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[1] Observations of the Global Positioning System (GPS) were reanalyzed over the period
from 1994 to 2004 in a joint project of the technical universities in Dresden and Munich.
The estimated tropospheric parameters were converted into precipitable water (PW) using
surface pressure observations from the World Meteorological Organization and
atmospheric mean temperature fields from the European Centre for Medium-Range
Weather Forecasts. For the first time a systematic study of the homogeneity of global GPS-
derived precipitable water time series was carried out regarding the influence of changes in
the GPS antennas and radomes as well as changes in the number of recorded observations.
The focus of this study is on interannual changes in precipitable water. Over Europe,
large parts of North America, and Iceland and in the region south of 30�S, these changes
are very small. The range of the PW variations on interannual time scales is less than 2 mm
in these areas. However, in the southeastern part of North America and north Australia,
these anomalies in precipitable water show a range of up to 6 mm. In the tropics, PW
anomalies with a range of up to 10 mm were found. GPS PW was compared with a
modeled PW assuming water vapor saturation. This shows that GPS PW of stations
located in the middle and high northern and southern latitudes is consistent with the
temperature-related saturation values of water vapor. In the tropics and subtropics the
annual temperature variations are low. In these regions the variations in the PW can be
dominated by other factors, including water vapor transport. At seasonal time scales the
water vapor transport can be associated with atmospheric circulation such as monsoonal
flow.

Citation: Vey, S., R. Dietrich, M. Fritsche, A. Rülke, P. Steigenberger, and M. Rothacher (2009), On the homogeneity and

interpretation of precipitable water time series derived from global GPS observations, J. Geophys. Res., 114, D10101,

doi:10.1029/2008JD010415.

1. Introduction

[2] The atmospheric water vapor significantly influences
many processes of the Earth’s weather and climate. Water
vapor is a major greenhouse gas controlling the heat budget
of the Earth [Philipona et al., 2005]. Global, long and
accurate water vapor observations are indispensable for the
understanding, modeling and prediction of global weather
and climate processes. However, at present the spatial
distribution and the temporal variations of the water vapor
are insufficiently known. Many details on the reaction of the
hydrological cycle to climate changes, the so-called water

vapor feedback mechanism, are not yet understood. Some
climate models predict a 3 times higher temperature in-
crease under a doubling CO2 concentration when consider-
ing the effect of water vapor feedback compared to
calculations neglecting the influence of water vapor
[Schneider et al., 1999; Hall and Manabe, 1999; Held
and Soden, 2000; Soden et al., 2002]. The climate progno-
ses are based on numerous assumptions and they are
affected by large uncertainties [Folland et al., 2001; Su et
al., 2006].
[3] The longest records of atmospheric humidity originate

from radiosondes. A network of radiosondes has observed
water vapor since about 1940 continuously. Humidity
observations from radiosondes have been used to study
water vapor variability and trends [e.g., Elliott and Gaffen,
1991; Zhai and Eskridge, 1996; Ross and Elliott, 1996,
2001]. However, the water vapor time series are very
inhomogeneous owing to changes in the used sensors, in
the observation periods and in the analysis strategies
[Garand et al., 1992; Zhai and Eskridge, 1996]. Measure-
ments with different sensors can exhibit differences in the
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relative humidity of up to 20%. The systematic error in the
relative humidity is mainly influenced by the calibration
procedure of the sensor which is performed before the start
of the radiosondes [Soden and Lanzante, 1996]. The reli-
ability of the humidity measurements strongly decreases at
temperatures below �30�C [Elliott and Gaffen, 1991;
Ferrare et al., 1995; Miloshevich et al., 2001]. Small and
very high humidity also reduces the accuracy of the humid-
ity observations [Miloshevich et al., 2006].
[4] Over the last 15 years observations from the Global

Positioning System (GPS) provide a large database for the
weather-independent estimation of water vapor [e.g., Bevis
et al., 1992; Rocken et al., 1995; Duan et al., 1996; Yunck et
al., 2000; Wickert et al., 2005]. A big advantage of GPS-
derived water vapor compared to radiosonde measurements
is the independence of GPS observations on any sensor
calibrations. In 1994 a global network of about 50 contin-
uously observing GPS stations was established by the
International GNSS (Global Navigation Satellite System)
Service (IGS) [Beutler et al., 1999]. Today this network
has grown to 414 stations worldwide; therefrom 370 sta-
tions are active.
[5] Atmospheric water vapor causes a propagation delay

of the GPS signal as it travels from the GPS satellite to the
receiver. The signal propagation delay due to the atmo-
spheric constituents including water vapor is estimated as an
additional parameter in the GPS data processing. According
to Bevis et al. [1994], the estimated tropospheric parameter,
also referred to as zenith tropospheric delay (ZTD), can be
converted into precipitable water using surface pressure and
temperature. Precipitable water (PW) is defined as the total
water vapor contained in an air column from the Earth’s
surface to the top of the atmosphere. Other terms used in
this context are integrated or total column water vapor. PW
derived from ground-based GPS measurements agrees very
well with the observations from other systems like radio-
sondes or water vapor radiometers [e.g., Rocken et al.,
1993; Tregoning et al., 1998; Hagemann et al., 2003;
Deblonde et al., 2005; Wang et al., 2007].
[6] Precipitable water from GPS measurements has wide-

