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Abstract. Ground based GPS zenith path delay (ZPD) mea-1 Introduction
surements are well established as a powerful tool for inte-

gl’a’[ed water VapOI’ (lWV) Observation. The Intel’national Water Vapor p|ayS a key r0|e in the Earth’s atmosphere Sys_
GNSS Service (IGS) provides ZPD data of currently moretem, |t significantly influences the hydrological cycle (water
than 300 globally distributed GPS stations. To derive IWV transport, clouds, precipitation) and transports large amounts
from these data, meteorological information (ground pres-of |atent heat energy. Due to its radiational properties and
sure and mean temperature above the station) are needeglobal appearance water vapor represents the most important
Only a limited number of IGS stations is equipped with me- greenhouse gas. Thus, precise knowledge of spatial and tem-
teorological ground sensors up to now. Thus, meteorologiporal water vapor distribution is important in meteorology for
cal data for IWV conversion are usually derived from nearby hoth, numerical weather prediction and climatological stud-
ground meteorological observations (ground pressure) angks. |n particular global long-term water vapor data sets are
meteorological analyses (mean temperature). In this papegssential for understanding and modeling of the climate sys-
we demonstrate for the first time the applicability of ground tem. In this context especially quantification of water vapor
pressure data from ECMWF meteorological analysis fields infeedback in climate change is of particular importance (e.g.,
this context. Beside simplified data handling (no single sta-Ha|| and Manabg1999. Considering the high temporal and
tion data and quality control) this approach allows for IWV' spacial variability of water vapor, the conventional global ob-
derivation if nearby meteorological stations are not available.serving systems (i.e. radiosondes and satellite observations)
Using ECMWF ground pressure and mean temperature datgre not suited to provide sufficient information. Furthermore,
the new IGS 5-min ZPD data set has been converted to IWVradiosonde data suffer from deficient long-term stability re-
for the first time. We present initial results from selected |ated with changes in instrumentation, calibration and data
stations with ground meteorological sensors including presanalysis (e.g.Zhai and Eskridge1996. Thus, additional
sure and temperature comparisons between ECMWF and layater vapor data from new observation techniques are highly

cal measurements. The GPS IWV is generally validated bygesirable to achieve adequate observation coverage, accuracy
comparison with ECMWF IWV. The ECMWF derived sta- and long-term stability.

tion meteorological data are compared with local measure- Crossing the atmosphere, Global Positioning System

ments "’.It all-accordingly eqm_pped stations. Based on _th'%GPS) signals experience a propagation delay depending on
comparison, th‘? mean error (!n terms of standard devl"’lt'on}:onstitution of the ionosphere (electron density) and neutral

mtroduced_ by time interpolation of the 6-hourly ECMWF atmosphere (pressure, temperature, water vapor). The neu-
data is estimated below 0.2 mm IWV. tral atmosphere related zenith path delay (ZPD) above each

Keywords. Atmospheric composition and structure (Instru- GPS ground station is a standard product of routine GPS

ments and techniques) — Meteorology and atmospheric dydata processing and the humidity induced part of ZPD pro-
namics (Instruments and techniques; General or miscellavides a valuable source of vertically integrated water vapor
neous) (IWV) information (e.g.,Bevis et al, 1992 Rocken et al.

1993 Beuvis et al, 1994 Businger et a].1996. The GPS-
based IWV observation technique is characterized by sev-
eral advantages in comparison to the traditional observing

Correspondence tdS. Heise systems: independence on sensor calibrations and therefore
BY (stefan.heise@gfz-potsdam.de) long-term stability, all-weather capability, high accuracy and

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2852 S. Heise et al.: GPS integrated water vapor

low cost. Several validation studies show well agreement2 Data analysis

between IWV from GPS and other observing systems like

radiometers or radiosondes (e®Backen et a.1993 Trego- ~ The common analysis procedure to derive IWV from ZPD
ning et al, 1998 Deblonde et a).2005 Wang et al, 2007). is described in several publications (eBevis et al, 1992
Thus, GPS IWV is used in several applications like numer-1994 Hagemann et 312003 Wang et al. 2007). Thus, we
ical weather prediction (e.gGendt et al.2004 Gutman et  give only a brief overview here. As shown in E4)(ZPD

al., 2004 Vedel et al, 2004 Guerova et a).2006), valida- consists of the zenith hydrostatic delay (ZHD) and the zenith
tion of IWV results from other sensors (e.gi,et al, 2003 ~ wet delay (ZWD), which yields the water vapor information.
Van Baelen et al.2005 and first climatological investiga-
tions (e.g.,Gradinarsky et a].2002 Nilsson and Elgered

