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ABSTRACT. Among many sources of errors that influence Global Navigation Satellite 
System (GNSS) observations, tropospheric delay is one of the most significant. It causes non-
refractive systematic bias in the observations on the level of several meters, depending on the 
atmospheric conditions. Tropospheric delay modelling plays an important role in precise 
positioning. The current models use numerical weather data for precise estimation of the 
parameters that are provided as a part of the Global Geodetic Observation System (GGOS). 
The purpose of this paper is to analyze the tropospheric data provided by the GGOS 
Atmosphere Service conducted by the Vienna University of Technology. There are predicted 
and final delay data available at the Service. In real time tasks, only the predicted values can 
be used. Thus it is very useful to study accuracy of the forecast delays. Comparison of data 
sets based on predicted and real weather models allows for conclusions concerning possibility 
of using the former for real time positioning applications. The predicted values of the dry 
tropospheric delay component, both zenith and mapped, can be safely used in real time PPP 
applications, but on the other hand, while using the wet predicted values, one should be very 
careful. 
Keywords: tropospheric delay, Vienna Mapping Function, troposphere prediction. 

1. INTRODUCTION   
Troposphere, primarily composed of nitrogen and oxygen, is the lowest layer of the 
atmosphere. This non dispersive medium affects the electromagnetic signals so it is necessary 
to reduce delays in radio signals reception in precise GNSS applications. In recent years 
troposphere mapping functions based on data from numerical weather models have been used 
to improve the accuracy of satellite geodetic observations analysis (Nilson et al., 2013). 

The tropospheric delay is a function of the refracting index, dependent on the local 
temperature, pressure and relative humidity. It can be separated into two components- 
hydrostatic and wet (Davis et al., 1985). In addition, slant delay is typically separated into 
zenith delay and the mapping function. The zenith hydrostatic delay, caused by the dry 
atmosphere, is proportional to atmospheric pressure at the site. It ranges from 1.5 to 2.6 m 
and thus comprises about 90% of the total zenith delay (Jin et al., 2007). The zenith wet delay 
is more difficult to deal with, due to irregular distribution of the water vapour in the 
atmosphere (Leick, 1994). It comprises about 10% of the total zenith delay and it is highly 
unstable, ranging from 0 to 30 cm. It is related to the amount of water vapor and the 
temperature along the signal track. Most of the zenith total delay seasonal variation is mainly 
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and relative humidity. The ground parameters include pressure and dew temperature at 2 
meters (Chen, 2012). The grids from VMF services are provided at 0, 6, 12 and 18 UT and 
are available at 23 h UT the next day (Böhm et al. 2008). 

Despite the wide variety of applications of VMF service in tasks involving the post-
processing of observations, it is not possible to use final products in real-time applications. 
For these purposes it is possible to use the gridded coefficients derived from forecasting data 
of the EMCWF which are available at the same time intervals as actual (real, final) 
parameters for the following day. 

The purpose of this work is to analyse the errors in tropospheric predictions in context of 
real-time precise GNSS positioning. In the analysis, estimation of hydrostatic component of 
the zenith delay together with mapping coefficient influence on the final height is performed. 
In addition, quality of wet component prediction is also verified.

2. METHODOLOGY 
The main aim of this paper is to analyse differences between the predicted and final 
tropospheric delays. Comparisons were performed directly using values available at the 
service (http://ggosatm.hg.tuwien.ac.at/DELAY/). Gridded data were used. Table 1 presents 
example delay data as available at the Service. The analyses were carried out for the whole 
year 2013, with four epochs during each day (0, 6, 12, 18 UT). The respective forecast period 
is 24, 30, 36 and 42 hours (Böhm et al., 2008). The one year period was chosen as a 
representative time span since most of the power distribution for the troposphere spectrum is 
contained in it (Jin et al., 2007). For the tropospheric grid data available at the service, data 
from 75 of 1460 of the epochs were missing or contained errors. Either the whole file was 
missing or contained some binary noise instead of text. The period when the most of the 
epochs are missing is June and July, between the days 163 and 205.

