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Abstract. Water vapor plays an important role in meteoro- well, 23 % match badly and 45 % are difficult to classify as
logical applications; GeoForschungsZentrum (GFZ) there-they match only in parts.
L(Lrgoizvg?E:c:rgpfsngﬁgii:p\t‘vigt:ﬁ;eprgrtgb%?/gvg;ﬁa?‘i;tgs'Keywords. Atmospheric  composition and  structure
ing GPS data from about 300 ground stations. Input data fogtroposphere-composmon and chemistry)

the tomographic reconstructions are generated by the Earth
Parameter and Orbit determination System (EPOS) software

of the GFZ, which provides zenith total delay (ZTD), inte- 1 Introduction

grated water vapor (IWV) and slant total delay (STD) data ) ) )
operationally with a temporal resolution of 2.5min (STD) Water vapor plays a key role in various atmospheric pro-
and 15 min (ZTD, IWV). The water vapor distribution in the C€SSes; e.g., its long-term variations are related to climato-
atmosphere is derived by tomographic reconstruction techlogical temperature trends. To precisely characterize the in-
niques. The quality of the solution is dependent on manyﬂuence of water vapor on these processes, the knowledge of
factors such as the spatial coverage of the atmosphere witis temporal and spatial distribution is a key prerequisite. The
slant paths, the spatial distribution of their intersections andP00r resolution of the atmospheric water vapor observations
the accuracy of the input observations. Independent obseil SPace and time limits the accuracy of short-term weather
vations are required to validate the tomographic reconstrucforecasts. In the recent years, ground-based GPS sounding
tions and to get precise information on the accuracy of theSystems were in operation and the ability to provide such spa-
derived 3-D water vapor fields. To determine the quality of tiotemporally resolved information on the water vapor distri-
the GPS tomography, more than 8000 vertical water Vapo,bution was demonstrated. The provision of the integrated wa-
profiles at 13 German radiosonde stations were used for thi€r vapor (IWV) and atmospheric zenith total delays (ZTDs)
comparison. The radiosondes were launched twice a day (#as established as a standard sounding technique. ZTD and
00:00 UTC and 12:00 UTC) in 2007. In this paper, parame-'WV are currently operationally assimilated into regional
ters of the entire profiles such as the wet refractivity, and theveather forecast models. The derivation of 3-D water va-
zenith wet delay have been compared. Before the validatio0r distributions is currently under development. Since the
the temporal and spatial distribution of the slant paths, servirst feasibility of water vapor tomography with GPS data in
ing as a basis for tomographic reconstruction, as well as theiB€Vvis et al.(1992, many GPS-based water vapor retrieval
angular distribution were studied. The mean wet refractiv-Systems have been set Ugldres et al.200Q Troller et al,

ity differences between tomography and radiosonde data fof002 Champollion et aJ.2009 Perler et al.2011).

all points vary from—1.3 to 0.3, and the root mean square is Radio signals emitted by the GPS satellites are bent and

within the range of 6.5-9. About 32 % of 6803 profiles match delayed on the way to the ground depending on atmo-
spheric temperature, pressure and humidity. Based on the

tropospheric delays from a network of GPS receivers, the
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1492 M. Shangguan et al.: GPS tomography

water vapor distribution within the troposphere can be deter- 5 6 7 & 9 100 11° 12° 13° 14 15
mined by tomography techniques. The quality of the GPS to- § N ‘
mography is affected by a number of factors such as the spa®® ‘ = ¥
tiotemporal distribution of the observations, the reconstruc-
tion method, the initial field, etc., and independent observa-,.
tions are required to validate its quality. Radiosonde data are
often used to evaluate the capabilities of GPS tomography
(Gradinarsky et a).2004 Troller et al, 2006 Perler et al. 53"
2011). However, only several radiosonde profiles from one

or two stations were used for comparison in most of these .
studies. In this study, more than 8000 radiosonde profiles for |-
the year 2007 provided by 13 German radiosonde stations at ||
00:00 UTC and 12:00 UTC are available. A set of criteria for 5%
selecting reliable profiles was defined before validation. All
the chosen profiles are divided into well or poorly matched ¢
profiles with the help of defined parameters. This classifica-
tion into three groups of profiles describes the quantitative 40
and qualitative agreement between the tomographically re-
constructed and radiosonde profiles.
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2 Data sources ar

The current investigation involved the tropospheric products

from the German Weather Service (DWD) for the year 2007_tomography grid (black) and the German radiosonde stations (white

In Fig. 1 the red dots show the 272 GPS stations used fo(hombs). There were no data for station Altenstadt in the year 2007.
) . - A 14 x 18 x 20 cell grid was chosen for the reconstruction.