2008. _ _ Assuming hydrostatic equilibrium, the ZHD can be calcu-
Based on its global network observations (currently more|5ted as a function of the surface pressBy¢at GPS antenna
than 300 stations), the International GNSS (Global NaViga‘height). Here we follow théERS Convention§2003 with

tion Satellite System) Service (IGBeutler et al. 1999 pro- the formula ofSaastamoine(L972 as given byDavis et al.
vides 2-hourly measurements of ZPD from February 1997(198

until the end of 2006 and a new 5-min ZPD data set starting
from October 2000. While there are numerous investigations, -~ _ (2.2768+0.0009 P; @
using GPS IWV on a regional scale, only one study describ- f(p,H)
ing a long-term IWV data set from the global 2-hourly IGS
ZPD product is published up to nowMang et al.2007). In
this paper we present initial results of IWV derivation from ¢4 £y —1—0.00266052¢ —0.000284 (3)
the 5-min IGS ZPD data set. Except for the slightly shorter
time interval this new IGS product is superior to the 2-hourly accounts for the dependence of gravity acceleration from lat-
data set in several aspects including long-term stability, acitude ¢ and surface height above the ellipsdid (in kilo-
curacy and number of stationByun et al, 2005. Deriva- meters). The ratio between IWV and ZWD is given by a
tion of IWV from ZPD data requires pressure and tempera-conversion factofl
ture information at the statiorBgvis et al, 1992. Numer-
ous IGS stations are not equipped with meteorological sen!WV =ZWD-T1 (4)
sors. Thus, meteorological data for IWV conversion have tOhich depends on the water vapor weighted atmospheric
be interpolated from nearby meteorological stations or anal-mean temperaturg,

. . . . . 1
ysis fields of numerical weather prediction (NWP) models.
While NWP analysis fields are widely used to derive the __; 6 c1
temperature information (e.gang et al, 2005, their ac- 11 =10 "PH0Ry <E+C2> ®)
curacy concerning ground pressure data is under discussion
(e.g.,Hagemann et 312003 Nilsson and Elgered2008. Here pn,0 denotes the density of liquid water Eky m—3)
Hence, in most studies pressure data are interpolated frorand R, the specific gas constant of water vapor
nearby meteorological stations (e gagemann et 312003 (461.53kg!K=1). Following Bevis et al. (1999 the
Wang et al,2007). Nilsson and Elgere(2008 applied pres-  two constants are
sure e§timates from a rggional r_nodel of the SweQish Mete—c1 — (3.739+0.0121PK2hPa !
orological and Hydrological Institute (SMHI). In this paper
we demonstrate for the first time the applicability of ground and
pressure data from global meteorological analysis fields fromc2 —(2214+2.2)KhPa L.
the European Centre for Medium-Range Weather Forecasts
(ECMWF) in this context. Beside simplified data handling The water vapor weighted mean temperature is defined as
(no single station data and quality control) this approach al- [(Py/T)dz
lows for IWV derivation if nearby meteorological stations are 7, = ”—2 (6)
not available. We compare the ECMWF-derived station me- J(Pu/T?)dz
teorological data with local measurements at all accordinglyzng can be calculated from vertical profiles of water vapor
equipped IGS stations. This allows for accuracy EStimatiO”pressurer and temperatur@, usually derived from NWP
also regarding temporal interpolation between the 6-hourlyyna)ysis fields (e.gWang et al,2005. Assuming a linear re-
ECMWF analysis fields. The GPS IWV is generally vali- |ation with surface temperature it is also possible to approx-
dated by comparison with ECMWF IWV at analysis times.  jmate,, from station temperature observatidhs(Bevis et

al,, 1992.