Table 1. Beginning of the file VMFG_20130102.H00 (at: http://ggosatm.hg.tuwien.ac.at/) 
! Version:            1.0 
! Source:             J. Boehm, TU Vienna (created: 2013-01-01) 
! Data_types:         VMF1 (lat lon ah aw zhd zwd) 
! Epoch:              2013 01 02 00 00  0.0 
! Scale_factor:       1.e+00
! Range/resolution:   -90 90 0 360 2 2.5 
! Comment:
http://ggosatm.hg.tuwien.ac.at/DELAY/GRID/VMFG_FC/
 90.0   0.0 0.00117200  0.00054258  2.3385  0.0193 
 90.0   2.5 0.00117200  0.00054258  2.3385  0.0193 
 90.0   5.0 0.00117200  0.00054258  2.3385  0.0193 
 90.0   7.5 0.00117200  0.00054258  2.3385  0.0193 
 90.0  10.0 0.00117200  0.00054258  2.3385  0.0193 
………

Threefold comparisons were performed: for a single chosen cell of the grid, for the region 
of Central Europe and for the whole world. Treating the final values as a reference, the 
predicted values quality was assessed. 

In the first case, the cell of )]5.2220();5452([ EN oooo ���� ��  was selected (the 
LAMA IGS station is located in it). The analyses are most detailed here. The comparisons 
concerned not only the zenith dry and wet delays, but also the ah and aw coefficients, used in 
mapping procedure (see Eqn. 2). In addition, slant delays mapped to several elevation angles 
including 5o and 15o using the VMF1 mapping function with coefficients obtained from the 
service were compared and analysed. 



In
48([ ��

and con
the diffe
dry and
deviatio

In th
based o
predicte

3. RESU
In the d
maintain
whole w

3.1. IND
Let us 
compon
Fig. 2. 
typical f
Looking
the inter
mm. W
predicte
the varia

Fig. 2

Fig. 3

the second
);568 Noo �

ntains the te
erences betw
d wet comp
ons of the de
he third cas
on four sel
ed and final 

ULTS
description 
ned, thus th

world (3.3) a

DIVIDUAL
start with

nents of the 
The histog
for the anal
g at the hist
rval -2 to 2 

With most o
ed dry zenith
ability durin

. The comp

3. Histogram
resolut

d case, th
5.12( o��

erritory of P
ween the pr
ponents. Ba
etermined d
se analysis w
lected epoc
hydrostatic

of results 
he results fo
are presente

L CELL CO
h presentin
predicted a

grams of th
lysed area. 
ogram it ca
mm. In abo
f the value
h estimation
ng the year 

parison of hy
�

ms of differe
tion of alloc

he analyse
)]25 Eo� ,

Poland (see 
redicted and
asic statisti

differences w
was done f

chs (Februa
c and wet de

the divisio
or an indivi
ed below. 

OMPARIS
ng the dire
and final tro
he differenc
Hydrostatic

an be seen th
out 20 cases
es within th
n is of good
can be obse

ydrostatic (a
552( o ���

ences distrib
cation is 1 m

es compris
which corr
Fig. 5). Th

d final dela
ics, like m
were compu
for global se
ary, May, A
elays were c

on of studie
idual cell (3

SONS
ect differen
pospheric z

ces are pres
c zenith del
hat almost 1
s the differe
he 2-3 mm
d quality, ca
erved. 

a) and wet (
2();54o ��

butions for 
mm for dry 

sed gridde
responds to 
his area con
ays were com

minimum, m
uted and ana
et of grid d
August and
compared a

es given in
3.1), for Ce

nces betwe
zenith delay
sented in F
ay rarely ex

1000 of abo
ences are les

distance fr
an be confir

(b) compon
)5.2220 oo �

the dry (a) 
and 1 cm fo

ed data fr
the region 

nsists of 30 
mputed, ind

maximum, m
alysed. 

data coverin
d Novembe
gainst each 

n the metho
entral Europ

een the hy
ys. The diffe
Fig. 3. The 
xceeds the t

out 1500 dif
ss than -5 m

from 0 the 
rmed. No si

ents for the 
)

and wet (b)
or wet differ

rom an a
of Central 

cells. For e
dependently
mean and s

ng the whol
er). As bef

other. 

odology sec
pe (3.2) and

ydrostatic a
erences are 

characteris
threshold o

fferences fal
mm or bigge

statement, 
ignificant ch

 selected gr

) component
rences. 