tomography. The horizontal resolution of the generated to-

mography is about 50 km, which cannot be much better than

the mean GPS interstation distance of 40km. The whiteavailable geodetic information. Two mostly used processing
rhombs are the radiosonde stations in Germany, which prostrategies are network solutions providing double differences
vide two profiles per day at 00:00 UTC and 12:00 UTC for of carrier phase measurements and the precise point position-
the year 2007. The horizontal distance between radiosondgg (PPP) techniqu&Z{imberge et al1997), which estimates
stations is about 200 km on average, and the observationge slant delays independently. At GFZ the PPP uses precise
pressure, temperature and relative humidity are measured byrbit and clock estimates, which are available from the IGS

radiosonde sensors. service center and can be further refined for the atmosphere
_ processing, e.g., from 3 to 1 h. Each station is processed in-
2.1 GPS data processing dependently by PPP, and the processing of a large number

of stations can easily be parallelized in order to obtain near-

The IGS processing center located at GFZ operationally proyeg|-time solutions.
vides several geodetic products, e.g., orbits and clock correc- sTps are provided by the GPS data processing software
tions of all GPS satellites, which are estimated every threecpos Gendit et al. 2004 developed at GFZ using the PPP
hours (Gendt et al.2011). Based on these data a processing method. The STD can be expressed as a combination of dif-
system for ground-based GPS atmosphere sounding is ruffgrent estimatesacMillan, 1995 Bender et al.2010:
ning operationally and estimates the ZTD, IWV and STDs
on an hourly basis. STD data are available with a samplingSTD = mp-ZHD+m-(ZWD+cote (Gn cosp+GE Sing))+8,
rate of 2.5 min providing 6-12 GPS slant delays per station @
and epoch. Currently about 300 stations from Germany and
neighboring countries are processed resulting in hourly datavhere ZHD and ZWD are the hydrostatic and wet zenith de-
sets of about 50 000 STDs. lay, mi, andmy, are the hydrostatic and wet mapping function

The GPS signal is bent and delayed by the atmospheréNiell, 1996, Gy andGg are the delay gradient parameters
in comparison to undisturbed propagation in a vacuum. Thdn north and east directions, is the elevationg is the az-
GPS data processing needs to estimate this delay in ordemuth ands is the postfit phase residual.
to obtain precise positions. The GPS atmosphere processing Real-time processing is important for several meteo-
provides the most reliable atmospheric delays by utilizing therological applications yet has the disadvantage that only
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M. Shangguan et al.: GPS tomography 1493

observations arriving in time can be considered. Missing dataon Ny, within each cell:

lead to gaps in the time series, and stations without a fas 5 i

data connection cannot be processed. For validation stu >WD=10 ZNW'Si' ©)

ies it would be more beneficial to use a reliable reprocessed i l L i

data set with minimum gaps and a maximum number of ob-Here’Si is the slant subpath \_N|th|n theth.grld .ceII. Equa-

servations. The currently largest and most carefully repro-ion (6) Ieads to a system of linear equations if all SWD ob-

cessed data set available from the GFZ is the COPS reanafiervations available are combined to a veetorthe refrac-

ysis for 2007. During the Convective and Orographically- tVity Mw field is mapped on a vectarand the design matrix

induced Precipitation Study (COPS, June to August 2007) IS given by the slant subpaths in each voxel.

and the Global Observation Period (GOP, January to Decemy, = An. )

ber 2007), an extensive meteorological data set was taken ancﬂ1 - .

additional GPS stations were set up in eastern France an-ld— (_awet refractivity can be obtained from Ea) b){ means.of

southern GermanyWulfmeyer et al, 2008 Crewell et al, an inverse reconstruction process. EquatR)rd(a_flnes.an ill-

2008. Not all stations had online data connection and it Wasposed_ Inverse prople_m Wh'Ch can b.e solved |terat_|vely, €.g.,

necessary to collect all available GPS raw data and the neé?y using the multiplicative algebraic reconstruction tech-

essary meteorological observations after the campaign. Tha'aue (MART) Subbarao et al1997):

reprocessing at GFZ was carried out in several steps. The AL

quality of the available data and the remaining gaps were anpf+1 — ;. i (ATAT) (8)

alyzed carefully after each step and attempts were made to’ T (AT n)

obtain the missing data. wherej denotes the grid cell, the observatior the itera-
tion step and. = 0.2 is the relaxation parametéA‘, n¥) is

2.2 GPS tomography the dot product of the row vectdy’ with the the state vector

. n after thek-th iteration. The MART method starts with an
The GPS tomography combines a large number of STD 0bjia field which is iteratively improved by applying small

servations in order to reconstruct a spatially resolved refrac'corrections to each grid cell. The initial field was obtained

tivity field (Flores et al.2000. In many cases it is more de- by using all the available synoptic data from the DWD and
sirable to obtain the humidity distribution which is closely re- =pg meteo stations in the selected region. The stations ob-

lated to the wet refractivity and the slant wet delays (SWDS).geryations were interpolated on the grid by means of a least-
The STD can be subdivided into a hydrostatic and a wet partg ., ares collocation. It is a numerical approximation method

at which the latter is related to the water vapor. The SWD,ith narameter estimation and statistical interpolation of ob-
can be separated from the STD by estimating the slant hydroz

. . . . Servations in space and timiditer, 1996.
static delay (SHD) using the zenith hydrostatic delay (ZHD)  gesides additional observtions, e.g. IWVs, and inter-voxel
(Saastamoineri973 Bevis et al, 1992:

constraints were used to stabilize the tomographic recon-
0.002276%0 struction. The quality of the reconstructag, field depends
= 1-0.00266c0%2¢) — 2.8-10 Tho’ (2) on the quality of the initial field, t'he number and qualllty of
the input slant data, the resolution of the chosen grid and
wherepg is the surface pressure in hRais the geographic many parameters of the reconstruction algorithm.
latitude andhg is the station height above geoid in km. The  The tomography system developed at GB2rider et al.
ZHD can be mapped onto the slant path using the hydrostati@010 works with the iterative reconstruction technique

