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Abstract Precise positioning requires an accurate a priori
troposphere model to enhance the solution quality. Several
empirical models are available, but they may not properly
characterize the state of troposphere, especially in severe
weather conditions. Another possible solution is to use
regional troposphere models based on real-time or near-
real time measurements. In this study, we present the total
refractivity and zenith total delay (ZTD) models based on a
numerical weather prediction (NWP) model, Global Nav-
igation Satellite System (GNSS) data and ground-based
meteorological observations. We reconstruct the total refrac-
tivity profiles over the western part of Switzerland and the
total refractivity profiles as well as ZTDs over Poland using
the least-squares collocation software COMEDIE (Colloca-
tion of Meteorological Data for Interpretation and Estimation
of Tropospheric Pathdelays) developed at ETH Ziirich.
In these two case studies, profiles of the total refractiv-
ity and ZTDs are calculated from different data sets. For
Switzerland, the data set with the best agreement with the
reference radiosonde (RS) measurements is the combina-
tion of ground-based meteorological observations and GNSS
ZTDs. Introducing the horizontal gradients does not improve
the vertical interpolation, and results in slightly larger biases
and standard deviations. For Poland, the data set based on
meteorological parameters from the NWP Weather Research
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and Forecasting (WRF) model and from a combination of
the NWP model and GNSS ZTDs shows the best agreement
with the reference RS data. In terms of ZTD, the combined
NWP-GNSS observations and GNSS-only data set exhibit
the best accuracy with an average bias (from all stations) of
3.7 mm and average standard deviations of 17.0 mm w.r.t.
the reference GNSS stations.
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1 Introduction

The Global Navigation Satellite System (GNSS) signal prop-
agating through the atmosphere is delayed due to the free
electron content in the ionosphere and by the air density in
the electrically neutral atmosphere. Both influences can be
described by the refractive index n or the total refractivity
Niot:

Nt =101 = 1) [ = ppm] M

The refractivity of the troposphere is measured in GNSS
meteorology by zenith total delay (ZTD) and troposphere
gradients in north and east directions or as a function of mete-
orological parameters. Conversely, the zenith path delay can
be calculated based on the refractivity values.

The tropospheric delay empirical models are usually
functions of meteorological parameters (temperature, pres-
sure and humidity). The application of standard atmosphere
parameters or global models, such as the GPT (global pres-
sure/temperature) model (Bohm et al. 2007) or the UNB3
(University of New Brunswick, version 3) model (Leandro
et al. 2006), may not be sufficient, especially for positioning
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in non-standard weather conditions. In this study, we present
a troposphere model that utilizes a collocation technique
to reconstruct the troposphere conditions based on GNSS
and meteorological observations. The goal is to obtain the
model of troposphere parameters (i.e., total refractivity and
ZTD), which can be used as an a priori model of troposphere
or to constrain tropospheric estimates in positioning. This
model can be used in various applications (not only in
GNSS processing but also others, e.g., InNSAR), but is mainly
designed to provide troposphere estimates for Real-Time
Kinematic Precise Point Positioning (RTK-PPP). For PPP,
especially when processing in kinematic mode, the accuracy
of estimated positions depends heavily on the applied a pri-
ori model (Jensen and Ovstedal 2008; Wielgosz et al. 2011).
The main drawback of the PPP method is that a long interval
of about 20-30 minutes is required for the solution conver-
gence (Li et al. 2011; Dousa and Vaclavovic 2014). One of
the reasons is the high correlation among the estimated para-
meters: troposphere delay, receiver clock offset and receiver
height. A possible solution to efficiently de-correlate these
parameters and shorten the convergence time is to introduce
the external high-quality regional troposphere delay model
to constrain the troposphere estimates (Hadas$ 2015; Shi et al.
2014).