ly been used to improve the weather forecast in different
countries [e.g., Gutman and Benjamin, 2001; Gendt et al.,
2004; Vedel et al., 2004; Bock et al., 2005; Guerova et al.,
2006]. First climate related investigations of GPS-derived
PW were carried out by Gardinarsky et al. [2002] and
Elgered et al. [2003] showing an increase in PW of 7 to
14% per decade over Scandinavia in the time period from
1993 to 2002. Foster et al. [2000] demonstrated the impact
of El Niño on precipitable water vapor using the observa-
tions of two GPS stations in the tropical Pacific in the years
1997 and 1998. Bock et al. [2007] analyzed the PW over
Africa and showed its relation with the monsoon.
[7] While several regional studies have been conducted

using GPS-derived PW for climate studies, only few em-
phasis has been placed on the global scale. Hagemann et al.
[2003] and Deblonde et al. [2005] used data from the IGS
network in order to validate global numerical weather
forecast models. But, their analyses cover only a few
months. A recently published PW data set derived from
GPS observations covering the time period from 1997 to
2004 is based on the combined tropospheric parameters of
the IGS analysis centers [Wang et al., 2007]. The IGS

tropospheric product is derived from operational GPS
solutions and is therefore influenced by software changes
and modifications of the processing strategies. Especially
changes in the mapping function or the elevation cutoff
angle can cause significant jumps of several millimeters in
the time series of the estimated tropospheric parameters
[Gendt, 1998]. Therefore, the time series of the IGS
combined tropospheric solution can’t be considered as
homogeneous and are not applicable to climate studies.
The 5-min ZTD data set at IGS sites produced by the
precise point positioning approach is more homogeneous
and therefore better suited for future climate studies than the
legacy 2-hourly combined tropospheric parameters (S. H.
Byun et al., The new tropospheric product of the Interna-
tional GNSS Service, paper presented at 2005 ION GNSS
Conference, Institute of Navigation, Long Beach, Califor-
nia, 2005). However at present the 5-min ZTD data are only
available from October 2000 onward.
[8] The goal of this study is to retrieve homogeneous PW

time series from global GPS observations covering one
decade of time. For this purpose the GPS data analysis
strategy and the applied models have to be kept unchanged
for the whole processing period. This can only be realized
by a reprocessing of the global GPS data starting at the
observation level. The reprocessing strategy and the deri-
vation of PW from GPS tropospheric parameters is de-
scribed in section 2. Section 3 is dedicated to the accuracy
and to detailed investigations of the homogeneity of the
estimated PW time series. In section 4, we perform an
analysis of the PW time series with special focus on
interannual changes in the PW. The question, how precip-
itable water is influenced by temperature changes will also
be addressed. Additionally, we investigate the relation
between PW anomalies and the Southern Oscillation. A
summary and conclusions are given in section 5.

2. Estimation of Precipitable Water From GPS

2.1. Data Processing

[9] In a joint project of the Deutsches GeoForschungs-
Zentrum and the Technical Universities in Dresden and
Munich data of nominal 195 GPS stations were reprocessed.
The reprocessing of the global GPS network covers the
period from the beginning of 1994 to the end of 2004 and
was carried out with a modified version of the Bernese GPS
Software 5.0 [Dach et al., 2007]. Details on the reprocess-
ing strategy and the applied models are described by
Steigenberger et al. [2006]. Here only the most important
differences between the reprocessing and operational pro-
cessing strategies of the IGS analysis centers will be given.
These are: (1) the application of the isobaric hydrostatic
mapping function based on data of the numerical weather
prediction model of the ECMWF [Niell, 2000; Vey et al.,
2006], (2) the use of absolute antenna phase center varia-
tions for GPS receivers and satellites [Schmid et al., 2005]
and (3) the consideration of higher-order ionospheric effects
[Fritsche et al., 2005]. Some further processing aspects are:
the elevation cutoff angle was set to 3� and an elevation-
dependent weighting was applied to the data. The ZTD
parameters were estimated continuous piecewise-linear in
2-h intervals and tropospheric gradients in NS and EW
direction were estimated in 24-h intervals. The reprocessing
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of the global network with 20 Pentium IV computers
equipped with 2.4 and 3 GHz processors required 3 months
of pure computation time.
[10] The conversion of the tropospheric parameters de-

rived during the GPS data analysis into PW was carried
out according to Bevis et al. [1994]. In a first step, the
zenith wet delay (ZWD) is derived, by subtracting the
zenith hydrostatic delay (ZHD) from the estimated ZTD
parameters,

ZWD ¼ ZTD� ZHD: ð1Þ

The ZHD can be modeled with sufficient accuracy from the
air pressure Ps at the GPS antenna height using the equation
of Saastamoinen [1972],

ZHD ¼ 0:0022768� 0:0000005ð Þ m

hPa

h i Ps

f 8; hð Þ ; ð2Þ

with

f 8; hð Þ ¼ 1� 0:0026 cos 28� 0:00028
1

km

� �
h: ð3Þ

[11] The term f(8, h) accounts for the dependence of the
gravity acceleration from the ellipsoidal latitude 8 and the
ellipsoidal height h of the GPS station. In a second step
the ZWD is converted into the corresponding amount of
water vapor with the help of a conversion factor P.

PW ¼ P � ZWD: ð4Þ

P varies as function of the water vapor weighted mean
temperature of the atmosphere Tm [Bevis et al., 1994],

P ¼ 106

rwRv
k3
Tm

þ k 02

� � ; ð5Þ

with

rw = 999.97 (kg m�3) density of liquid water;
Rv = 461.51 (J K�1 kg�1) specific gas constant

of water vapor;
k02 and k3 atmospheric refraction

constants (k02 = 22.1 ± 2.2
(K hPa�1), k3 = 373900
± 1200 (K2 hPa�1)).