182

rea for 
Europe

each cell 
y for the 
standard

le Earth, 
fore, the 

ctions is 
d for the 

and wet 
given in 
stics are 
f 5 mm. 
ll within 
er than 5 
that the 

hange in 

rid cell 

ts; the 



183

However, the differences can vary during the day and thus in the area of real-time GNSS 
positioning, it is worthwhile to analyse each of the epochs separately instead of performing 
daily aggregation for which most of the daily mean values is inside the +/- 2 mm area around 
0 with single points exceeding 5 mm. The variability of the prediction errors increases during 
the day. For hydrostatic component the standard deviation for hours 0-6 deteriotates by about 
30 % comparing to hours 18-24. This may be caused by the longer prediction periods for later 
hours during the day. 

The most (about 1250 per 1500 of all the data) of the wet component of the forecast error 
is located in 20 mm area around zero. Less than 10 differences are outside the region of 
±5 cm around zero. The standard deviation varies across the year. The variation correlates 
well with the amplitudes of the wet zenith path delay (see Fig. 1). Up to about half of March 
(day number 100) the error almost does not exceed 10 mm with the zw being below 10 cm. 
Afterwards the error increases about twice with the zw values reaching up to about 25 cm. The 
wet component error varies during the day. The standard deviation value from the whole year 
deteriotates from hour 0-6 to 18-24 by 40 % of the former. Again probable reason for this is 
the longer prediction period at later hours.

Table 2. Minimum, maximum, mean and standard deviation values of the prediction error 
for selected grid cell  

a zenith 5o elevation 15o elevation
dry [x10-

5]
wet [x10-

4]
dry 

[cm]
wet
[cm]

dry 
[cm]

wet
[cm]

dry 
[cm]

wet
[cm]

Minimum -0.36 -1.20 -0.9 -6.8 -9.5 -71.7 -3.3 -25.9
Maximum 0.66 1.45 0.9 6.7 10.1 71.2 -3.6 25.6

Mean 0.02 0.00 0 0.1 -0.1 -1.5 0 -0.5
Standard
deviation 0.08 0.22 0.2 1.2 2.1 12.9 0.8 4.6

The statistics for the entire analyzed period and single grid cell are presented in Table 2. 
The standard deviation and mean values of the parameters are similar to those calculated 
basing on all analyzed grid points and thus the cell was assumed representative. Standard 
deviation of the forecast error amounts to about 2 mm for the zenith hydrostatic component. 
Maximum error values reach 9 mm (for all grid cells they reach 14 mm). 

According to Böhm et al. (2006) the delay error due to mapping it to 5o elevation with the 
wrong mapping function coefficients (wet) is the 0.6 of the zh (based on assumption: 
zh = 2000 mm and zw = 200 mm), thus the maximum error value of 9 mm introduces 5.4 mm 
error for 5o elevation. The propagation of the error to resulting station height is one fifth of 
the error at 5o elevation. This gives maximum error value of about 1 mm due to using zh
forecast data and thus hydrostatic zenith delay prediction is of good quality in frames of real-
time GNSS positioning. 

To assess the mapping function error due to error in a coefficient the latter is multiplied by 
1000 (Böhm et al., 2008; the rule of thumb A2 and A3). Maximal value of error in ah gives 
about 7 mm of mapping error at 5o elevation. This results in about 1.3 mm of maximal error  
in result height due to error in ah forecast for the whole year. For the wet component the 
quality is much worse. The analogous 5o elevation maximal error would be about 15 cm. 
Performing the similar simplification on standard deviations errors of 1 mm and 22 mm are 
received for 5o elevation of dry and wet components respectively. 



Fig.

In ad
the VM
with for
elevatio
and the 
12.9 cm
delay.  

