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[1] A 2-hourly data set of atmospheric precipitable water (PW) has been produced from
the zenith path delay (ZPD) derived from ground-based Global Positioning System (GPS)
measurements. The PW data are available every 2 hours from 80 to 268 International
GNSS Service (IGS, formally International GPS Service) ground stations from 1997 to
2004. The accuracy of the IGS ZPD product is roughly 4 mm. An analysis technique is
developed to convert ZPD to PW on a global scale. Special efforts are made on
deriving surface pressure (Ps) and water-vapor-weighted atmospheric mean temperature
(Tm), which are two key parameters for converting ZPD to PW. Ps is derived from global,
3-hourly surface synoptic observations with temporal, vertical and horizontal
adjustments. Tm is calculated from NCEP/NCAR reanalysis with temporal, vertical and
horizontal interpolations. The derived Ps and Tm at the GPS location and height have
root-mean-square (rms) errors of 1.65 hPa and 1.3 K, respectively. A theoretical error
analysis concludes that typical PW error associated with the errors in ZPD, Tm and Ps is on
the order of 1.5 mm. The PW data set is compared with radiosonde, microwave radiometer
(MWR) and satellite data. The GPS and radiosonde PW comparisons at 98 stations
around the globe show a mean difference of 1.08 mm (drier for radiosonde data) with a
standard deviation of differences of 2.68 mm, which corresponds to mean percentage
difference and standard deviation of 5.5% and 10.6%, respectively. The bias is primarily
due to known dry biases in the Vaisala radiosonde data. The RMS difference between
GPS and radiosonde/MWR data ranges from 1.2 mm to 2.83 mm. The latitudinal and
seasonal variations of PW derived from the GPS data agree well with that from
International Satellite Cloud Climatology Project (ISCCP) data if the ISCCP data are
sampled only at grid boxes containing GPS stations. The large difference between GPS
and ISCCP data in the subtropics is interesting, but is not easily explained. The
comparisons did not reveal any systematic bias in GPS PW data and show that a RMS
difference of less than 3 mm between GPS-derived PW and other data sets is achieved.
The comparison study also illustrates the value of GPS-estimated PW for examining
the quality of other data sets, such as those from radiosondes and MWR. Preliminary
analysis of this data set shows interesting and significant diurnal variations in PW in four
different regions.
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1. Introduction

[2] Atmospheric water vapor plays a crucial role in
Earth’s energy and water cycles through absorbing solar
and infrared radiation, releasing latent heat, transporting
water, and forming clouds and precipitation. Water vapor is

the most abundant and also the most important greenhouse
gas in the atmosphere, thus it plays an important role in
global climate change. Precipitable water (PW), which is
also referred to as total column or integrated water vapor, is
the total water vapor contained in an air column from the
Earth’s surface to the top of the atmosphere. About 45–65%
of the PW is included in the surface-850 hPa layer [Ross
and Elliott, 1996].
[3] Traditionally, there have been two atmospheric water

vapor observing systems on a global scale: the radio
soundings and satellite observations with passive sensors.
Atmospheric humidity observations from radiosondes have
been used to study water vapor variability and trends [e.g.,
Gaffen et al., 1991; Ross and Elliott, 1996, 2001; Zhai and
Eskridge, 1997; Wang et al., 2001]. Satellite observations
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from either infrared sounders or microwave radiometers
[e.g., Rossow and Schiffer, 1999; Gao et al., 2004], alone
or blended with radiosonde data, such as the NASA Water
Vapor Project (NVAP) data set [Randel et al., 1996], have
also been used to quantify water vapor variability and
changes [e.g., Trenberth et al., 2005]. Many studies have
evaluated these data sets [e.g., Simpson et al., 2001; Amenu
and Kumar, 2005; Sudradjat et al., 2005; Trenberth et al.,
2005], but two main issues remain unsolved: a lack of high-
temporal-resolution observations to resolve high-frequency
(e.g., diurnal) variations and the poor quality of radiosonde
humidity data for climate change studies.
[4] Since the early 1990s, considerable efforts have been