[12] Tm of the atmosphere is very well represented by the
global reanalyses of the ECMWF and the National Centers
for Environmental Prediction (NCEP). The differences
between the data from both reanalyses and global radio-
sonde observations is less than 2 K for most of the stations.
ECMWF represents Tm slightly better than NCEP [Wang et
al., 2005]. In contrast, the estimation of Tm from surface
temperature observations using the vertical temperature
lapse rate given by Bevis et al. [1992] underestimates Tm

in the tropics and subtropics by up to 6 K and overestimates
Tm in the mid and high latitudes by up to 5 K [Wang et al.,
2005]. In this study the conversion of the ZWD into PW
was carried out with Tm data from the ECMWF.

[13] In contrast to the temperature, pressure data from
global analyses do not fulfill the accuracy requirements of
1 hPa required in the modeling of the hydrostatic delay
[Hagemann et al., 2003]. The surface pressure shows
significant differences of more than 3 hPa between surface
observations and ECMWF values for most of the stations of
the IGS network. Over Antarctica large season-dependent
differences of 2 to 6 hPa occur between the observations of
automatic weather stations and the NCEP analysis
[Cullather et al., 1997]. Hence, surface pressure observa-
tions have to be applied instead of using data from numer-
ical weather prediction (NWP) models.
[14] Today about 70 IGS stations are equipped with

pressure sensors. However, only 17 of these stations can
provide continuous pressure measurements for at least
6 years. Therefore, pressure observations from the large
database of the World Meteorological Organization (WMO)
comprising more than 14,000 stations worldwide were used.
The maximum distance and the maximum height difference
between the GPS and the WMO stations were restricted to
50 km and 500 m, respectively. The pressure observations
from the WMO were available as daily mean values. A
comparison of the daily mean pressure values from the IGS
sensors and the neighboring WMO stations in Figure 1a
reveals a bias of less than 1 hPa for more than 90% of the
stations. For most of the stations the standard deviation
between both observations is less than 2 hPa. However,
some stations show significant differences between the IGS
and the WMO pressure observations with a standard devi-
ation of more than 4 hPa (Figure 1b). Most probably a drift
in the IGS pressure sensor is the main reason for these large
discrepancies. Figure 1c shows the example of the station
Brussels, Belgium, where these drifts can reach up to
100 hPa/a. For pressure sensors from WMO stations no
drift was detected. The results of Hagemann et al. [2003]
showing that pressure observations from neighboring WMO
stations very well represent the pressure at the GPS stations
can be confirmed. WMO pressure time series are also
preferable to the IGS pressure series regarding the length
of their observation record, their continuity and their
homogeneity. Pressure observations from the WMO stations
were converted to the GPS antenna height using the
hypsometric equation [Stull, 1995],

PGPS ¼ PS � e
�g�DH

RdT ; ð6Þ

with

PGPS air pressure at GPS antenna
height (hPa);

PS air pressure at the height
of the pressure sensor (hPa);

DH = HGPS � HS height difference (m);
g gravity acceleration

(m � s�2);
Rd = 287,053 (JK�1 � kg�1) gas constant of dry air;

T actual mean temperature
of the layer between the
GPS antenna and the
meteorological sensor (K).

[15] For the PW estimation daily mean ZTDs were
calculated to apply the daily mean pressure data. As this
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paper concentrates on the annual and interannual changes in
the PW the approach of using daily pressure observations
instead of 3-hourly surface synoptic observations is pass-
able. Before further interpretation a 3-sigma outlier check
was carried out.

2.2. PW Results

[16] Precipitable water time series were derived for 141
stations using the WMO pressure observations. However,
many PW time series do not cover the full period from 1994
to 2004 (Figure 2). For further analysis 62 stations covering
a period of at least 7 years with data gaps smaller than
3 months were selected as a compromise between the time
series length and the number of available stations.
[17] The consistency of the derived PW time series was

evaluated using GPS/GPS colocations (Table 1). The stan-
dard deviation of the differences in the PW results at three
colocated GPS sites is very small and ranges between 0.4

and 0.7 mm. For six GPS/GPS colocations without avail-
able pressure observations the zenith total delay was vali-
dated by Steigenberger et al. [2007]. The differences in the
ZTD show standard deviations between 2.5 and 5.4 mm
corresponding to 0.4 and 0.9 mm in PW. The reprocessing
improved the precision of the tropospheric delay estimates
by 20% compared to the IGS combined solution. This
improvement is related to the application of advanced
models in the reprocessing [Steigenberger et al., 2007].
[18] One method of investigating the accuracy of the

obtained results consists in comparing the tropospheric
parameters from GPS and VLBI at colocated sites. A
comparison of the ZWD parameters from the reprocessing
with the ZWD estimates from VLBI using the same
analysis strategy for both techniques was carried out by
Steigenberger et al. [2007] at 27 colocated GPS/VLBI
stations. For most of the stations the bias in the ZWD
estimates between both techniques ranges from �5 to 9

Figure 1. Comparison of the air pressure observations from neighboring IGS and WMO stations.
(a) Histogram of the bias in the pressure, (b) histogram of the standard deviation of the pressure
differences, and (c) comparison of the pressure time series from the WMO sensor (black) and the IGS
sensor (gray) at the station Brussels (BRUS), Belgium.