In previous investigations, several troposphere models
have been incorporated into PPP software. Hada$ et al. (2013)
have chosen two regional models: one based on GNSS data
and one based on ground-based meteorological data to be
applied into GNSS-WARP (Wroclaw Algorithms for Real-
Time Positioning) software. The ZTD model based on the
GNSS data exhibits —6.2 mm bias with a standard deviation
of 8.8 mm w.r.t. the control solutions from the International
GNSS Service (IGS) processing center—Military Univer-
sity of Technology Analysis Centre in Warsaw (MUT). The
model from ground-based meteorological stations has var-
ious ZTD shifts for each station (from —100 to 10 mm).
Application of the GNSS-based model improves the RMS
by 33 % for all position components compared to position-
ing without any a priori model. The model based on GNSS
data introduces the bias of 1 &= 7 cm RMS for the North com-
ponent, 2 + 10 cm for the East component and —5 £ 12 cm
for the Up component w.r.t. the MUT final control solution.
Jensen and Ovstedal (2008) have exploited a troposphere
model based on NWP model High Resolution Limited Area
Model (HIRLAM) along with standard atmosphere Saasta-
moinen and UNB3 models. The results for North and East
components are similar for all models, but there are large
differences in the biases of the Up component (the Saasta-
moinen model: —0.1 cm, the UNB3 model: —8.1 cm, the
NWP model: —13.2 cm). The standard deviations for all
approaches are similar and equal to about 13 cm. The results
lead to conclusion that more work should be carried out with
the NWP approach to improve its performance. The aim of

@ Springer

this paper is to propose a more accurate model that can be an
alternative for the aforementioned solutions based on mete-
orological data (both ground-based and NWP).

The researchers from the Geodesy and Geodynamics Lab
at ETH Ziirich have developed the software package COME-
DIE (Collocation of Meteorological Data for Interpretation
and Estimation of Tropospheric Pathdelays) to interpolate
and extrapolate meteorological parameters from real mea-
surements to arbitrary locations (Eckert et al. 1992a,b;
Hurter 2014). The software allows collocation and interpola-
tion of meteorological parameters (temperature, air pressure,
humidity) as well as ZTD and tropospheric refractivity. The
most recent studies on this topic from Hurter and Maier
(2013) are related to the 4-D interpolation of wet refractiv-
ity, dew point temperature and relative humidity for a 3-year
period (2009-2011) in Switzerland. Authors reconstruct the
wet refractivity profiles from GNSS data, ground-based
meteorological parameters and radio occultations at the loca-
tion of the radiosonde (RS) station in Payerne and validate the
results against RS observations. The best collocation solution
(combined GNSS and ground-based meteorological data)
results in 3-year root mean square (RMS) between 2 and
7 ppm (corresponding to 5-80 % relative wet refractivity dif-
ference) below the height of 2 km and 4 ppm (130 % relative
difference) at the height of 4 km. The results are improved by
adding radio occultations, but there are only 189 radio occul-
tations within the study area during the whole 3-year period.
Radio occultation data mostly improve the accuracy in the
upper troposphere. Maximum median offsets have decreased
from a 120 % relative error to 44 % at the height of 8 km. The
tomographic approach has been applied for a 1-year period
in Payerne by Perler et al. (2011). The validation with the
RS results in standard deviations of ~10 ppm at the ground,
which decrease to ~5 ppm at the height of 4.5 km. Hence, the
wet refractivity profiles from COMEDIE are proven to have
a comparable accuracy to the results from GNSS tomogra-
phy and partly mitigate the problem that path delays from
ground-based GNSS stations have very limited capability to
recover vertical structures in the atmosphere above the sta-
tion.

The herein presented study is a continuation of the Swiss
research. We combine the ZTD and total refractivity (instead
of the wet refractivity) from ground-based meteorological
stations with the horizontal gradients assuming that informa-
tion on the azimuthal asymmetry contained in the gradients
improves the interpolation of the total refractivity. Moreover,
we implement the collocation model for Poland, wherein
the number of meteorological stations is limited and the dif-
ferences of station altitudes are smaller. Therefore, we take
advantage of a different data source, mainly NWP Weather
Research and Forecasting (WRF) model.