devoted to derive PW using ground-based Global Position-
ing System (GPS) measurements [e.g., Bevis et al., 1992,
1994; Businger et al., 1996; Rocken et al., 1993, 1997;
Tregoning et al., 1998] at high temporal resolution (5 min to
2 hours). The advantages of the GPS-derived PW data
include continuous measurements, availability under all
weather conditions, high accuracy (<2 mm in PW), long-
term stability and low cost [Ware et al., 2000]. The GPS-
derived PW has broad applications, including validating
radiosonde, satellite and reanalysis data [e.g., Yang et al.,
1999; Haase et al., 2003; Guerova et al., 2003; Hagemann
et al., 2003; Li et al., 2003; Dietrich et al., 2004; Van
Baelen et al., 2005], improving numerical weather predic-
tion [e.g., Kuo et al., 1993; Vedel and Huang, 2004; Vedel et
al., 2004; Gutman et al., 2004a; Gendt et al., 2004],
studying diurnal variations of PW [Dai et al., 2002; Wu et
al., 2003], and monitoring climate change [e.g.,Gradinarsky
et al., 2002]. Although there have been many regional
applications of ground-based GPS data [see Dai et al.,
2002], there have been only a couple of studies to take
advantage of the growing network of the International GNSS
Service (IGS) stations around the globe [Beutler et al., 1999;
Hagemann et al., 2003; Deblonde et al., 2005]. This study
represents the first attempt to use GPS-derived zenith path
delay (ZPD) at the existing and expanding IGS stations to
derive a long-term PW data set on a global scale for climate
and weather applications. This new GPS PW data set, which
will be updated continuously, adds a new source of PW data
for global weather and climate analyses. Among many
scientific objectives of creating such data set, two are
highlighted below.
[5] Global radiosonde data represent an increasingly

valuable resource for studies of climate change. Unfortu-
nately, the usefulness of radiosonde data for long-term
climate monitoring is limited by errors and biases associated
with instrument and data processing procedures and by
radiosonde changes among stations and with time. One of
the scientific objectives of creating a global PW data set
from GPS measurements is to take advantage of the
increasing volume and maturity of GPS data and more
importantly its long-term stability, and use it to monitor
the quality of global radiosonde data and potentially im-
prove the long-term radiosonde climate records.
[6] There exist substantial diurnal variations in atmo-

spheric water vapor, both column-integrated values (i.e.,
PW) and vertical profiles [e.g., Dai et al., 2002;Wang et al.,
2002a]. The water vapor diurnal variations affect surface
and atmospheric longwave radiation and atmospheric ab-
sorption of solar radiation. They are closely related to many

other processes, such as diurnal variations in moist convec-
tion and precipitation [Dai et al., 1999], surface wind
convergence [Dai and Deser, 1999] and surface evapotrans-
piration. The diurnal cycle of water vapor also provides a
test bed for many aspects of the physical parameterizations
in weather and climate models. Unfortunately, there is a
lack of data with high temporal resolution for studying the
diurnal cycle of water vapor on the global scale. Therefore
one of scientific objectives for creating a global water vapor
data set using high-temporal-resolution GPS measurements
is to analyze the data to document and understand water
vapor diurnal variations, and to validate the representation
of the water vapor diurnal cycle in climate and weather
models.
[7] The goal of this study is to (1) develop an analysis

technique to derive PW using the ZPD derived from the
existing ground-based GPS measurements on a global scale;
(2) apply this technique to produce a near-global, 2-hourly
PW data set; (3) compare the PW data set with other
measurements, such as those from radiosondes, microwave
radiometers (MWR), and satellites; and (4) use the PW data
for various scientific applications, including documenting
PW diurnal variations and quantifying time- and space-
dependent biases in global radiosonde humidity records.
This paper describes the procedure to create the GPS PW
data set, shows comparisons with other measurements, and
presents a few preliminary results of the scientific applica-
tions of the derived PW data set. The various data sets used
in this study are described in section 2. In section 3, we
detail the analysis technique and the final GPS PW data set
along with an error analysis on PW. In section 4, we
compare the GPS-derived PW data set with other data sets
and briefly mention the scientific applications of the data
set. Preliminary results on PW diurnal variations in four
regions are presented in section 5. Conclusions and future
work are summarized in section 6.

2. Data

2.1. Global GPS ZPD Data

[8] The GPS system is made of a constellation of
30 operational satellites circling at 20,200 kilometers above
the Earth. They are evenly distributed in six orbital planes
inclined at 55 degrees and perform a full revolution roughly
every 12 hours such that up to 12 satellites are visible from
anywhere on the globe at any time. The radio signals
transmitted to the ground-based GPS receivers by these
satellites include information on timing, satellite navigation
and system parameters which allow real-time high-accuracy
timekeeping, positioning, and navigation. The current glob-
al IGS network consists of 382 receivers (or stations) as of
10 February 2006 (Figure 1), and provides continuous GPS
orbit tracking, as well as other high-quality navigation
products in near real time. It is to be noted that in Figure 1
only IGS sites have been shown over the continental United
States, while there exist much denser GPS networks
including the SuomiNet, NOAA/FSL, and other sites to
provide real-time atmospheric sensing [Ware et al., 2003].
Likewise, many European countries operate denser net-
works for their own purposes but also have regrouped them
within an European-wide project for meteorological appli-
cations which was started under the EC COST-716 project
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