Figure 2. Length of the PW time series for all stations.
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mm and the RMS of the ZWD differences from 4 to 10 mm
corresponding to an RMS in the PWof 0.7 to 1.7 mm. There
are few stations showing larger differences between the ZWD
values from both techniques. These stations are characterized
by large height differences between the GPS and the VLBI
antennas. In these cases the atmospheric water vapor located
between the stations could have a remarkable impact on the
ZWD bias. The water vapor in the atmospheric layer between
the colocated stations was not considered in the ZWD
comparison as the vertical distribution of the water vapor
was unknown [Steigenberger et al., 2007]. The accuracy of
the PW estimates resulting from the error propagation of
equations (1) and (4) mainly depends on the accuracy of the
ZTD estimates, the pressure and the mean atmospheric
temperature [Bevis et al., 1994]. The mean temperature of
the atmosphere Tm from ECMWF, which was used in this
study, has an accuracy of better than 2 K [Wang et al., 2005]
As shown by Hagemann et al. [2003] andWang et al. [2007]
pressure observations from stations of the WMO in the
surrounding of the GPS stations have an accuracy of better
than 2 hPa. On the basis of the accuracy of the ZTD
parameters of 4 to 10 mm and considering the mentioned
uncertainties in the pressure and temperature the RMS of the
PW estimates should be in the range of 1.1 to 1.9 mm. The
accuracy obtained for the GPS PW is consistent with RMS
errors of 1 to 3 mm from previous studies [e.g., Bengtsson,

2003; Li et al., 2003; Liou et al., 2000; Vey et al., 2004;
Hagemann et al., 2003; Gendt et al., 2004; Deblonde et al.,
2005; Wang et al., 2007].

3. Analysis of the Homogeneity

[19] Homogeneous PW time series are prerequisite for the
utilization of these time series for climatological investiga-
tions. The combined tropospheric parameters from the IGS
solutions, which are provided beginning from 1997 until
2006, show inconsistencies of several millimeters due to
changes in the used reference frame, the applied models and
processing strategies [Steigenberger et al., 2007]. Such
processing-related inhomogeneities can be excluded for
the reprocessing, as a consistent processing strategy was
applied for the whole period from 1994 to 2004. However,
changes in the hardware or in the software settings of the
GPS station can significantly affect the GPS parameter
estimation. Especially changes of the radome configuration
can cause remarkable jumps in the PW time series.
Gardinarsky et al. [2002] compared PW time series from
GPS and radiosonde observations and found that the instal-
lation of a radome on top of a GPS antenna can cause
significant jumps of 0.4 to 1.3 mm in the GPS-derived PW
time series. These jumps are in the order of the expected
climate-related changes in the precipitable water. Therefore,

Table 1. Comparison of Daily Precipitable Water Values at GPS/GPS Colocationsa

Station 1 Station 2 Number of Days With Common GPS Data r Bias (mm) SD (mm)

WTZR WETT 262 0.99 +0.02 0.38
TROM TRO1 516 0.99 +0.03 0.70
YAKZ YAKT 116 0.99 �0.01 0.39
aThe r correlation coefficient, bias, and SD standard deviation of the PW differences.

Figure 3. Influence of the installation of a radome on the PW estimates. (a) Comparison of the PW time
series of the neighboring stations Hoefn (HOFN) and Reykjavik (REYK), Iceland, (b) time series of PW
differences (HOFN-REYK), (c) observation statistics, (d) comparison of the PW time series from GPS
and NCEP at HOFN, (e) time series of PW differences (GPS-NCEP), and (f) residuals in station height at
HOFN. The installation of a radome and an antenna change in September 2001 causes a jump in the PW
time series of the station HOFN of �1.3 mm.
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a detailed investigation of the homogeneity of the PW time
series is very important.

3.1. Effects of Antenna and Radome Changes

[20] As visible in Figure 3a, the PW time series show
strong seasonal signals of several centimeters. In contrast,
inhomogeneities in the PW time series are in the millimeter
range. Theoretically, climate signals and the effect of
inhomogeneities could be separated by differencing the
PW estimates at colocated stations. The climate signal
affecting both stations in the same way would be canceled
out and possible inhomogeneities would be visible. How-
ever, the periods of common data at most of the colocated
GPS sites cover only some months. Observations from
colocated VLBI stations cover longer periods, but they
contain large data gaps. We therefore used the data of
neighboring GPS stations with similar water vapor signals
or data of the NWP model from NCEP. The differences
calculated from these data have the disadvantage that they
include, besides possible inhomogeneities, also spatial var-
iations in the water vapor or uncertainties in the modeled PW.
[21] Figure 3a shows the PW time series of the stations

Hoefn and Reykjavik in Iceland. The PW difference of both
stations reveals a significant jump in September 2001
(Figure 3b). This jump is also visible in the comparison
of the GPS-derived PW values at the station Hoefn with the
PW data from NCEP (Figure 3e) as well as in the residuals
of the height component of Hoefn (Figure 3f). The reason
for the observed jump of 1.3 mm in the PW differences can
be found in the mounting of a radome and an antenna
change in September 2001. Other stations with PW time
series influenced by jumps related to radome and/or antenna
changes are presented in Figure 8.