3.2. CO
The diff
of Cent
spatial d
of forec
given in
between
wet com
follows
mean va
the stan

The
wet com
correlat
between
data rare

. 4. Slant de
res

ddition to c
MF1 mappin

recast and 
ons includin

error for t
m for dry an

OMPARISO
ferences obt
tral Europe
distribution 
cast delays f
n millimete
n the predic
mponents da
: minimum 
alue of the d
dard deviat

mean for m
mponents re
ed with lati
n the cells i
ely exceeds

elay error fo
spectively f
comparing t
ng was perf

real coeffic
ng 5o and 1
he ah and a

nd wet comp

ONS FOR T
tained for a

e, but yet s
of zenith d

for dry and 
ers. The ci
cted and fin
ata respectiv
(red) and m
difference f
ions of the 

most of the g
espectively.
tude. Respe
in the analy
s 1.5 mm an

or dry (a,c) a
for the cell  
the ah and a
formed usin
cients. This
5o (see Fig
aw coefficie
ponents. Pa

THE REGI
an individua
some additi
delay errors

wet compo
ircles conta
al delays. T
vely. The v

maximum (b
for the whol
differences 

grid cells is
. The stand
ective differ
yzed area re
nd 1.5 cm fo

and wet (b,d
552( o ���

aw coefficien
ng the proc
s enabled a

g. 4). This a
ents. The re
art of the dr

ION OF CE
al chosen ce
ional findin
in the anal

onents can b
ain basic st
The left and
values from 
blue) differe
le year for t
(magenta).

s on the leve
dard deviati
rences in ex
each 1 cm a
or dry and w

d) compone
();54o ��

nts availabl
cedure vmf1
analysis of 
analysis cum
espective st
ry error will

ENTRAL E
ell, are repre
ngs were ob
lysed area (
be noticed. 
tatistical de

d right circle
the top to t

ence for the
that cell (gr

el of about 
ion of dry 
xtreme value
and 5-9 cm.
wet compon

ents at 5o an
5.2220 oo �

le at the ser
1_ht (availa

slant delay
mulates the
andard dev
l be include

EUROPE
esentative fo
bserved. W
see Fig. 5) 
In the Fig. 
escription f
es concern 
the bottom 

e cell during
reen), and a

0.2 mm and
component 
es for dry an
. The discre
ents respect

nd 15o eleva
)  . 

rvice (see T
able at the S
ys errors at 
e zenith del
viations are 
ed in estima

or the whol
When analys

an underest
5 all the va
for the diff
the hydrost
of the circl

g the year 2
at the very b

d 1 mm for 
error is po

nd wet com
epancy in p
tively. 

184

ation

Table 2), 
Service) 
several 

ay error 
2.1 and 

ated wet 

e region 
sing the 
timation 
alues are 
fferences 
tatic and 
le are as 
013, the 

bottom – 

dry and 
ositively 

mponents 
redicted 



185

Fig. 5. Spatial distribution of basic statistics for hydrostatic (left circle) and wet (right circle) 
component in millimeters. 

3.3. COMPARISONS FOR THE WHOLE WORLD 
In this case, the aim was to see how the differences look like for the whole planet. To present 
the differences, four snapshots of four selected epochs (in February, May, August and 
November of 2013) were taken, separately for the dry and wet components (see Fig. 6). 
Looking through this figure, it can be stated that generally, the differences between predicted 
and final zenith tropospheric delays are about 10 times bigger for the wet component than for 
the dry. Range for the dry differences is ±2 cm, whilst for the wet differences the range is 
±20 cm. In most cases the dry differences are between ±5 mm and the wet differences fall 
between ±5 cm. The differences in both cases rarely reach their extreme values. The 
differences for the whole world are quite similar to those observed for the chosen cell as well 
as for the region of Central Europe, at least in most cases. 

What seems to be very important, the values of differences for the wet delays are much 
more uncorrelated in space than the corresponding values of dry differences. The wet 
differences change rapidly from cell to cell. The corresponding values computed for dry 
component behave much more smoothly, the same colors on the plots create bigger clusters. 
It proves difficulties in spatial interpolation of the wet tropospheric delays, at least for the 
given resolution of the grid.
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Fig. 6. Global distribution of predicted minus final zenith dry (a) and wet (b) delays in meters 
for 4 epochs during the year (14.02.2013, 15.05.2013, 13.08.2013 and 11.11.2013; 18:00UT). 
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4. CONCLUSIONS AND DISCUSSION 
It is clearly seen from all the results that the dry delays are much easier to be predicted. The 
differences between the predicted and final zenith values do not exceed 10 mm, for the cell 
located in the North-Eastern part of Poland (Fig. 2a, 3a).  When looking at the whole region 
of the Central Europe, there are only 6 cells, generally located in Eastern part of the region, 
when the differences are separated by more than ±10 mm from zero, never exceeding 15 mm 
(Fig. 5). For the whole world, with the four dates analysed, there are only a few cells with 
absolute values of differences reaching  20 mm (Fig. 6).  