ZHD

mapping functionliell, 1996 MART with the GPS slant path delays from the German net-
work as input data (Fidl). A good spatial coverage of the at-
SHD = mn - ZHD ©) mosphere by the slant paths is required for the tomography.

ere, water vapor fields with a spatial resolution of about
0 km horizontally, 500 m vertically up to 10 km and a tem-
poral resolution of 30 min were reconstructed at 00:00 UTC

SWD = STD— SHD. (4) and12:00UTC from 1 January 2007 to 31 December 2007.

The input slant data and synoptic data were in the period

The SWD is related to the wet refractivity, by the integral ~ £15min of the radiosonde launch time. The reconstruction

and the SWD is given by the difference between the STD an
the SHD:

along the signal path: region is located from longitude.% to 15, and latitude
47.3° to 54.8° with the grid described in Figl, and the
SWD = 10_6/Nwds. (5) height is from 0 to 10000 m with 20 intervals. The interpo-
< lation of the synoptic data was used for the initial field with

the method described above. With the above setting and ap-
This integral is discretized using a regular WGS84 grid andplying the MART method, GPS water vapor tomography for
linearized by assuming that the signal path does not depeng007 has been reconstructed with 100 iterations.

www.ann-geophys.net/31/1491/2013/ Ann. Geophys., 31, 149365 2013
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2.3 Radiosonde profiles

A set of radiosonde (RS) profiles from 13 German RS sta-
tions (see Figl) was available for the year 2007. The data
set with the profiles of the 00:00 UTC and 12:00 UTC ascents
contained information about the altitude, pressure, tempera-
ture, humidity, wind speed, etc. From these data the wet re-
fractivity profiles can be estimated using Bith and Wein-
traub(1953 or Thayer(1974 formula:

NWZZV_VJ‘- (kz%—i—kg%). (9)

Here, e is the partial pressure of the water vapbr,s the
temperature and,;! is the inverse compressibility factor of
water vapor. The coefficients andkz can be found iBevis
et al.(1994.

Howeve!‘, the vertical distribution is rather varl_able and Fig. 2. Bilinear/spline interpolation: the rhomb points are the center
many profiles show large gaps. Most of RS profiles reacho the voxels; the round points are the horizontal locations of ra-
up to 20-35km, but for the validation only RS data within diosonde stations in different layers. In the horizontal the bilinear
the tomography grid up to 10 km are relevant. Most profilesform with four adjoining points and in the vertical cubic splines are
consist of 30-50 observations by 10 km, which correspondused for the interpolation.
to a mean vertical distance of the observations between 200
and 300m.

For the sake of validating the quality of the tomographi- whereas vertically cubic spline interpolation was performed
cally reconstructed humidity fields the RS profiles were used(see Fig2) (de Boor 2007).
as a reference. However, it should be considered that ra- Secondly, the quality of the tomographically reconstructed
diosondes also have their difficultie¥ gmel et al, 2007 profiles is limited by the errors of observations. It is not only
Miloshevich et al.2009. The average accuracy of the widely from estimated STDs in the EPOS but also from estimated
used radiosonde Vaisala RS92 is abaeit% of the mea- SHD using Saastamoinen model. Thll’d'y, the solution is not
sured relative humidity (RH) value for nighttime soundings unique and not stable due to the ill-posed inverse problem.
and -5 % for daytime soundingMiloshevich et al,2009. ~ GPS tomography usually generates a partly ill-posed prob-
Compared to nighttime soundings there is a solar radiatiolem with incomplete input data, in which a portion of the
error in daytime measurements caused by solar heating dfnknowns can be determined whereas the other partis under-
the RH sensor. A time-lag error can be caused by slow sendetermined.
sor response to changing RH conditions at low temperatures It is obvious that not all grid columns shown in Figwill
(Miloshevich et al.2004. Comparisons between RS humid- have the same reconstruction quality. The spatial and tempo-

ity observations and GPS ZWDs can be foun®ihneider ~ ral distribution of observations within the grid is highly vari-
(2010. able, and it must be determined which parts might have been

reconstructed with sufficient quality before the validation is
applied. Otherwise, the validation will provide distorted re-
3 Validation of Ny, fields with radiosonde profiles sults, e.g., by comparing regions which were not covered by
slant observations. This is also an important question for fur-
The GPS tomography provideg, fields on a rather coarse ther applications of the reconstructed humidity fields, where
spatial grid and a reconstruction quality, which depends onsome sort of confidence level needs to be supplied together
the geometry of GPS satellite constellation and many othewwith the fields. Defining criteria for “reliable” columns which
parameters. These fields have to be compared with a limean later be applied without having reference data is therefore
ited number of RS profiles with a high vertical resolution. an important task. Another problem is the method to compare
The quality of the tomographically reconstructed profiles isa gridded field with the profiles. There are several possibili-
limited firstly by the low spatial resolution of the tomogra- ties, e.g., comparing the data point by point or regarding the
phy. The generated tomographic reconstruction has a horiwhole profiles. A statistically sound strategy has to be devel-
zontal resolution of about 50 km and vertical resolution of oped.
500 m. Moreover the wet refractivity is assumed to be con-
stant within a voxel. Therefore the interpolation is applied
for the comparison with radiosonde data. Horizontally bilin-
ear interpolation was used with four adjoining grid points