ZPD=ZHD+ZWD 1)

with ZHD in mm andP; in hPa. The term

Ty ~ 70.240.727, @)
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Fig. 1. Results for station Potsdam, year 20@@) comparison of IWV from GPS and ECMWF at 00:00, 06:00, 12:00, 18:00 UT (time
of ECMWF analyses)b) scatter plot corresponding to (4%) comparison ofP; from ECMWEF and station sensor at 03:00, 09:00, 15:00,
21:00 UT (worst case estimatiorfyl) same as (c) but fof,,.

But this approach suffers from systemdfjg overestimation  distinguish between two cases: If station altitude is above
at mid and high latitudes (up to 5K) and underestimation atthe lowest ECMWF level temperature and specific humid-
low latitudes (up to 6 K)\\ang et al. 2005. Nevertheless, ity (for ECMWF IWV integration) are linearly, and pressure
GPS IWV is rather robust again®}, uncertainties. While a is logarithmically interpolated. If station altitude is below
Py variation of 1 hPa corresponds to about 0.35 mm IWV, athe lowest ECMWF level, temperature is extrapolated using
T, uncertainty of 5K is related to 1.7-2.0% in IW¥§ge-  the mean temperature gradient of the three lowest ECMWF
mann et al.2003. In this study bothP; and 7,, are ex- layers. Pressure is calculated by stepwise application (20 m
tracted from ECMWEF global analysis fields which provide steps) of the barometric height formula and specific humid-
a horizontal resolution of about 50km. For horizontal in- ity for IWV integration is estimated in parallel, assuming that
terpolation to station position (according to ZPD file headerthe mean relative humidity of the two lowest ECMWF levels
information) the ECMWF interpolation library (EMOSLIB, is representative for the atmosphere below. For subsequent
www.ecmwf.in) is used. All ECMWEF data are linearly in- validation ECMWEF specific humidity is integrated to IWV
terpolated according to time of ZPD observation between theaccording to each GPS IWV observation, starting from sta-
6-hourly analysis fields. The ECMWF model covers 60 (91 tion altitude upwards.

since February 2006) vertical levels from near surface up to Generally all IGS ZPD data can be converted to IWV.
0.1hPa. Applying Eq.8) T,, is calculated as a fraction of However, significant errors i’ and T,, estimation may

two sums according to the ECMWF layers starting from sta-arise if station altitude is far beneath the lowest ECMWF
tion altitude upwards. Since ECMWF level altitude refers to level in mountain regions. Thus, in the following sections
geoid surface (and geopotential respectively), geoid altitudeonly stations with less than 500 m difference between low-
of the IGS stations is needed for vertical assignment and inest ECMWEF level and station altitude are considered. This
terpolation of the ECMWEF data. Especially the GPS IWV concerns about 85% of all IGS stations.

sensitivity to station pressure inaccuracies necessitates accu-

rate station altitudes above geoid surface. In this study el- )

lipsoidal coordinates are calculated from the cartesian IGS3 Selected station results

station position given in the header section of each ZPD .
file. In a second step the station geoid altitude is derivedm the foIonvmg we present.GPS WV FES“'FS of three
using geoid undulation data from the EGM96 geoid rnodelrepresentatlvely selected stations from mid latitudes (Pots-

; C o ; dam), tropics (Cocos) and polar regions (Davis) for the
Lemoine et al.1998. For vertical interpolation one has to _ ; :
( l 9 P year 2007. All selected stations are equipped with ground
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Fig. 2. Results for station Cocoga—c) same as Figl. Panel(d) shows ground pressure mean diurnal cycle as derived from ground
meteorological data.

meteorological sensors to enable pressure and temperatushown in Fig.1. Panel (a) reveals the typical seasonal IWV
comparisons between ECMWF and local measurements. Debehavior with peak values above 40 mm in summer and
spite the known reliability limitations of the IGS surface me- rather dry conditions partly below 5 mm in winter. GPS IWV
teorological data (e.gByun et al, 2005 Wang et al.2007), agrees well with ECMWEF through the entire year indicat-
these comparisons allow for accuracy estimation of the spaing high quality of both GPS and ECMWF IWV. The mean
tially and temporally interpolated ECMWF dafg and 7, deviation (bias) is—0.52 mm with a standard deviation of
used for IWV conversion. To exclude outliers By and T 1.34mm (panel b). The&; andT,, comparisons (panels c
station sensor data from the comparison a rough but fromand d) show well agreement between local measurements
our experience effective threshold (10 hPa or K, respectively)and interpolated ECMWEF data at times between the ECMWF
concerning the deviation from corresponding ECMWF dataanalyses. Standard deviations/biases are 0.57/1.62 hPa and
was applied. It should be noted that for consistency reason4.27/0.19K for P, and T,,, respectively. The rather high