Refractivity studies have been presented in many papers,
with the main emphasis on the wet part. Various approaches
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Fig. 1 Location of the stations

used in the study: GNSS stations
from the AGNES network (left)
and ground-based
meteorological stations from the
SwissMetNet network (right).
Location of the RS in Payerne is
marked with a star. Original
version: Hurter and Maier
(2013)

have been applied: GNSS tomography (Notarpietro et al.
2011; Trolleretal. 2002), NWP tomography (Rohm and Bosy
2011), algebraic reconstruction techniques (ART) (Bender
et al. 2011), radio occultations (Heise et al. 2006), ray-
tracing (Gegout et al. 2011) and many others. The advantage
of using the collocation technique is that it can provide a
methodology to investigate individual instrument accuracies,
because of arelatively easy implementation of additional data
sources.

This introduction is followed by Sect. 2 which presents
the data sets from both regions: ground-based meteorolog-
ical and GNSS observations from Switzerland as well as
NWP and GNSS data from Poland. Section 3 describes the
collocation technique in more detail. Section 4 presents the
collocation procedure results for both countries. Section 5
discusses the obtained outcomes between countries and Sect.
6 summarizes the study.

2 Data

The total refractivity profiles from COMEDIE are calculated
for two regions: western part of Switzerland and Poland. For
each case, different data sets are used, because the selected
countries exhibit different terrain conditions. Switzerland is
mountainous, so the ground-based meteorological stations
are located at various altitudes, which allows the recon-
struction of the total refractivity profiles from ground-based
stations. On the other hand, Poland is located mostly on low-
lands with mountains up to 2.5 km in altitude in the south of
the country. The height distribution of ground-based mete-
orological stations is too flat to reconstruct the refractivity
profiles with the collocation technique. Moreover, the hori-
zontal resolution of the stations is very sparse (50—70 km) and
the stations are highly inhomogeneous (Hadas et al. 2013).
Thus, the main data sources for Poland are the NWP model
and the GNSS observations.

I
g

2.1 Swiss data

We process the observations acquired in the 3-year period
(1.01.2009-31.12.2011) from two main data sources: mete-
orological ground-based observations and GNSS products.
The meteorological observations are provided by permanent
and automatic weather stations (AWS) from the part of Swiss-
MetNet network (20 stations) of Swiss Federal Office of
Meteorology and Climatology (MeteoSwiss!). The stations
measure air pressure, temperature and relative humidity with
a 10-minute resolution. Values of the total refractivity from
AWS and RS stations are calculated according to Eq. 2. The
GNSS path delays and horizontal gradients are calculated
(with 1-h resolution) for 18 stations of Automated GNSS
Network for Switzerland (AGNES) deployed by the Swiss
Federal Office of Topography (swisstopo?). The ZTDs and
horizontal gradients are retrieved from the Bernese GNSS
Software TROPO files (Dach et al. 2015). The processing
carried out by swisstopo is based on the same procedure as
described in Perler et al. (2011). The results of interpolation
are compared with the reference RS station at the MeteoSwiss
Regional Center of Payerne. The RS launches are performed
twice a day at 0:00 and 12:00 UTC. Station locations of both
networks are presented in Fig. 1. The stations are located at
various altitudes: mostly from 300 m to ~2 km above mean
sea level (AMSL), with two stations at ~3 km AMSL (one
GNSS and one AWS) and two stations at nearly 4 km AMSL
(one GNSS and one AWS). The height distribution of both
AWS and GNSS stations is shown in Fig. 2.

2.2 Polish data

The collocation procedure is performed for 5 months of
data (11.04.2014-15.09.2014) from two sources: GNSS and

1 http://www.meteoswiss.ch.