Ann. Geophys., 31, 14911505 2013 www.ann-geophys.net/31/1491/2013/
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3.1 Estimating the quality of reconstructed profiles

About 50 000 slant delays per hour are used to reconstruc
the humidity fields, but the distribution of slant paths be-
tween the receivers and satellites is always inhomogeneou
in space and time, depending on the specific GPS satellitg
constellation. Consequently, the information available from
the observations changes dynamically. Figdishows an ex-
ample of the spatial coverage of the atmosphere with slants
paths. It shows that the slant paths are very dense in som¢&
areas while some other areas show almost no slant paths

During COPS a dense GPS receiver network was deployecgss
in the Rhine Valley. Most stations were providing data from
June 2007 until the end of the year. Therefore, the slants in
the Black Forest region in southwestern Germany are veryg== s
dense during this period. On the other hand there are region
in northern Germany and above the North Sea with very few
observations. A reliable tomographic reconstruction requires
a large number of intersecting slant paths from a wide angu-
lar range Kak and Slaney1999 Champollion et a].2005
within each grid cell. It can therefore be assumed that cells
with no observations and cells that are pierced from the par-g8
allel paths will not be reconstructed very well. As more than
50 % of the cells remain empty and other cells with several §&
GPS stations are pierced by a large number of parallel pathg
(Bender et al.2009, these criteria can be used to identify

regions with unreliable data within the grid. Fig. 3. Spatial coverage of the atmosphere by GPS slant paths in
Germany. The flag shows the location of COPS investigation area.
3.1.1 Density of slant paths The sampling rate of STD is 2.5 min.

The first step to estimate the quality of the tomographic re-

COESU‘UC'[IOIH 'S tol coun_tdthel numberl of sllants pe_rr?rldl celly strong impact of the inversion, i.e., the STD observations,
and per column. In an ideal case only columns with a largey, i 515 segments which are very close to the initial profile. A

number of evenly distributed slants would be selected, butcombination of such contradictory information often leads to

dl_ﬂ:1 to the large number of”“empty" CE”S’ evin the COI(l;"::nsstrong artifacts in the reconstructed field. Such profiles were
with one or more empty cells cannot be totally rejected. Orrejected for the validation. It is rather difficult to define gen-

comparison with the RS profiles, four neighboring columns o | citeria for rejecting poor profiles as too-restrictive crite-
are required to interpolate the gridded data on the profile (seﬂa remove too many profiles, with some of them being rel-

Fig. 2). atively good. By varying several parameters it was decided

F|gure|4 S.T:.)Wf a tyg_|c§1I.S|tuat||on. The (r;umc?_cfefr of sIapts to reject all sets of four neighboring profiles where the max-
per voxel within four adjoining columns and at difterent altl- ., 1y nymper of slants per cell in one of the four columns is

tudes can be significantly different (Fi4. right). Here, one smaller than two. In this case there are no intersecting slant

column was not pierced by any slant path, and two COIUmnspaths and very often lots of cells without any data. This rather

show a rather small but evenly distributed number of sIantheak requirement already rejects7 % of the profiles (see
which increases slightly with increasing height. This is typ- Table1)

ical for columns which do not contain any GPS stations but

are surrounded by several stations. The last column shows a o

very high number of slants per cell and contains several sta3-1.2 Angular distribution of slant paths

tions. The bilinear interpolation of th#®,, data from these

columns gives the highest weights to the least distant point§he quality of a tomographic reconstruction depends not
without considering the number of observations. In Fg. only on the number of slant paths but also on the way these
the column second closest to the RS profile gets a highepaths are intersecting. Therefore, the crossing angles of any
weight than the column with most observations; i.e., the in-pair of slant paths within each voxel were investigated in the
terpolated value has a large contribution from the initial field. next step. In an ideal case an almost flat distribution of inter-
The reconstructed profile (Fid, left) shows segments with section angles ranging fron? @ 180 would be expected.