T,» comparisons (Figsl and3d) refer to mean temperature pressure bias between ECMWF and local measurements is
estimations from both ECMWF and locally measufgdiata  probably related to deficient pressure sensor calibration (see
applying Eqg. 7). Due to the already mentioned limitations of alsoByun et al, 2005. The corresponding comparisons at
this approach, th&,, comparisons give only a rough idea on ECMWF times (not shown) give nearly identical bias val-
the accuracy of thd,,, data derived from ECMWF vertical ues with slightly smaller standard deviations (0.25hPa and
profiles which are actually used for IWV conversion. While 0.99 K). Assuming that the temporal interpolation error is in-
GPS and ECMWEF IWYV (Figsl-3 a and b) is compared only dependent of the errors in ECMWF and local measurements,
at ECMWF analysis times (00:00, 06:00, 12:00, 18:00 UT) the interpolation related standard deviation can be estimated
to ensure highest ECMWF IWV quality, the and7;,,, com- from the difference of the variances observed between and
parisons between ECMWF and local measurements (Eigs. at ECMWF times. Considering the relations betwe@n
and3 c—d, Fig.2c) refer only to times between the ECMWF T, and IWV variations (section data analysis), the small in-
analyses (03:00, 09:00, 15:00, 21:00 UT) for a worst case eserease inP; andT,, standard deviations corresponds to an in-
timation. Regarding th&; and7,,, comparisons at ECMWF terpolation related IWV standard deviation of about 0.2 mm.
analysis times (not shown here) this allows for estimation of

uncertainties related to temporal interpolation between the 6- Corresponding to Figl the 2007 IWV results for sta-
hourly ECMWF analysis fields. tion Cocos (12.19S/96.83 E, station altitude 4.7 m, lowest

ECMWEF level altitude 10.8 m) are given in Fig.(with ex-
The 2007 results for Potsdam (5223%13.07 E, station  ception of panel d). The tropical IWV exhibits humid con-
altitude 104.2 m, lowest ECMWEF level altitude 55.9 m) are ditions through the entire year ranging from about 30 up to

Ann. Geophys., 27, 2852859 2009 www.ann-geophys.net/27/2851/2009/
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Fig. 3. Same as Figl but for station Davis.

nearly 70 mm with a small minimum in southern hemispheric no sign for systematic over- or underestimation. This effect
spring. The comparison between GPS and ECMWF IWV can easily be explained regarding the mean diurnal pressure
shows nearly no bias but a standard deviation of about 3 mmbehavior at Cocos station (panel d). The well-known double
This is probably related to ZPD inaccuracies resulting fromwave structure of the pressure diurnal cycle with maxima in
high ionospheric activity (crest region) in low latitudes. But the morning and late evening hours and minima in the af-
also the horizontal and temporal resolution or assimilated huternoon and late night time is mostly pronounced in tropical
midity data of the ECMWF analyses may be not sufficient toregions due to the absence of low- and high pressure sys-
represent the high IWV variability. Nevertheless, consider-tems which dominate the pressure diurnal cycle outside the
ing the standard deviations with respect to the mean IWVtropics (e.g., the range in the mean diurnal cycle for Potsdam
conditions Cocos and Potsdam are about in the same ranges below 1hPa). The local time situation of Cocos makes
In order to determine if the large standard deviation is re-it impossible to resolve the pressure diurnal cycle from the
lated to the ionosphere, mean standard deviations betweesrhourly ECMWF fields resulting in systematic overestima-
GPS and ECMWF IWV at high (year 2001) and low (2007) tion of the minima and underestimation of the maxima. This
solar/ionospheric activity have been calculated. While theshould be considered especially in applications of the here
global comparison (similar to Figt, not shown here) indi- presented IWV data set for humidity diurnal cycle investiga-
cates a mean standard deviation of about 2.5mm IWV fortions.