2 http://www.swisstopo.ch.
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NWP model WRE.?> The WRF model for Poland is cal-
culated and provided by the Department of Climatology
and Atmosphere Protection of the University of Wroclaw*
(Kryza et al. 2013). The WRF is a mesoscale numerical
weather prediction system computed in Poland for two nested
domains: 10 km x 10 km (for the whole country, 96 x 111
horizontal nodes) and 2 km x 2 km (for south-west Poland,
281 x 258 horizontal nodes). The 10 km x 10 km grid
with the 34 vertical, unevenly spaced o -type levels is chosen
(up to ~31 km AMSL). The initial and boundary condi-
tions are taken from the Global Forecast System (GFS)
0.5° x 0.5° model provided by National Centers for Envi-
ronmental Information.” Using the dynamical downscaling
technique, the meteorological parameters are calculated on
a denser WRF grid (Kryza et al. 2016). There are no data
assimilated into the WRF model and, thus, the indepen-
dence between WRF and reference data (RS and GNSS) can
be assumed. For computational purposes, only WRF points
within a horizontal distance of 20 km from each interpola-
tion point are used (with the original spacing, thus, all vertical
information for each point is taken into account). The 24-h
forecasts (with 1-h resolution) of meteorological parameters
are calculated once a day. Both the analysis at 0:00 UTC
and the following 23-h predictions are used in the colloca-
tion procedure. The uncertainties in terms of mean absolute
errors assigned to the NWP outputs are calculated from a
reanalysis for 1981-2010 based on 3-h data for synoptic
stations in Poland. For particular meteorological parameters
(air pressure p, temperature 7 and relative humidity RH),
the uncertainties are equal to: dp = 1 hPa, dT = 1.66 K,
dRH = 8.93 % (Kryza et al. 2016).

The GNSS ZTD is the second data source included in the
collocation procedure. The GNSS and Meteo working group

3 http://www.wrf-model.org.
4 http://www.meteo.uni.wroc.pl.

> http://www.ncdc.noaa.gov.
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researchers at the Institute of Geodesy and Geoinformatics®
(IGG, WUELS) are calculating the GNSS ZTD at about 120
GNSS stations of the European Position Determination Sys-
tem Active Geodetic Network (ASG-EUPOS) in Poland and
adjacent areas (Fig. 3). A model called IGGHZ-G (H means 1
hinterval, Zis the abbreviation of Zenith, G stands for GNSS)
is computed using the Bernese GNSS Software version 5.2
(Dach et al. 2015). A more comprehensive description of the
data acquisition can be found in Bosy et al. (2012). About 15
stations used in the model are part of the EUREF Permanent
Network (EPN) and provide also the ground-based meteoro-
logical parameters with 1-h resolution (Fig. 3, in red). These
stations are used as a reference source for ZTD interpola-
tion comparisons. The other reference source for validation
of COMEDIE outputs are RS observations. Three RS sta-
tions: LEBA, LEGIONOWO and WROCLAW are located
in Poland (Fig. 3). Values of meteorological parameters (air
pressure, temperature and dew point temperature, which is
converted to water vapor partial pressure), are given as a ver-
tical profile with 30-70 different height levels. The number of
levels varies on a daily basis with weather conditions and RS
performance; usually, it is only 30-40 levels. The measure-
ments are taken twice a day (at 0.00 and 12.00 UTC). The RS
data are retrieved from the US NOAA (National Oceanic and
Atmospheric Administration) Earth System Research Labo-
ratory website.

3 Collocation technique

The most convenient way to represent the GNSS environ-
mental propagation effects is to introduce the atmosphere
refractivity. In the neutral atmosphere, the total refractivity
can be expressed as a function of meteorological parame-

© http://www.igig.up.wroc.pl.
7 http://www.asgeupos.pl.
8 http://www.esrl.noaa.gov.
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Fig. 3 Location of the Polish stations used in the study: GNSS stations of the ASG-EUPOS network (/eft) and RS stations (right). Original version:

asgeupos.pl (left) and Wilgan et al. (2015) (right)

ters: air pressure p, temperature 7" and water vapor partial
pressure e (Essen and Froome 1951):

Niot = Nary + Noer = ki - = lo - o+ ks 50 ()
where k| = 77.689K - hPa~!, k, = 71.2952K - hPa~!
and k3 = 375,463 K> - hPa~! are empirically determined
coefficients. In this study, values given by Riieger (2002) are
adopted.