www.ann-geophys.net/31/1491/2013/ Ann. Geophys., 31, 149305 2013
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Fig. 4. Vertical profiles at station Emmersbruck on 28 March 2007, 12:00 UTC (left panel) and the number of slant paths per voxel in four
adjoining columns for interpolation (right panel).
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Fig. 5. Profiles on 31 January 2007, 12:00 UTC, at station Bergen (left) and on 9 June 2007, 12:00 UTC, at Schleswig (right). The grid cells
indicated by the black boxes were chosen as examples as these cells are closest to the RS stations.
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To investigate a real situation the intersection angles andHerer is the slant vector ang (i = x, y, z) are the Cartesian
their distribution must be computed for each single grid cell. unit vectors.
This was done for an example shown in FBgThe two pro- Figure 7 (right) shows the distribution of; for Bergen,
files shown were chosen from a region with a rather highFig. 6 (right, for Schleswig). The number of entries in each
density of slant paths, and all grid cells contain many obser-histogram is much smaller than in Fig.(left) as only one
vations. The RS profiles (dashed line) and the tomographangle is computed for each slant path and each principal
ically reconstructed profiles (solid line) are shown togetheraxis, while in Fig.6 (left) any possible pair of slant paths
with the Ny, data at the surrounding grid points. The humid- is regarded. Again, a wide distribution of angles is found for
ity profile at Bergen, 31 January 2007, 12:00 UTC (Fg. the station Bergen (Fig), while the angles for the station
left), shows rather large deviations from the initial profile but Schleswig are centered at some specific directions {#ig.
could be reconstructed quite well. Contrarily, the humidity To quantify the width of the distribution, the differences be-
profile at Schleswig, 9 June 2007, 12:00 UTC, which was re-tween the maximum and minimum cutting angles are ana-
constructed from a comparably large number of STD obserdyzed for each voxel:
vations, does not match the RS profile. Neither the fluctu- ,
ations in the boundary layer nor the step at 3000 m can b&¢x = ¢ — M. (12)
seen in the tomography profile. The number of STDs around o
the RS station was sufficient and it could be assumed thaf\l the direction vectors of slant paths only were downward
the angular distribution of the slant paths is the reason fol90" < ¢z <180, dp, < 90°). It tuned out thad¢, was
the poor quality of the reconstruction. This aspect was inves0t directly correlated with the reconstruction quality, while
tigated in more detail. TheV,, data indicated by the black |arge numbers of¢, andd¢, usually indicate a wide slant
box, i.e., from the column closest to the interpolation value,Path distribution and a good reconstruction quality. To iden-

are chosen as an example. The histograms of crossing angl&fy unreliable profiles thel¢, andd¢, values of all cells of
of the two selected voxels at an altitude of 2000 m are showrj® four grid columns surrounding the RS station were ana-

in Fig. 6 and 2500 m in Fig7. lyzed. The profile was rejected if the maximumdp, and
The crossing angle of every two slants; andr is as d¢y were both smaller than 90n all of the four columns.
follows: Another 692 profiles were rejected by this criterion, regard-
ing the profiles passing the criteria defined in the previous
¢ = arccos|<rl|’—|r2)| (10)  section (see Tablg).
rillr2

In Fig. 6 (left) ¢ of Bergen are widely distributed and indicate 3-2 Radiosonde data

intersecting slant paths from a wide angular range. Contrar- . .

ily, the histogram for Schleswig (Fig, left) shows a narrow A tqtal of 8109 radiosonde profiles for the year 2007 were

distribution with slant paths pointing in two or three distinct 2Vailable for the study. However, not all of them could be

directions. The number of slants in Fig(right) is 80, which used for the validation. Some'of them show large vertical

is a little less than 87 in Figs (left) but should be suffi-  9aPS Or are truncated at a certain height. A total of 27 RS pro-
cient for areliable reconstruction. However, in the Schleswigflles with no _data above 4000 mwere rejecte(_j. In addltlon_the
case it is difficult to locate the information provided by the yvet refractivity at some start pomts_ of thg radlosondg profiles
slant delays as all signals propagate almost in the same dl® much larger thatvy, at the following points. According to

rection and there are no real intersections between the pathy.l'loshev'Ch et al(2009, measurement errors tend to occur

This leads to the rather poor reconstruction as compared td! the first 100 m or when the temperature gradient changes
Bergen. abruptly, due to the fact that the RH sensor possesses differ-

Analyzing distributions as shown in Fig (left) and Fig.7 ent thermal time constants at which the measured air temper-

(left) for each single grid cell would be rather difficult and ature does not accurately represent the temperature from the

cannot provide definite information on the reconstruction R Sensor. Hence if the vertical height difference between

quality as the slant path distribution in the entire region hasthe start point and the second point is smaller than 20m and

to be considered. For the sake of simplicity, a cIassiﬁcationthe wet refractivity d|fferen(_:e IS larger than 50, then the mea-
ured data of the start point is deleted. Altogether 22 start

number is defined which is much easier to compute and to’

analyze: for each slant path the angles to the principal aerom,ts were deleted for the whole year. Some rad|osqnde
of the local Cartesian system are computed: giis the an- profiles have two values at the same height and sometimes

gle to the vertical axis (90< ¢ < 180°), andg, andg, are the Ijeight even decreases at some poipts. For int_erpolgtion
the angles to the horizontal axes (© .., < 180°). The for- and integration the sequence of points with Qecree}smg height
mula for the cutting angle between slant paths and the loca)'3> changed and 1cm was added at the points with the same

axis vector is described by EdLY) (see Fig2): height.
o = arccos%. (12)

www.ann-geophys.net/31/1491/2013/ Ann. Geophys., 31, 149365 2013
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Fig. 7. The histograms of the crossing angles of every two slants in the chosen voxels5Si{riggt) at station Schleswig. The corresponding

cutting angles with axis vecter,, ey, e; and a spread af¢, =8267°, dp, = 88.41°, d¢p, = 45.2%°.