2001, only about 2 mm are observed for 2007. Considering The 2007 results for Davis (68.58/77.97 E, station alfi-

only equatorial stations, the difference between high and low, . .
ionospheric activity is even more pronounced (about 4mm.tude 26.9m, lowest ECMWF level altitude 69.2m) are given

and 3.1 mm IWV standard deviation, respectively). Assum-" Fig. 3. Panel (a) shows the well-known dry conditions

ing that the ECMWF IWV precision is independent from so- of the southern polar region with IWV values below 10 mm

lar cycle this indicates ionospheric dependence of the Gp§early th.roughgut t.he Who'? year anq a minimum in south-
ern hemispheric winter. It is interesting to note that there

IWV accuracy. TheP, comparison (panel ¢) displays a clear is well agreement between ECMWF and GPS IWV in win-

.. . . . |
limitation of the temporal pressure interpolation between the . R .
6-hourly ECMWF aﬂalysig fields. Whilg there is nearly no _terwh||e ECMWF |s.3|gnnf|cantly lower than GP.S gspemally
bias, a standard deviation of 1.21 hPa is observed in con'—n autumn but also in spring and summer. A similar behav-

nection with a systematic over- or underestimation of the:cOr ?r: thethGPS—:ECIl/'IWFt It\.NV d'ﬁ_ﬁ:?m? Is also obsg(;ved
local measurements by the ECMWFdertvédata. The &l 0o M i 0 oC,  ECMWE undervaluies hu-
corresponding?, comparison at ECMWF times (nhot shown) P 0

. o . idity in the southern polar region, mostly pronounced in
ficant Il t .31hP . : .
gives a significant smaller standard deviation (0.3 3) an(aanutumn (see also Fid for mean bias). As Fig3b shows,

www.ann-geophys.net/27/2851/2009/ Ann. Geophys., 27, 2Z8533-2009
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Fig. 4. GPS IWV results 2000-2007 from stations with more than one year of data in comparison with IWV from ECMWF at 00:00, 06:00,
12:00, 18:00 UT (time of ECMWF analyseg#) bias,(b) standard deviation. Size of station symbols depends on distance from neighbouring
stations.

S ) P R R (not shown) give nearly the sang, standard deviation and
F — STDEV 7 ] bias (1.46+0.69K), the Py standard deviation is slightly
F---STAT_NB 360 smaller (0.57 hPa, bias0.24hPa). The small increase in
3 — ] P, standard deviation corresponds to an interpolation related
= g —550 % IWV standard deviation of about 0.15mm. In this context
£ r ] the range of the pressure mean diurnal cycle for Davis (not
Lo 2F EPP shown) is only about 0.2 hPa.
= E 1404,
% E ] L
[ r ] @]
g‘ s 350 % 4 Overall comparisons
O C E 3]
Z B n /// \’\-J‘/\ \\ —fzo§ In this section a general view on the GPS IWV results in
B ob \; SN RS S comparison to ECMWF is given. Furthermor®, and 7,
. ol BT comparisons between local measurements and interpolated
¥ N i ] ECMWEF data are presented for all accordingly equipped sta-
N R tions. Similar to the single station results in previous section
_50 0 50 IWV (Figs. 4 and5) is compared only at ECMWF analy-
LATITUDE [°] sis times to ensure highest ECMWF IWV quality whiRg

andT,, comparisons (Figs and7) refer to times between
Fig. 5. Latitudinal dependence of IGS station number (dashed line) the ECMWF analyses to estimate maximum standard devia-
zonal mean bias (dash dot line) and standard deviation (solid linefions. Also the outlier criterion for locaP; andT; measure-
between GPS and ECMWF IWV corresponding to Fg.Zonal  ments (maximum deviation form interpolated ECMWF data
means and station number refer t& 18titude bins. of 10 hPa or K, respectively) is applied.