The total propagation delay APP can be expressed as an
integral of the total refractivity Ny along the propagation
path s from receiver r to the satellite w:

w
APP = 1076 / Niotds. (3)
r

For each pair of satellite-receiver the delay can be estimated
individually, which is computationally very demanding. The
usual approach is to calculate one delay in the zenith direction
(ZTD) for each receiver and then to project this delay using
mapping functions. The scope of this research covers only
GNSS ZTDs, which can be determined as an integral of Ny
in the zenith direction:

ZTD = 107° / Nyt ds. 4
zenith direction

Itis not feasible to measure the refraction of the atmosphere at
all points along the signal path; therefore, a method to infer
these conditions to the arbitrary locations has to be devel-
oped. In this study, the total refractivity profiles and ZTDs

are calculated by utilizing the least-squares collocation tech-
nique, which is based on the adjustments of the measurements
to the deterministic part f (u, x, t) and to the stochastic parts
s and € (Troller 2004):

= f(u,x,t)+s(Cg, X, 1) + €, 5)

where 1 is the measurement, f(u,x,?) is the function
describing general field of measured values, u are the
unknown parameters, X, ¢t are the coordinates in space and
time, s(Cgs, X, 1) is the stochastic parameter s ~ A (0; Cgs)
(signal), € is the stochastic parameter € ~ N (0; C) (noise).

The parameters of the deterministic and signal parts, esti-
mated in the least-squares collocation procedure, allow the
interpolation of both to the points where no measurements
are available.

3.1 Collocation of ZTD

The least-squares collocation requires the deterministic
model of the considered parameter to describe the general
trends in the measurements. In this study, the following model
of ZTD is utilized (modified after Hurter and Maier 2013):

ZTD(x, y,z,t) = [ZTDg + aztp(x — x0) + bzt (Y — Y0)

i
+czmp(t —19)] - e Hzm (6)

where xg, yo, zo = 0, fo are the coordinates of reference point
and reference time, x, y, z, ¢ are the coordinates and time of
investigated point, ZT Dy is the ZTD at a reference position
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Table 1 Stochastic parameters

applied in the least-squares Osignal (Mm) Axg (km) Ayo (km) Azp (km) At (h) 2o (km)
collocation 1.6 200 200 0.5 1.7 4
and time, Hztp is the scale height, aztp, bzTD, cZTD are the l71p are described as:
gradient parameters in x, y and time, respectively.
The unknown parameters: ZTDy at a reference position  Izrp = f(u, X, 1) + 5(Css, X, ) + €, 9)

and time, scale height Hzp, and gradients in X, y direc-
tion and time (azTp, bzTD, cZzTD) are estimated for each
time batch during the collocation procedure to allow the
calculation of the deterministic part of the model during inter-
polation.

The signal part s of the collocation model is assumed to
be of normal distribution with mean 0 and the covariance
matrix Cg. The matrix is described by a covariance function
of the distances between the measurements, which shows the
spatial and temporal dependencies:

2
O-signal

C(ZTDy, ZTD)) = ——, )
q

where ¢ is a scaling factor that increases the correlation length
with height above the ground:

2 2
Xk — X Yk — Vi
=1
! +_[( Axo ) +_( Ayo )
2 2
Tk U k=t —&ta
. 0 8
+(AZO)+(AtO):|e ©

where os%gnal is the a priori covariance of signal, xx, Yk, Zk, &
are the Cartesian coordinates and time of observation k, x;, y;,
z7, 17 are the Cartesian coordinates and time of observa-
tion 1, zg is the scale height modifying the correlation lengths,
as a function of height, Axg, Ayg, Azg, Aty are the correla-
tion lengths of space and time.

The stochastic parameters (correlation lengths) in Table 1
were empirically developed by Hirter (1996) and ogjgpal is an
average formal uncertainty of ZTDs from GNSS processing
of L1/L2 dual-frequency geodetic GNSS observations.

The stochastic parameter € is described by the covariance
matrix C¢ which consists of the noise of particular measure-
ments on the diagonal. The off-diagonal elements are equal
to zero. The uncertainties used to calculate the noise part are
provided for each data source separately.