3.2. Effects of Changes in the Observation Statistics

[22] Other jumps in the PW time series can be related to
changes in the observation statistics, the ratio of all theo-

retically possible observations to the effectively recorded
observations. In the example of the station Hersmonceux,
England, in Figures 4a–4c the decrease in the observation
statistics from 98% to below 90% causes smaller PW values
on the order of 1.4 mm. This jump is visible in the PW
difference of the stations Hersmonceux and Kootwijk, in the
difference of the GPS- and NCEP-derived PW as well as
in the residuals of the station height of Hersmonceux
(Figures 4b, 4e and 4f). The parameters of the station height
and the ZTD are strongly correlated depending on the
observation geometry. A decrease in the number of obser-
vations influences the observation geometry. Hence, it
causes a change in PW estimates. These changes in PW
estimates are also related to the mapping function.
[23] As seen in Figure 5, biased PW estimates can be

attributed also to a very low number of observations. The
strong decrease in the observation statistics of the station
Lamkowko, Poland, is related to a gradual breakdown of the
GPS receiver between April and October 2000 causing
errors in the PW estimates of more than 2 mm. These
values are not detected in the 3-sigma outlier check, as their
discrepancies are in the range of the natural PW variability.
Only the differencing of PW time series and the comparison
with other parameters like coordinates or the observation
statistics can detect this kind of erroneous PW values.
[24] Jumps in the observation statistics are often related to

changes in the elevation cutoff angle mask set at the
receiver. We repeated the GPS reprocessing for the year
2002 with a cutoff elevation angle of 15� instead of 3� in
order to determine the influence of changes in the elevation
cutoff angle mask on the PW estimates. Figure 6 shows
large differences between the ZTD estimates from both
analyses. For 46% of the stations the mean annual ZTD
change due to the change in the elevation cut off angle is
larger than 1 mm. 10% of the stations show a change in the
ZTD of more than 3 mm, corresponding to a change in
PW of 0.5 mm. Very large elevation-dependent errors of up

Figure 4. Influence of changes in the number of observations on the PW estimates. The lower PW
values at station Hersmonceux (HERS), England, between March 1999 and June 2001 are related to a
decrease in the number of observations recorded. As reference, station Kootwijk (KOSG) was used. For
an explanation of plots, see Figure 3.

D10101 VEY ET AL.: HOMOGENEOUS PRECIPITABLE WATER TIME SERIES FROM GPS

6 of 15

D10101

 21562202d, 2009, D
10, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2008JD
010415 by E

th Z
urich, W

iley O
nline L

ibrary on [30/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



to 6 mm occur at stations with radomes. PW values from
stations with radomes are more sensitive to changes in the
cutoff elevation angle than stations without radomes. This
behavior is caused by the effects radomes have on the
antenna phase center variations which were not considered
in the reprocessing.
[25] The introduction of absolute antenna phase center

variations and the improvements made in the mapping
function reduced the sensitivity of the estimated parameters
to changes in the elevation cutoff angle mask [Schmid et al.,
2005; Vey et al., 2006]. Despite the reduction of elevation-
dependent errors its residual effect on the ZTD parameters
cannot be neglected for the PW estimation (Figure 6).
[26] Besides the mentioned effects of antenna or radome

changes as well as changes in the observation statistics no
other effects could be detected affecting the homogeneity of
the PW time series. Jumps in the coordinate time series
related to earthquakes do not influence the ZTD time series
confirming a correct separation of the ZTD and the height
parameters.

3.3. Treatment of the Inhomogeneities

[27] A systematic investigation of all PW time series with
the help of the IGS log files and the observation statistics
shows that only one third of the PW time series can be
assumed to be homogeneous (Figure 7). For an interpreta-
tion of the PW time series of all other stations a correction
of the effects caused by changes in the GPS hardware or
observation statistics is necessary. Most of the inhomoge-
neities are characterized by jumps in the PW time series. In
these cases, an offset between the PW values before and
after the occurrence of an event was estimated using the PW
difference time series. As a premise for the offset estimation

the parts of the difference time series before and after the
event have to cover at least 1 year. The offset was estimated
twice: First, for the PW difference time series from neigh-
boring stations and, second, for the difference time series
derived from GPS and NCEP PW. Both methods are
independent from each other. The mean offsets derived
from both methods are given in Figure 8. The offsets can
reach values up to 1.3 mm. The accuracy of the offsets
estimated from both methods ranges between 0.01 and

Figure 6. Influence of the cutoff elevation angle mask on
the estimation of the zenith total delay. Mean differences in
the ZTD parameters estimated for the year 2002 with an
elevation mask of 3� and 15� for 72 stations with radome
and 62 stations without radome.

Figure 5. Influence of a strong decrease in the number of observations on the PW estimates, (a) PW at
the station Lamkowko (LAMA), Poland. (b) The outliers in the PW difference time series (GPS–
numerical weather prediction model (NWP)) as well as the (d–f) residuals in station height and position
between April and October 2000 are characterized by (c) a strong decrease in the number of recorded
GPS observations. This period corresponds to a slowly increasing failure of the GPS receiver. The
subsequent replacement of the GPS antenna and receiver is the reason for the jump in the PW and the
coordinate time series.
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0.4 mm. The best accuracy was obtained for PW time series
differences with a small standard deviation covering long
periods of time. The offset correction was applied to the part
of the time series with the lower number of observations or
to the part, where a radome was mounted on the GPS
antenna. PW series with a slowly or irregularly changing
observation statistics or an observation statistics of less than
75% were excluded from the subsequent analysis.