In total 1296 out of 8109 profiles foreseen for validation ble 1). A total of 27 RS profiles were rejected due to large
were rejected, leaving 6803 profiles for the validation (Ta-
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Table 1. Number of unused profiles according to different criteria. Table 2. Statistics of the differences between radiosonde and GPS
tomography; a is the number of observatioasV,y and rms are the

Total number of radiosonde profiles 8109 average difference a¥y, between radiosonde and tomography and
Radiosonde profiles with large gaps 27 its root mean squaré\ Ny, and rms are the average and root mean
No tomographic reconstruction 18 square of the relative differences.
Tomography profiles with too few slants 569
Tomography with poor angular distribution 692 RS station a ANy rms ANTrv ms
Pairs of profiles for validation 6803
Bergen 28589 —0.343 8.996 5.024 36.417
Emden 31139 —-0.901 7.899 3.674 16.834
. . Essen 33363 —-0.816 9.149 3.535 19.310
gaps. For 18 profiles the STD data were not sufficient t0 gpj|ar 8687 _1.124 8.128 1.384 5.775
start the tomography. A total of 569 tomographically recon- greifswald 31740 -075 7541 4.156 22.891
structed profiles were excluded from the validation because |gar 27156 —1.305 8.112 2.656 11.725
the number of slant data in the vicinity of the RS station was Kiimmersbruck 26966 —0.309 6.479 3.432 15.779
insufficient, and 692 profiles were excluded because the an-Lindenberg 30107 -1.043 7.633 3.891 17.417
gular coverage was poor. Meiningen 27509 -0.334 6.713 2995 14.198
Most of the profiles rejected from the tomography be- Meppen 4013 0.031 6.916 5542 23.102
cause of a insufficient number of slants belong to the station Mtnchen 27166 -0.941 6.476 3.192 14.523
Stuttgart 33571 0.673 7.472 2917 15.661

Schleswig. As can be seen in Fi.there are only few GPS
stations around Schleswig and they are located only on the

western side. Certainly not all the profiles selected in this

way provide reliable data, but due to the necessity to interpo-

late from the rather coarse tomography grid to the RS station

four surrounding columns are required. It mustbe pointedout 1 & NSPS— NRS
that the columns of the reconstructed field not matching thesé NV = a Z T
criteria do not necessarily contain poor data. Columns with Wi
few observatic?r)s are dominat_ed by the initial figld, which The results for one year of data are shown in Tabl&or
was only modified due to the inter-voxel constraints. If the each station the number of observatianss given. There

initial field was chosen well, then the “reconstruction” will were many points at different refractivities between 0 and

match the real conditions, i.e., show a smooth exponential ng ang different value scale from 0 to 100, and as a result
profile. However, this is not the result of the tomographic r'e-the corresponding root mean squares were quite variable.
construction and these data will not be considered further. Table2 shows the overview of the result. THeNy vary

from —1.3 to 0.3 and an overall rms of about 6.5-9 has been
reached, depending on different radiosonde stations (see Ta-
ble 2.) Most of theA N}, are positive because of many small

After cleaning the available RS profiles and interpolating thef@diosonde observations at high altitude®) as denomina-
reliable parts of the tomographically reconstructég field tor. At high altitude the measured values _of RS_ were always
on the individual points of the RS profiles, two setshgf ~ Very small, and therefore the corresponding, in this re-
profiles defined on the same points in space are available ar@fon have always very large values in spite of smaly,.

can be compared. Many methods can be used for the comtnese results are rather unspecific and provide little informa-
parison such as a point-by-point validation or the validationtion about the quality of the tomographic reconstruction. It

(14)
i=1

3.3 Comparison of GPS tomography with radiosonde
data

of entire profiles. cannot be seen how many profiles show a good representa-
tion of the real vertical atmospheric structure.
3.3.1 Point-by-point validation More meaningful than the mean of all observations is

the mean deviation at a certain altitude. For this purpose
In a first step the data are compared point by point; i.e., thehe differences of RS and tomography data were classi-

mean differences fied in 20 vertical layers defined for the tomographic recon-
$¢ NGPS_ NRS struction, and the means as well as their root mean square
AN, = ==l wi Wt (13)  were computed using Eqsl3) and @4) for each individ-

a ual layer.A Ny, is dominated by deviations in the boundary

and their rms are compared for each station without regardtayer, whereN,, is large and leads to small relative devia-
ing the height or observation time of the data with the num-tions. AN}, is dominated by deviations near the tropopause,
ber of dataz. The absolute differences might be misleading where Ny, is small and small deviations can lead to very
for the almost-exponential vertical,, profiles, and the cor- large relative errors up to several 100 %. TNg observa-
responding relative differences were also taken into accounttions between 0 and 5 and the large relative uncertainty of
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Fig. 8. Mean difference ofA Ny and their rms with all (6803) tomography and radiosonde profiles in 20 layers (left panel); relative mean
differences ofA Ny, and their rmgat the right side.

humidity data at higher altitudes do not necessarily corre-dividual profiles one by one requires a lot of work. There-

spond to poorly matching profiles. fore, defining general criteria, which can be checked auto-
Data from three RS stations (Lindenberg, Essen andmatically, is necessary to determine the agreement between