Wet delays are more difficult to be predicted – the differences for zenith values are within 
±5 cm, with some rare cases (less than 10 for the total amount of about 1500 differences for 
the one cell) when they exceed these borders (Fig. 2b, 3b).  

When analysing the delay for a non-zenith satellite, the resulting prediction error consists 
of an error in prediction of the zenith value and an error in prediction of the a coefficients 
included in mapping procedure (see Eqn. 2).  Part of the dry error will be included in the 
estimated wet delay. In this case the most differences between the predicted and actual delays 
are contained within ±5 cm for dry and ±50 cm for wet components, when assumed that the 
elevation amounts to 5o. In case of 15o elevation, the respective ranges can be estimated as 
±2 cm for dry and ±15 cm for wet delay differences (Fig. 4a,b,c,d). The respective standard 
deviations are 2 cm and 12.9 cm for dry and wet components respectively. This analysis 
cumulates the zenith delay error and the error for the a coefficient occurring in Eqn. 2. The 
results show that current quality of the forecasting service raises question whether there may 
be any benefits while skipping the process of wet component estimation in real-time GNSS 
processing.

In the standard GNSS processing scheme, the hydrostatic zenith delay is held fixed and 
wet zenith delay is estimated. Both components are mapped to the satellite elevation angle 
according to the mapping function. In case of the analysed VMF1 model, the mapping 
corresponds to the Eqn. 2. The mapping coefficients for hydrostatic and wet components 
differ for low elevation angles and thus the error in the zenith hydrostatic delay cannot be 
fully absorbed into estimated zenith wet delay. The error described above is called 
hydrostatic/wet mapping separation error (Kouba, 2007). Thus the hydrostatic component 
accurate estimation plays important role in GNSS processing.

The wet parts temporal variability exceeds 6 hours resolution of the tropospheric data 
grids available at the service. In the example presented by Böhm et al. (2006) zenith wet 
delay obtained from the forecast weather model is compared against the value obtained using 
the VLBI technique. The results show errors up to 20 mm. In addition, comparing the 
predicted and final data from the service, the zenith wet delay error can reach over 5 cm. The 
wet component is the estimated parameter during the GNSS processing, and does not need to 
be known for processing periods longer than a few hours. In frames of real-time applications 
using the precise values of zenith wet delay, it can be useful for reducing the initiation times 
for positioning methods, like Precise Point Positioning PPP (Kouba, 2007). The quantitative 
analysis on how the predicted wet delay coefficients reduces the convergence time of GNSS 
positioning could be an area of further studies. 

The aspect of how improved zenith wet delay influences accuracy and convergence time 
of real-time PPP was analysed by Shi et al. (2014). The research was based on transferring 
precise zenith wet delays from local augmentation system in real-time and fixing the wet 
delay instead of estimating it. Although, the parameters are acquired by means of different 
method of estimation optimal coefficients for local area second-order model, quality of the 
zenith wet delays is comparable to the VMF1 prediction (see Table 2), the RMS of the 
residuals for the used station is between 1 and 2 cm. The hydrostatic zenith delay and 
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mapping function are different, however the results show the range of improvement that may 
be expected for real-time PPP. Two cases, one with quiet and one with active troposphere 
condition, were analysed by the authors. For the former RMS horizontal accuracy after 20 
minutes was improved from 13.2 cm to 9.2 cm. The vertical RMS after 20 minutes improved 
from 18.3 cm to 10.1 cm. Longer initialization times did not bring significant improvements. 
The accuracies during the active troposphere test case improved from 16.0 cm and 23.4 cm to 
12.4 cm and 13 cm for horizontal and vertical components respectively.

Summarizing, the predicted values of the dry tropospheric delay component, both zenith 
and mapped, can be safely used in real time PPP applications, but on the other hand, while 
using the wet predicted values, one should be very careful.
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