4. PW Anomalies

4.1. Time Series Analysis

[28] The main focus of the conducted times series anal-
ysis addresses the question: How has water vapor changed
globally over the last decade? We therefore modeled the
behavior of the PW not only as linear trend but considered
also anomalies.
[29] First estimations of PW trends from geodetic obser-

vations were carried out for Scandinavia. Using data from
GPS, radiosondes and water vapor radiometers in the time
period from the end of 1993 until the end of 2000,
Gardinarsky et al. [2002] estimated an increase in the
integrated water vapor of 1 to 2 ± 1 mm/decade
corresponding to 7–14% per decade of the mean PW. An
extension of this study by 2 years shows similar results for
the period from August 1993 until August 2002 [Elgered et
al., 2003]. Parameters of the tropospheric delay from the
German station Wettzell estimated during a VLBI reproc-
essing analysis show an increase of 7 mm per decade
[Boehm et al., 2003]. This corresponds to an increase in
the water vapor of about 1 mm per decade.
[30] In this paper, only stations of homogeneous time

series with a length of at least 10 years were chosen for
trend analyses. Time series were defined as homogeneous if
they show no jumps or if the jumps could be corrected so
that their effect on the trend estimation is less than 0.2 mm
per decade. The results of the trend estimation from the
eight stations fulfilling these criteria are presented in Table 2.

In the time period from the begin of 1994 until the end of
2002 the stations in Europe show an increase in PWof 0.5 to
0.9 mm per decade. Within the confidence level these
results confirm the trends published by Gardinarsky et al.
[2002]. If the time period is extended until the end of 2004
the increase in the PW is much smaller and ranges between
0.2 and 0.3 mm per decade for the stations Brussels (BRUS)
in Belgium, Kootwijk (KOSG) in the Netherlands and
Metsahovi (METS) in Finland (Table 2).
[31] PW anomalies were defined as the deviations of the

PW from a mean value. For this purpose a low-pass filter
with a Finite Impulse Response (FIR) was applied to the
time series. The advantage of FIR filters is that they are
characterized by small transition zones and low ripples
[Kumar et al., 1992]. The applied FIR filter has a cutoff
frequency of 0.8 cycles per year, a transition zone of
0.2 cycles per year and a ripple of 1%. All frequencies
with a period higher than 1.4 years can pass almost
completely whereas all frequencies with a period below
1.1 years are attenuated almost entirely. In this analysis only

Figure 8. Estimated offsets in the PW time series caused
by radome and/or antenna changes (gray) and changes in
the number of observations (black).

Figure 7. Overview of the homogeneity of the estimated PW time series.
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homogeneous time series or time series with an accuracy of
the offset correction of better than 0.3 mm were included.
[32] Figure 9 represents the low-pass filtered time series.

PW anomalies with ranges up to 2 mm are common for the
stations on Iceland, in Europe, in Asia and in the region
between 30�S and 60�S latitude. Most of the stations in
North America show also PW anomalies with a range of
2 mm. An exception are the stations in the southern United
States located near the Gulf of Mexico and the American
Basin. The range of the PW anomalies in this region
amounts to 4 mm which is twice as large as in the rest of
North America (Figures 9a and 9b). Over Antarctica the
interannual changes in the PW are smaller than 0.4 mm. The
very small PW anomalies over Antarctica are related to
the very low water vapor content in this region. In the
tropics or in northern Australia, both regions with high

water vapor content, the range of the PW anomalies can
reach up to 10 mm (Figures 9f and 9g).
[33] The range of the PW anomalies strongly depends on

the annual mean water vapor content. On the one hand, the
water vapor content is influenced by the thermodynamical
processes of condensation and evaporation; on the other
hand, the water vapor content is linked to dynamical
processes related to local and global circulations. Zveryaev
and Allan [2005] investigated the influences of dynamical
and thermodynamical processes on the temporal and spatial
variations of the PW in the tropics in the period from 1979
to 2001 by using data from the ECMWF reanalysis. They
found that changes in the water vapor content in the tropics
are mainly influenced by large circulation pattern and are
only to a small extent due to thermodynamical processes. In
this study we investigate the influence of the thermodynam-

Table 2. Estimated Trends in the PWa

Region Station
PW
(mm)

Trend 1994–2004
(%/decade)

Trend 1994–2004
(mm/decade)

Trend Difference of 10 and 11 Years
(mm/decade)

Europe BRUS 19.9 0.85 ± 0.72 0.17 ± 0.14 �0.08
KOSG 20.0 1.39 ± 1.16 0.28 ± 0.23 +0.26
METS 14.3 1.41 ± 1.34 0.20 ± 0.19 +0.11
ZIMM 17.0 �0.65 ± 1.13 �0.11 ± 0.19 +0.32

North America NLIB 15.6 �0.07 ± 1.73 �0.01 ± 0.26 �0.24
STJO 15.3 0.82 ± 0.85 0.13 ± 0.14 0.25
YELL 7.2 �2.94 ± 4.04 �0.21 ± 0.29 0.16

East Asia USUD 16.1 �0.43 ± 1.66 �0.07 ± 0.27 0.49
aValues marked in bold are significant at the 80% confidence level. PW represents the mean PW content over the time period from 1994 to 2004. The

difference in the trend estimates is related to the time period from 1994 to 2003 and 1994 to 2004.

Figure 9. Anomalies of the precipitable water clustered regionally based on normalized data. PW
represents the mean PW of all stations in the cluster. Figure 9f has a different scale.
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ical and dynamical processes on the precipitable water
globally. The knowledge about the reasons for PW varia-
tions is essential in the understanding of the feedback
mechanism between temperature and water vapor.

