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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
(Ty), which are two key parameters for converting ZPD to PW. Py is derived from global,
3-hourly surface synoptic observations with temporal, vertical and horizontal
adjustments. T, is calculated from NCEP/NCAR reanalysis with temporal, vertical and
horizontal interpolations. The derived Pg and T,, 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, T,, and Py 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.

Citation: Wang, J., L. Zhang, A. Dai, T. Van Hove, and J. Van Baelen (2007), A near-global, 2-hourly data set of atmospheric
precipitable water from ground-based GPS measurements, J. Geophys. Res., 112, D11107, doi:10.1029/2006JD007529.

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
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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.

[s] 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
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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

[s] 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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Figure 1. Geographic distribution of all IGS stations as of 10 February 2006 (circle) and the stations

with ZPD data (triangle) and with PW data (red dot) in 2004. Total number of stations is given in the

legend.

auspices (http://www.oso.chalmers.se/geo/cost716.html)
[e.g., Haase et al., 2001; Huang et al., 2003; Gendt et al.,
2004] and is now continued under the EUMETNET E-GVap
project (http://egvap.dmi.dk). The IGS network has been and
is steadily growing from ~100 stations in February 1997 to
382 stations in February 2006.

[v] When traveling from the GPS satellites to the ground-
based GPS receivers, the radio (microwave) signals are
delayed by the ionosphere and the neutral atmosphere
usually referred to as the total atmospheric delay or tropo-
spheric delay. The ionosphere delay is frequency-dependent
and can be removed by the data from dual-frequency GPS
receivers. The atmosphere delays the microwave transmis-
sions by slowing the wave propagation and bending the
raypath. The delay in signal arrival time can be expressed as
an equivalent increase in travel path length. This excess
path length, or total atmospheric delay, is given by [Bevis et
al., 1992]

AL:/n(s)ds—G:1076/]\7(5)‘175"‘(S_G)7 (1)
L

where n(s) is the refractive index as a function of position
s along the curved raypath L, G is the straight-line
geometrical path length through the atmosphere (the path
that would occur if the atmosphere was replaced by a
vacuum), S is the geometrical path length along L, and
N(s) = 10°n(s)-1) is atmospheric refractivity. The total
atmospheric delay is computed from the observed travel
time between the location of the GPS receiver and the GPS
satellite using the GPS software (e.g., the GAMIT, GIPSY,
and Bernese GPS softwares) and can be partitioned into two
parts — the hydrostatic delay, which is mainly a function of
the surface pressure at the GPS receiver, and the wet delay,

which depends strongly on total amount of water vapor
along the wave trajectory and weakly on the atmospheric
temperature [e.g., Davis et al., 1985]. At any given time a
GPS receiver can receive signals from 6—12 GPS satellites.
The signals follow slant paths depending on the azimuth
and elevation of each satellite. Total delay along the zenith,
called zenith path delay (ZPD), is estimated by mapping
slant delays to zenith-equivalent values with mapping
functions [e.g., Niell, 1996]. The ZPD is a sum of zenith
hydrostatic delay (ZHD) and zenith wet delay (ZWD).
The derivation of PW from ZPD is described in detail in
section 3.