The comparisons shown in Figg.and 5 refer to IWV

results from 2000 until 2007 for all stations with at least
the comparison between GPS and ECMWF IWYV gives aboutone year of data within this period. The maximum alti-
1.22 mm bias and 0.73 mm standard deviation. Pheind tude difference of 500 m between station and according low-
T,» comparisons (panels ¢ and d) show good agreement beest ECMWF level selects here 314 of in total 363 stations.
tween local measurements and interpolated ECMWF datdigure 4a reveals low GPS-ECMWF IWV biases for most
at times between the ECMWF analyses. Standard deviof the stations. The overall mean bias is 0.25mm. In fact
ations/biases are 0.740.25hPa and 1.5/0.72K, respec- 43 stations exceed a bias #fl mm and only three stations
tively. While corresponding comparisons at ECMWF times (CHUM, FORT, JAMA) exceed:2 mm. The maximum bias

Ann. Geophys., 27, 2852859 2009 www.ann-geophys.net/27/2851/2009/
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Fig. 6. Comparison of 2007, data from ECMWF and station sensors at 03:00, 09:00, 15:00, 21:0@bias,(b) standard deviation.
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Fig. 7. Same as Fig6 but for mean temperaturg,, .

of 3.12mm is observed for the tropical station FORT. Thisble. The standard deviations shown in Fip. also reveal

is in the range reported yagemann et a{2003 for some  well agreement between GPS and ECMWF IWV for most
suspicious stations. Figutfereveals hemispheric symme- of the stations especially in mid and high latitudes. However,
try of the mean zonal bias for mid and low latitudes with tropical stations generally exhibit higher standard deviations.
a maximum near the equator. As already discussed in prefhe latitudinal dependence of the standard deviation is also
vious section, a mean bias of about 1.2 mm is observed foclearly visible in Fig5. As already mentioned for Cocos sta-
the southern polar region. It is generally difficult to iden- tion this is probably related to the ionospheric active regions
tify whether the IWV bias is related to ECMWEF or GPS (in- around the equator but may also result from limitations of
cluding ZPD, P; and 7T, data). However, the altitude dif- the ECMWF analyses to represent the high spatial and tem-
ference between lowest ECMWF level and GPS antenna iporal IWV variability in humid regions. The overall mean
below 200 m for the three mentioned stations making a prob-standard deviation is 2.26 mm where most of the midlatitude
lem in vertical pressure or humidity extrapolation improba- stations are around 1.5 mm and high latitude stations below

www.ann-geophys.net/27/2851/2009/ Ann. Geophys., 27, 2Z8533-2009
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1 mm (Fig.5). A standard deviation of more than 4 mm is  The T,, comparisons corresponding to Figfor P; are
observed for six stations with a maximum of 4.36 mm for the shown in Fig.7. As already mentioned in previous section
Indonesian station BAKO. Also here deficiencies in vertical for consistency reasons Figrefers to mean temperature es-
pressure or humidity extrapolation are unlikely since five of timations from both ECMWF and locally measuréddata
these stations show an altitude difference of less than 200 napplying Eq. {). As seen from panel (a) most of the 82 sta-
between lowest ECMWF level and GPS antenna. In generalions show no significant bias between local measurement
the observed GPS-ECMWF IWV standard deviation is con-and ECMWF, the overall mean bias is 0.22 K. Only 8 stations
sistent with previous GPS IWV validation studies (less thanexceed a bias o3 K, the maximum bias is observed for
3mm) (e.g.Lietal, 2003 Hagemann et 812003 Deblonde  station THU3 (Greenland) with 8.25 K. Figure reveals an
et al, 2005 Wang et al.2007). overall mean standard deviation of 2.16 K, 10 stations exceed
The P; comparisons between local measurements at 88 K here. The maximum standard deviation is found for sta-
stations and interpolated ECMWF (at 03:00, 09:00, 15:00,tion ORID (5.22 K). TheT;,, comparisons at ECMWF times
21:00 UT) data are shown in Fi§. Since we observed sig- (not shown) come to nearly the same mean bias (0.16 K) and
nificant quality improvement (primary reduced standard de-standard deviation (2.21 K). Also the maximum temporal in-
viations with respect to ECMWF) of IGS pressure data for terpolation related increase ), standard deviation is only
several (especially Canadian) stations in 2006, these comB.66 K (station KIT3). From these results IWV uncertainty
parisons are confined to 2007 data. Figéireveals wellP; related with temporal interpolation of ECMWF temperature
agreement for numerous stations. While the overall meardata appears negligible.
bias (panel a) is zero there are 12 stations exceethigPa.
The maximum bias (7.4 hPa) probably related to missing
ground sensor calibration is observed for station SVTL. Nev-
ertheless, the results of a similar surface pressure compa
ison by Hagemann et al(2003 for about 40 IGS stations