4.2. Influence of the Temperature

[34] The Clausius-Clapeyron equation describes the tem-
perature dependence of the saturation water vapor pressure
es. From integration follows for es:

es ¼ e0 � exp
L

Rv

� 1

T0
� 1

T

� �� �
; ð7Þ

with

e0 = 0.611 kPa saturation partial water vapor
pressure for T0 = 273K

Rv = 461.51 (JK�1 kg�1) specific gas constant of water
vapor

L latent heat over ice surfaces
L = 2.83 � 106 (J kg�1), over
water surfaces L = 2.50 � 106
(J kg�1).

[35] If the atmosphere is heated by 1 K the air contains
7% more water assuming that the relative humidity stays
constant. The partial water vapor pressure is related to the
absolute humidity rv by [Stull, 1995]

rv ¼
es

RvT
: ð8Þ

[36] Precipitable water is defined as the height of a water
column produced by the condensation of all the absolute
humidity contained in an air column of the height h (mod-
ified after Bevis et al. [1992]),

PW ¼
Z H

0

rv
rw

dh; ð9Þ

with rw as the density of water.
[37] Using the equation of Clausius-Clapeyron and the

equations (8) and (9), the PW of a saturated air column PWs

can be written as follows:

PWs ¼
1

rw

Z H

0

e0 � exp L
Rv
� 1

T0
� 1

T hð Þ

� �h i
RvT hð Þ � dh: ð10Þ

[38] We calculated PWs using temperature data from the
ECMWF. A comparison between the total precipitable
water from GPS and PWs is given in Figure 10. In the
example of the station St. John’s (STJO), Canada, the PW
derived from GPS observations and the modeled PW
agree very well. The seasonal as well as the interannual
variations in PW can almost completely be reproduced by
equation (10) (Figures 10a–10d). The increase and decrease
in the water vapor of the station STJO can be explained
entirely by changes in the air temperature.
[39] Figure 11 shows that for most of the stations in North

America, Europe, Asia and stations in the high southern
latitudes the water vapor content strongly depends on the

atmospheric temperature. In regions with a high correlation
between the modeled and the observed water vapor, ther-
modynamic processes are the reason for changes in the PW.
For stations in lower latitudes the water vapor content is less
dependent on temperature than for stations in high latitudes.
In the tropics the temperature and the water vapor content
even show a slightly negative correlation.
[40] In the example of the station Cocos Island (COCO)

in the Indian Ocean represented in Figures 10e–10h the
modeled PWs is nearly constant over the year. The high
water vapor content of this station from January to April
corresponds to the monsoon period. The seasonal cycle in
the water vapor content of the tropics is connected to
atmospheric circulations causing the rain and dry seasons
[Weischet, 1991]. The strong changes in the water vapor in
the tropics which occur independently of temperature
changes cause significant variations in the relative humidity.
The assumption of a constant relative humidity being stated
by some climate models is not fulfilled in the tropics
[Gaffen and Barnett, 1992].
[41] For stations in northern Australia a part of the

seasonal variations in the PW is attributed to seasonal
temperature variations as they are shown as an example
for station Karratha (KARR), in Figure 10k. However, the
highest water vapor content in February and March is not
related to a maximum in the temperature but is connected to
the monsoon period in the southern autumn. In northern
Australia the PW variations are caused by an overlap of
dynamical processes related to humidity transports and
thermodynamical processes.
[42] Interannual variations in the PW at the stations

KARR and COCO represented in Figure 10h and 10l are
negatively correlated with the modeled changes in the PWs

based on temperature anomalies. Additionally, in the tropics
the amplitude of the observed PW anomalies is 3 to 4 times
larger than the amplitude of the temperature induced PWs

anomalies. As seen at seasonal time scales, global circula-
tion patterns are also the reason for water vapor anomalies
at interannual time scales. The largest influence on the
global circulation patterns at interannual time scales has
the El Niño–Southern Oscillation (ENSO).

4.3. Influence of the Southern Oscillation

[43] The Southern Oscillation Index (SOI) quantifies the
intensity of occurrence of the climate phenomena El Niño
and La Niña. First studies of the SOI were carried out by, for
example, Trenberth [1984]; Ropelewski and Jones [1987].
The SOI parameterizes the oscillation in the surface pres-
sure between the southeastern tropical Pacific and the
Australian-Indonesian regions. The SOI is defined as the
ratio of the difference in the sea level pressure (SLP) of
the stations Tahiti and Darwin, north Australia, and the
mean standard deviation (MSD) of the air pressure differ-
ences of both stations,

SOI ¼ SLPTahiti � SLPDarwin

MSD
: ð11Þ

[44] For a La Niña scenario the air pressure at Tahiti is
higher than at Darwin, hence, the SOI is positive. In El Niño
years the pressure situation in the tropical Pacific is inverted
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and the SOI is negative. During the last 10 years the largest
El Niño event occurred at the turn of the year 1997/1998
(Figure 12). The influence of El Niño on many distinct
atmospheric and oceanic parameters was studied by numer-
ous authors [e.g., Neelin et al., 1998; Philander, 1990;
Trenberth and Caron, 2000]. The largest impacts of ENSO
were found in the tropical Pacific. However, ENSO also
influences global climate processes [e.g., Kiladis and Diaz,
1989; Yualeva and Wallace, 1994; Soden, 2000; Trenberth
and Caron, 2000; Wagner et al., 2005; Mokhov and
Smirnov, 2006]. These so-called teleconnections occur not
only in the surroundings of the tropical Pacific like Aus-
tralia and Asia, but also in far-off regions such as Europe or
Antarctica [e.g., Kidson and Renwick, 2002; Liu et al.,
2002; Mariotti et al., 2002]. The teleconnections influence
a large number of different parameters, for example, ocean

