal processes of Antarctic region can drive the climate and
weather and more disturbed. One possible remarkable the ecology of our planet. To establish the PWV model,
features of the temperature conditions at all stations assessment for different region and independent
where pressure starts to increase and reaches to a parameter are remained for future work.
minimum what shows the influence of the air of the
oceanic origin brought by the depressions. This situation ACKNOWLEDGEMENT
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