Meiningen) were chosen as examples. The difference of theadiosonde and tomography profiles in a consistent way. To

wet refractivity distributed respectively in large, middle and check if two profiles are almost similar it is beneficial to com-

small rms (Table2). The result for 20 equidistant layers are pare some integrated quantities, e.g., the Zenith Wet Delay

shown in Fig.8. It can be seen that plots for the different (ZWD) of the profile up to the top grid layer.

stations are following the same pattern. The bias of different

RS stations shows rather large fluctuation in the lower layers. A

The rms is rather similar for all stations and decreases witiZWD = 107 / Nwdh. (15)

increasing altitude. The relative bias of different RS stations 0

shows large fluctuations in the upper layers. finsreases

with increasing altitude for all stations. Below 2000 m the The ZWD should be almost the same for both profiles; i.e.,

mean difference is very variable because of an insufficienthe differenceD should be small.

number of GPS observations at low altitudes. Above 8000 m

the wet refractivity of radiosonde data is rather small and hasP = |ZWDRS — ZWD®PS. (16)

a large effect on the relative value. The presented discrepan-

cies can be affected by the quality of GPS tomography andtturned out that the absolute differend@®f well-matching
radiosonde data. profiles varied considerably with the weather situation, and

the relative difference,
3.3.2 Validation of entire profiles d = D/ZWDRS (17)
In a second step attempts were made to compare entire prahould be used to define more general criteria. However, two

files and to quantify the degree of consistency between R®ompletely different profiles can show the same ZWD; i.e.,
and tomography profiles. The visual validation of 6803 in- the same area below the functiof (2) (Fig. 9, left) and
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Fig. 9. Example profiles from the stationihmersbruck on 3 January 2007, 12:00 UTC. Used parameter for the validatiomaximal
absolute difference a¥y; ZWD: zenith wet delay (left panel)): difference ZWD;K : integral of absolute difference wet refractivity (right
panel).

Table 3. Criteria for unmatched profiles (left) and well-matched profiles (right) between radiosonde and GPS tomography.

ZWD [mm] Poorm ord ork Goodm andk

ZWD <=60 m>25 d>55% k>80% m<15 k<42%
60<ZWD <=120 m>30 d>38% k>60% m<18 k<34%
120<ZWD <=180 m>31 d>25% k>40% m<23 k<30%
ZWD > 180 m>32 d>18% k>30% m<25 k<28%

the areak between the twavy, (1) functions should also be still need to be rejected. Such outliers can be due to artifacts

considered: in the tomographic reconstruction but are also present in the
RS data. The maximum differencess used to identify such
K= / INRS — NEPSidh. (18)  outliers:
i ; ; + m = max|NRS — NCPS (20)
The refractivity changes considerably with the weather sit- w wo

uation, and rather small differences on a warm humid sum- . . . . "
) By visual inspection certain quantities far, d andk were
mer day can lead t& data much larger than it was found . . !
: ) . ; set. They characterize well-matching profiles and poorly
for poorly matching profiles at a dry and cold winter night.

Therefore, the normalized aréas used for comparing the matching profiles (Tabl@). _Proﬂles belonging to neither
o group were regarded as indifferent. It turned out that even the
quality in a more general way.

relative quantitiesn, d andk depend to some degree on the
k = K /ZWDRS, (19)  atmospheric humidity, and different thresholds were defined
for different weather situations. More relaxed criteria can be
Most profiles look very similar ild and k are sufficiently  used in case of very humid situations, while rather rigid set-
small; however, there are some profiles with outliers whichtings are required in dry cases. The ZWD is used to quantify
have a small impact on the integrated quantitleendk but the total amount of atmospheric humidity, and four classes
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Table 4. Profiles were divided into 3 classes. There are several reasons for the large number of indiffer-
_ ent profiles which do not match very well with the RS pro-
Good  Poor  Indifferent files but also show no major discrepancies. One fundamen-
2139 1584 3080 tal problem is the different nature of the data: RS take point
320 23% 45% measurements which represent the atmospheric state only in

close vicinity to the RS sensor, while the GPS tomography
provides voxel means which cover 50kn50 km horizon-

tally and several hundred meters vertically. It cannot be ex-
pected that both observations are almost identical. Another
reason are the errors of the observation systems. RS profiles

itisimportantto reject outliers (smail), but rather large val- can sometimes be _rather wrong and itis difficult to find a sta-
ues ofk can be tolerated. With an increasing amount of Wa—tIStlcal represgntatlon for t_hgse errors. The GPS tomog(aphy
ter vapor the outliers become less important, but the normal-has to deal with sevgral difficulties. The STD data provided
ized area between theVy, () curves must be rather small. by the GPS processing systems are the result of a rather so-
A small value ofk implies thatd is also small and no spe- phisticated analysis process and the error is difficult to esti-
cific threshold ford needs to be given for the well-matching mate Deng et al, 2011). These data enter an ill-posed in-

rofiles. However for reiecting poorly matching profiles d VErse reconst_ruction process which potentially amplifies t_he
ghould be specified ) g poory gp errors of the input data. Furthermore, the STD data are in-

To determine the thresholds of different parameters we usgomplete and do not cover the whole reglon, which Iegds
a coarse value above or below mean value for the poor an a rather low resolution of the tomographic reconstruction
Bender et al.2011). Due to the low vertical resolution and

good criteria at first. Then a sensitive adjustment with smalle h i to int late f th tial arid the RS
and larger value was made to test the results. Consequent € necessily 1o interpolate from the spatial grid on the
rofile, it is not possible to resolve details of the RS pro-

the thresholds for the criteria were empirically determined
and could be changed for different situations.