temperature, sea level height, air pressure, precipitation,
cloud and sea ice coverage or radiation balance [e.g.,
Ferraro et al., 1996; Dai and Wigley, 2000; Zveryaev and
Chu, 2003; Wu et al., 2003; Guo and Bromwich, 2004].
[45] Studies regarding the influence of ENSO on atmo-

spheric water vapor cover mainly the tropics [e.g., Ferraro
et al., 1996; Nanjundiah and Srinivasan, 1999; Soden,
2000; Foster et al., 2000; Scaife et al., 2003; Lu et al.,
2004; Wagner et al., 2005; Zveryaev and Allan, 2005].
Owing to the lack of radiosonde stations in the tropics most
of these investigations use satellite microwave radiometer
observations. However, at present the estimation of water
vapor from satellite microwave radiometers is only reliable
over the oceans [Randel et al., 1996]. GPS observations on
land are complementary to these satellite measurements. In
a case study with two GPS stations in the tropical Pacific in

Figure 10. Comparison of the modeled PWs values based on the equation of Clausius-Clapeyron
(magenta) and the GPS-derived PW values (blue) based on normalized data. (a) Comparison of daily
values, (b) regression plot with the correlation coefficients r, (c) comparison of the seasonal signals, and
(d) comparison of the PW anomalies for the station St. John’s (STJO), Canada. Analog for the stations
(e–h) Cocos Island (COCO) in the Indian Ocean and (i–l) Karratha (KARR), Australia.
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the time period from 1997 to 1998, Foster et al. [2000]
demonstrate the impact of El Niño on PW.
[46] Besides the anomalies in the PW here we also

examined the anomalies in the variability of the PW. The
variability was defined as the standard deviation of the daily
PW values during 1 month after having removed a seasonal
and an interannual signal from the time series. For the
estimation of the anomalies in the variability the same filter
was applied as to the PW series itself. The anomalies in the
variability are exemplarily shown for the station Hobart
(HOB2), Australia, in Figure 12. In the year 1997 the GPS-
derived PW shows a strong negative anomaly being related
to a high-pressure area which is predominant under the
influence of El Niño over the western Pacific. The observed
low water vapor content corresponds to large droughts over
Australia during this time [Gao et al., 2004]. The anomalies
of the PW variability is also smaller under the impact of
El Niño than under La Niña conditions. The water vapor
anomalies of the other Australian stations behave similar to
the PW at the station Hobart. Table 3 shows that the PW
anomalies as well as the anomalies of the PW variability are
positively correlated with the SOI at the six stations
investigated. However, for most of the stations there are
only weak anomaly-SOI correlations. The strongest corre-
lations with 0.7 were found for the station TOW2. For this
station which is directly located at the coast of the Pacific
Ocean an influence of El Niño on the PW can be stated.
With the exception of TOW2 the time series are too short to
make definitive conclusions at this time. One interesting
point to note is that the anomalies of the variability are
generally higher correlated with SOI than the PW anomalies
itself especially at station KARR.

5. Conclusions

[47] The installation or the change of radomes and GPS
antennas significantly influences the PW results. Moreover,
changes in the number of observations have also an impact

on the PW estimates. These changes are often due to
elevation cutoff angle changes. Modifications of the eleva-
tion cutoff angle from 3� to 15� can cause PW differences of
up to 0.75 mm. For stations with radomes these differences
can even reach up to 1 mm in PW.
[48] The main reasons for the sensitivity of the PW

estimates to the elevation cutoff angle are uncertainties in
the models of the antenna phase center variation and the
mapping function. By the use of a mapping function based
on a numerical weather prediction model and the applica-
tion of an absolute antenna phase center model the depen-
dence of the estimated parameters on the elevation cutoff
angle was reduced compared to the standard IGS analysis.
Nevertheless, there are residual uncertainties in the models
which cannot be neglected when using PW time series for
climatological studies. The consideration of radomes in the
modeling of antenna phase center could further reduce the
sensitivity of the PW estimates to elevation cutoff angle
changes. GPS-derived PW time series have to be well-
investigated for their homogeneity and detected jumps need
to be corrected before the time series can be used to study

Figure 12. Comparison of the estimated anomalies (black)
with the SOI (gray) at station Hobart (HOB2), Tasmania. (a)
PW anomalies and (b) anomalies of the PW variability.

Figure 11. Correlation coefficients between the modeled PW values based on the equation of Clausius-
Clapeyron and the GPS-derived PW.
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long-term changes in PW. Complete log files of all hard-
ware and software changes are very useful for this check.
[49] For the investigation of interannual changes in PW

the application of a low-pass filter has been preferred in
comparison to the linear trend model, as the derived PW
anomalies show a nonlinear behavior within the investigated
timeframe. The range of the PW anomalies is smaller than
2 mm for most of the stations at high and mid latitudes. The
PW anomalies in these regions are mainly caused by
interannual variations in the atmospheric temperature. Larg-
er PW anomalies with a range of up to 6 mm occur in the
southeastern United States and northern Australia. In the
tropics, PW anomalies with a range of up to 10 mm were
detected. The PW anomalies of the station TOW2 confirm
the correlation of the PW with the El Niño Southern
Oscillation as presented by Foster et al. [2000]. Over
Australia the El Niño periods are characterized by negative
anomalies in the PW variability. The anomalies in the PW
variability are stronger correlated with the Southern Oscil-
lation than the PW anomalies itself. Owing to the significant
interannual variations in the PW the GPS-derived time
series at present are too short to draw conclusions on
possible long-term trends in the PW.
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