[10] The ZPD is one of the IGS data products derived
from a subset of the IGS network of the ground-based GPS
receivers [Gendt, 1998]. The final IGS ZPD is obtained by
combining the ZPD solutions from seven IGS data analysis
centers (AC) and has a temporal resolution of 2 hours
(Table 1) [Gendt, 1998]. The quality of the combined
ZPD is represented by the internal consistency among
ACs, and is at the level of 4—6 mm corresponding to
<1 mm in PW [Gendt, 1998; Byun et al., 2005]. Each AC
estimates their own solution of ZPD using its own subset of
IGS stations, its own strategy and its own final orbits. Two
important parameters for the calculation of ZPD are the
elevation cutoff angle and the mapping function. Histori-
cally, four ACs use an elevation cutoff angle of 15°, while
the three others use cutoff angles of 7°, 10° or even 20°
[Gendt, 1998]. Five ACs implement the Niell mapping
function, while two ACs have applied the Lanyi and the
Saastamoinen mapping function [Gendt, 1998]. Most of
ACs use piecewise continuous model to estimate the
2-hourly ZPD and take into account AC-dependent biases
in order not to get jumps from missing data. The combined
2-hourly ZPD is the piecewise continuous weighted mean of
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Table 1. Characteristics of Data Sets Used in This Study
Name Variables Spatial Coverage  Spatial Resolution Temporal Resolution Temporal Coverage Sources
Legacy GPS ZPD ~100-335 stations point 2 hours Feb 1997 —present  ftp://cddis.gsfc.nasa.
ZPD gov/gps/products/trop/
New GPS ZPD ZPD ~180-290 stations point 5 min Oct 2000-present  ftp://cddisa.gsfc.nasa.gov/
gps/products/trop_new
Synoptic Py, T, etc. ~15,000 stations point 3 hours 1975 —present http://dss.ucar.edu/
observations datasets/ds464.0/
NCEP/NCAR ~35 (surface gridded, globe 94 x 192, 6 hours 1948 —present http://dss.ucar.edu/
Reanalysis and upper air) 28 levels datasets/ds090.0/
IGRA P, T, RH, 1538 stations point 1-4 daily 1938 —present ftp:/ftp.ncdc.noaa.gov/
wind profiles at 0000/0600/ pub/data/igra
1200/1800 UTC
MWR at Darwin ~ PW and others  12.42°S, 130.89°E, point ~24-32's Apr 2002 —present  http://www.archive.
299 m arm.gov
MWR at Toulouse PW and others  43.56°N, 1.48°E, point 7.5 min 22 Aug to Van Baelen et al. [2005]
211.6 m 21 Oct 2002
MWR at Onsala ~ PW and others ~ 57.395°N, point ~12's 1993 —present Elgered and Jarlemark
11.925°E, 10 m [1998]
ISCCP PW and others  globe 2.5° x 2.5° monthly 1983-2004 http://iscep.giss.nasa.gov/

products/browsed2.html

the ZPD values from all available ACs [Byun et al., 2005].
More than 70% of the stations report ZPD solutions from
three or more ACs, thus allowing good quality combined
ZPD values. The standard deviation of ZPD in the final
product is the weighted combination of submitted standard
deviations of the AC solutions and serves as an indicator of
overall agreement. In this study, we rejected ZPD data with
standard deviations greater than 15 mm. This simple crite-
rion proved very efficient in removing most of the outliers
in the ZPD data. Note that the data that have zero standard
deviations pass the test, but might not represent good ZPD
values. The 2-hourly ZPD data are available from 1997 at
~100 stations each month to 2004 at ~335 stations each
month, are centered at odd UTC hours (0100, 0300, ...,
2100 UTC) (Figure 2), and can be downloaded online from
three IGS data archive centers with about 2 ~ 4-week delay
from real time.

[11] Starting from October 2000, the 5-min ZPD data at
all IGS sites are also produced using the precise point
positioning approach [Byun et al., 2005; Humphreys et
al., 2005]. Note that we still use the 2-hourly legacy product
for the whole period and for all analyses conducted in this
study. The new GPS product is superior to the 2-hourly
legacy product with higher temporal resolution and more
stations, and claims higher accuracy [Byun et al., 2005]. The
limitation of the legacy ZPD product is summarized by
Byun et al. [2005]. For long-term climate applications, there
is a particular concern in the lack of consistency over time
in the legacy product resulting from occasional changes
made by individual ACs in their GPS data handling (e.g.,
different elevation cutoff angles, revised antenna phase
maps) and their ZPD estimation algorithms (e.g., new
mapping functions, different constraint schemes on the
analysis parameters). To minimize the impacts of such
changes upon the corresponding time series, we have
applied quality controls on the final PW data (see details
in section 3).