5 Conclusions

Global ECMWF analysis data have been applied to convert

. . . e 5-min IGS ZPD dataset to IWV. A comparison of IWV
in 2000/2001 (where most of the .stat|ons shoyved. biases of;om GPS and ECMWE shows well agreement for most GPS
more than 3 hPa) can not be confirmed. Considering the al-

. L stations. Larger discrepancies in this comparison can eas-
ready mentioned reliability limitations of IGS surface me- . . : g . .
. . : S .~ ily be used to identify suspicious stations in GPS IWV data.
teorological data (especially regarding calibration) we find

i ) ; Such significant deviations especially occur in mountain re-
ggg ;2? ;;3; ;ism%nsogsggiln'mgfggig;ﬁ IrEnc;ZIr\fVian- gions due to altitude extrapolation errors but can also be re-

o lated to errors in station altitude or insufficient horizontal
dard deviation between ECMWF and locally measurgd S .
: . [nodel resolution in presence of climate or weather bound-

aries. The comparison of measurements from IGS station
surface meteorology sensors with corresponding ECMWF-
derived data indicates reasonable agreement for most sta-
Fons. In order to apply station meteorology data for a reli-
"able IWV conversion, ECMWF data can effectively be used

for most of the stations the IWV uncertainty related with _ . denti liers in th local h
temporal interpolation of ECMWF pressure data is negligibleto.I er?'ufy outiiers in these oca measurements. T 1€ uncer-
tainty in GPS IWV related with temporal interpolation be-

small in comparison to t_he (_axpectaple IWV accuracy (Stan'tween the 6-hourly ECMWF analysis fields has been esti-
dard deviations from validation studies). However, the max-

. . . : e mated by comparison of ECMWF-derived data with station
imum interpolation related increase Ry standard deviation Sensor measurements at times of ECMWE analvses and three
is nearly 1 hPa for the tropical station MSKU. The reason y

. . . . hours displaced from these times. Considering the increase
for this large interpolation error has already been discussed b 9

in previous section for station Cocos. MSKU (135 n pressure aqd mean temperature stgndard dgwat.lons, .the
. o . mean uncertainty introduced by time interpolation is esti-

shows nearly the same local time situation with respect to ated below 0.2 mm. Nevertheless. temporal station pres-

the ECMWEF analysis times and the ground pressure diurnal ) i ’ P P

. .__’sure interpolation may result in up to 0.5mm IWV uncer-
cycle (even though derived from only 12 days of applica- __. . T
. g C ainty (in terms of standard deviation) if a pronounced ground
ble data in 2007) is also similar but even more pronounce

than for Cocos. It should also be noted that the average Starﬁroesizg)rzgéutrl?:g%ﬂ\e/vllg g;ZIsesr:s(zzp:octl?(!yrZZZi:\;E?s |£1 g;:
dard deviation betwee®; from ECMWF and local mete- P Y P y

orological data is well below the 1.65hPa RMS difference due to local time situation of the station.

reported bywang et al.(2007) for comparison ofPs inter-  AcknowledgementsThe authors are grateful to the IGS community
polated from nearby surface synoptic observations with locakor maintenance of the global network and data provision. The Ger-
measurements at 48 GPS sites. This indicatesithderiva- man Weather Service provided ECMWF analysis data.

tion from nearby synoptic stations is in general not superior ~ Topical Editor F. D’Andrea thanks S. Byun and T. Nilsson for
to the application of ECMWF analysis data. their help in evaluating this paper.

ECMWEF times (not shown) give an slightly smaller value of
0.75 hPa (and the same mean bias). The small increa&e in
mean standard deviation corresponds to a temporal interpol
tion related IWV standard deviation of about 0.16 mm. Thus
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