In Fig. 10 four characteristic profiles are given together
with the corresponding quantities of the ZWhm, k and
d. Example (a) shows two profiles with almost the same
ZWD (small d) and outliers below the threshold for poor 5 conclusions and outlook
profiles but with a large area between tNg (%) functions
(k =59.4 %> 40 %). The situation in Figl0, (b) shows one  As outlined in the introduction, our aim is to evaluate the
fundamental problem of the GPS tomography: the recon-degree of agreement between radiosonde and GPS tomogra-
structed profile is almost identical to the RS profile for al- phy based on one whole year of RS data. A GPS tomography
titudes above 1500 m but absolutely wrong at lower alti- system at developed at GFZ uses a large data set of slant
tudes because of the sparse GPS observations in the boundaiglay, which is a quantity integrated along the signal path
layer. The profile is regarded as poorly matching because ofhrough the atmosphere. The humidity field is reconstructed
the largen = 25.93. In case (c) the total amount of humidity with tomographic techniques. The GPS tomography uses a
is wrong and the profile was rejected becadise78.14%is  grid model with a vertical resolution of 500 m and horizon-
too large. FigurelQ, (d) shows a well-reconstructed profile. tal resolution of about 50 km, which cannot be much better
than the mean GPS interstation distance 40 km. The grid was
initialized by interpolating the synoptic data onto the grid
nodes. For comparison with the RS profiles the gridded data
were interpolated on the profile.

The limitations of GPS tomographic technique are due to
errors in the slant wet delays and their poor geometric dis-
tribution. The GPS contribution to the tomography is highly

with different thresholds fod, k, andm as given in Table8
are defined to identify the quality of the tomographically re-
constructed profiles. For very dry situations (ZWWB0 mm)

file. Especially thin layers of increased or reduced humidity
cannot be resolved, as long as their vertical dimensions are
below the vertical grid spacing.

4 Results of the validation

The results of the validation study are summarized in Table
Regarding only the tomographically reconstructed profiles
with sufficient slant data (6803), about 32 % of the profiles

match very well and about 23 % do not match at all. For al- . : : L
' e variable in space and time due to the variation of GPS satel-
most half of the profiles (45 %) the classification was rather . . . .
lite constellation, and a uniform quality of the reconstructed

d!ffICU|t as t_hey showwell-_matchlng par_ts together with SOMEields can therefore not be expected. Therefore, these stud-
discrepancies. However, it must be pointed out that there are

. . . . ies have set a minimum number of slant paths and minimum
very few observing systems which provide spatially resolved

humidity fields and that most humidity observations Comedlffere_nce cgttmg angledqsy anddg for the use.d tomoj
with a rather large error. A fraction of 77 % profiles with graphic profiles. In this study a total of 6803 profiles, which

no maijor discrepancies to the RS profiles and 32 % of WeII_have been considered with sufficient slant data using the de-

: L scribed criteria, were validated with different methods.
matching profiles is therefore a good result for the tomogra-

phy.
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Fig. 10.Example profiles for the different quality classes, paoi ¢) and goodd).

The results of point-by-point validation show a mean dif- several assumptions and approximations made during the
ference of wet refractivity within-1.3—0.3 and an overall GPS data analysis. The quality of radiosondes is mainly
root mean square of about 6.5-9 compared to radiosondaffected by sensor error and uncertainty in time. In addi-
data, depending on different radiosonde stations. Thereof theon differences in atmospheric conditions sampled at dif-
comparison of tomographically reconstructed humidity pro-ferent locations and times should be noted too. That means
files with radiosonde profiles shows about 32 % of profilesthe error caused by the time and location interpolation. Es-
being good, but there is a non-negligible fraction of profiles pecially when atmospheric situations change rapidly from
with artifacts, especially in the lower atmosphere, and thereéheavy rain to dry periods and contrariwise, the differences
are regions with insufficient GPS observations. Profiles withbetween GPS tomography and radiosonde are larger. Fur-
large discrepancies are considered poor-agreement profildeermore, radiosondes provide in situ observations, while the
(23%). This result provides a qualitative but aslo quantita-GPS tomography estimates voxel means for discrete periods
tive agreement in percent or in profile numbers. The changef time.
of different input parameter for tomography changes the re- The number of GNSS slant observations will increase in
sult at the same time. This classification could be helpful tothe near future. GLONASS is already fully operational and
test the suitable parameters for reconstruction algorithms. slant data are basically available. Galileo and COMPASS

Apparently, the validation results depend on both the ra-observations will become available within the next years.
diosonde and tomographic data. The quality of GPS SWDsTogether with the continuously increasing number of GNSS
is impaired not only by the experimental error but also by stations this will lead to a considerable improvement of the
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