2.2. Auxiliary Data
[12] A series of auxiliary data (Table 1) are used for

converting ZPD to PW described in section 3 and compar-
ing with the GPS-PW data in section 4.

[13] Three-hourly surface synoptic observations of sur-
face air pressure (P;), temperature (T;) and other meteoro-
logical variables are available from over 15,000 stations
around the globe from 1997 to present [Dai and Wang,
1999]. The P, and T data are used to calculate the Pg at GPS
stations with temporal, horizontal and vertical interpolations
(see section 3). The synoptic data are screened using a range
check and an outlier check. The range limits are —80°C to
50°C for Ty and 550 hPa to 1100 hPa for Py. The range
check removes ~0.012% of data points. The outlier check
removes data points outside the range of annual mean plus/
minus three standard deviations at each weather station,
which excludes ~0.6% of data points.

[14] The National Centers for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR)
global reanalysis products are available from 1948 to
present at 6 hour intervals and T62 (~1.875° x 1.875°)
horizontal resolution with 28 hybrid vertical levels (Table 1)
[Kalnay et al., 1996]. The 6-hourly geopotential height,
temperature and relative humidity profiles from the NCEP/
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Figure 2. Number of stations with ZPD (triangle) and PW
(dot) data for each month from February 1997 to December
2004.
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NCAR reanalysis are used to calculate T,, with some
adjustments (see section 3).

[15] The Integrated Global Radiosonde Archive (IGRA)
is a newly released radiosonde data set from NOAA’s
National Climatic data Center (NCDC) (Table 1) [Durre
et al., 2006]. The data set consists of 1-4 radiosonde
observations per day at more than 1,000 globally distributed
stations for the period 1938 to present [Wang et al., 2005].
The PW data from the GPS and radiosonde are compared at
colocated stations in section 4.

[16] The GPS-derived PW data are also compared with
the PW from microwave radiometers (MWR) at Darwin,
Australia, Toulouse, France, and Onsala, Sweden (see
Table 1 for details). The MWR PW data at Darwin were
collected at the Atmospheric Radiation Measurement
(ARM) Darwin site, which is located about 53 km north-
west of the Darwin GPS station (DARW). A two-channel
(23.8 GHz and 31.4 GHz) MWR has been operating at the
ARM Darwin site since April of 2002. The 2-month
(22 August to 21 October 2002) MWR data in Toulouse,
France are from Van Baelen et al. [2005], where a Radio-
metrics Co. 12-channel microwave radiometer profiler was
operated. A MWR collocated with the GPS receiver at Onsala
measures the sky emission at 21.0 GHz and 31.4 GHz and has
been in operation in a continuous sky-scanning mode since
1993 [Elgered and Jarlemark, 1998]. We obtained the equiv-
alent zenith wet delay data from this MWR from G. Elgered
(personal communication, 2005) and converted them to PW
using Emardson et al. [1998, equation (3)].

[17] Eight-year (1997-2004) monthly mean PW data
from the International Satellite Cloud Climatology Project
(ISCCP) [Rossow and Schiffer, 1999] were downloaded
from http://isccp.giss.nasa.gov/products/browsed2.html.
The ISCCP water vapor data set is produced from opera-
tional TOVS (TIROS Operational Vertical Sounder) prod-
ucts with relayering, regridding and filling with a
climatological PW data [Zhang et al., 2004]. Zhang et al.
[2006] shows that global mean PW difference between
ISCCP and other data sets is less than 3 mm over land
and up to 3.5 mm over ocean. The latitudinal and seasonal
variations of PW from GPS are compared with those from
the ISCCP data set.

3. Analysis Technique and GPS PW Data Set

3.1. Analysis Technique

[18] The ZPD can be partitioned into two parts, the ZHD
and ZWD. The ZHD can be estimated from the surface
pressure with good accuracy [Saastamoinen, 1972; Askne
and Nordius, 1987; Elgered et al., 1991]. The ZWD can be
obtained by subtracting ZHD from ZPD. Since the ZWD is
a function of atmospheric water vapor and temperature, this
allows PW to be calculated if the water vapor pressure-
weighted mean temperature of the atmosphere (T,,) can be
estimated [Elgered et al., 1991; Bevis et al., 1992, 1994].
We follow Bevis et al. [1992, 1994] for deriving PW from
ZPD. In summary, P; and T, are required to convert ZPD to
PW. The analysis technique is summarized in Figure 3. Py
and T, calculations are described in detail below. Gutman et al.
[2003] presented a method to derive Py from surface synoptic
observations and T, from a mesoscale numerical model
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output, which is similar to a certain extent to our method
explained below, but has some fundamental differences.

[19] Only about 70 IGS stations provide surface meteo-
rological data including Py. In addition, on the basis of our
evaluation, the GPS surface meteorological data are very
noisy and cannot be used without careful examination and
quality control [Wang et al., 2006]. Therefore 2-hourly Py at
the GPS station was derived from the 3-hourly surface
synoptic observations through spatial and temporal interpo-
lation. The steps for such calculation are listed in Figure 4
and summarized below:

[20] 1. For a given GPS station, a 50-km radius is drawn
to select nearby synoptic stations. Gutman et al. [2003]
concluded that the synoptic stations within 50 km of a GPS
station can be used to derive P at the GPS site with about
0.5 hPa bias.

[21] 2. For each of these stations, the hydrostatic and ideal
gas equations are used to adjust P from the synoptic station
height (hy), referred to as Pg(hy), to that at the GPS station
height (h,), referred to as Py(h,) in Figure 4. The temper-
ature profile from hy to h, is constructed by assuming a
typical lapse rate for moist adiabatic conditions, —6.5 K/km.
As discussed by Wang et al. [2005], the —6.5 K/km lapse rate
is a good approximation of the tropospheric mean lapse rate.

[22] 3. The Pg(h,) that is Py(h,) at selected ith station is
averaged for all selected stations using the inverse of their
distance to the GPS station as the weight to obtain the Py at

the GPS station height and location (annotated as P; (hg)).
(4) Py (hg) is linearly interpolated in time to the 2-hourly
resolution at 0100, 0300, 0500, ..., 2300 UTC.

[23] Among these steps, the vertical interpolation (step 2)
is the most important one. For example, Figure 5 shows the
size of the correction for Py at the IGS station Graz, Austria
(GRAZ) and a mountain station at Laguna Mountains,
California (MONP) derived from two and one nearby
synoptic stations, respectively, when compared to the
corresponding GPS system surface meteorological data.
At GRAZ, the scatter of the synoptic P, from the two stations
is significantly reduced after adjustments. For the mountain
station, the synoptic station is 1072 m above the GPS station.
After adjustments, the mean Py difference between synoptic
and GPS met data is reduced to —0.93 hPa from 106.42 hPa.
However, the adjusted values show a larger dispersion
primarily due to the fact that there can be temporary
departures from the constant temperature lapse rate used
over such an altitude difference that can affect the adjustment
procedure. The comparisons of Py at 48 GPS sites derived
here with that from the GPS surface meteorological data
show averaged RMS difference of 1.65 hPa.

[24] The accuracy of GPS-estimated PW is directly related
to the accuracy of T, and P, [Bevis et al., 1994]. T,, can be
either calculated from temperature and humidity profiles or
estimated from the surface temperature, Ts. Our evaluations
of various T,, estimates on a global scale show that, in the
absence of local temperature and humidity profile data, the
best option to estimate T, is to calculate T, using 6-hourly
ERA-40 temperature and humidity profiles with adjustment
to GPS station heights and observation times [Wang et al.,
2005]. However, ERA-40 data are currently available from
1948 to 2002 only, and it is unclear whether and when the
data after 2002 will be available. Therefore we chose the
next best option, the NCEP/NCAR reanalysis, to calculate
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