3.2 Collocation of ZTD and total refractivity

The total refractivity Ny can be expressed as the derivative
of ZTD in zenith direction. Thus, if the ZTD observations

@ Springer

then, the Ny, observations can be related to /zTp using the

differential operator in zenith direction D = — %:

lNlr)t =D(f(u,x,1)+s(Cs, X, 1) +€). (10)

Applying the operator D to the deterministic part of the ZTD
(Eq. 6) results in a deterministic model of Nig:

NlOt(xs ya Z, t) = DZTD()C, ya Z, t)

[ZTDg + aztp(x — x0)

ZTD

+ bzrp(y — Y0) + cztp(t — 10)] - ¢ Tz .

Y

To derive the covariance functions between N and ZTD as
well as between Nyo x and Nio; the differential operator D
is applied to the covariance function of ZTD (Eq. 7):

Css (Ntot, ZTD) = Css (ZTD, Ntot)
_ Ny H2ZTD

1—
220 + Tg]

2
_ signal 2-(—zztp+2Nyg) e
q* (Az9)?

} 12)

Css (NIOt,kv Ntot,l) = Css(Ntot,ls Ntot,k)

2 _ Ty %tz
_ D [ Z0_ | (g=D(q-D) _ -z’ |~
q’ (Az0)? 8422 q(Az0)* )

13)

Under the influence of the differential operator D, the uncor-
related noise € of ZTD becomes the uncorrelated noise of
Niot-

3.3 Collocation of ZTD, total refractivity and horizontal
gradients

The horizontal gradients of the ZTD distribution VZTD =
9ZTD  9ZTD
( dx  dy
with the assumption that they can improve the interpolation
as they contain information about the azimuthal asymme-
try in the tropospheric delay. The VZTD can be related to
the result of GNSS processing: atmospheric delay gradient
G = (Gg, Gy), with some assumptions about the vertical
distribution of water vapor (Ruffini et al. 1999; Shoji 2013).

) are introduced into the collocation procedure
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For instance, an assumption of the exponential horizontal
refractivity distribution with scale height Hztp implies:

G = Hztp - VZTD. (14)

From this relation, the horizontal gradient models are derived
as follows:

dZT D — =

Gr = Hztp - oy Hztp - aztp - e 210 (15)
0ZTD -

Gy = Hzrp - = Hzrp - bzrp - ¢ #z1D (16)

In the data set with ZTDs, total refractivities and horizontal
gradients, there are four different types of variables that are
taken into consideration during the collocation procedure.
Therefore, the covariance matrix consists of 4 by 4 segments,
where each segment is described by a separate covariance
function:

4. ‘WREF only’ that includes the total refractivity calculated
from the WRF model using Eq. 2.

5. ‘WRF/GNSS’ that includes the total refractivity calcu-
lated from the WRF model and ZTD from GNSS stations.

6. ‘WRF/GNSS/AWS’ that includes the total refractivity
calculated from the WRF model and from AWS that are
a part of the EPN as well as ZTD from all GNSS stations.

7. ‘GNSS only’ that includes only ZTD from the GNSS
network.

The collocation procedure is carried out for each combination
of data sets 1-7. The deterministic models and covariance
functions introduced in previous sections are used. When the
input data are ZTDs, the deterministic model described by
Eq. 6 is used. For the total refractivity, the model described
by Eq. 11 is utilized and for horizontal gradients the model
is represented by Eqgs. 15 and 16. All models are employed
with corresponding covariance matrices. During the proce-

Css (ZTD, ZTD) Css (ZTD, Nio) Css (ZTD, GE) Css (ZTD, G )

Css =

Css (Ntot, ZTD) Css (N[OIv Ntot) Css (Ntot, GE) Css (Ntot, GN)
Css (GE, ZTD) Css (GE7 Ntot) Css (GE, GE) Css (GE, GN)

(17)

Css (GN7 ZTD) Css (GN’ Ntot) Css (GNy GE) Css (GNa GN)

The covariance functions for particular segments are derived
from the covariance function of Cg (ZTD,ZTD) (Eq. 7).
Functions that include only ZTD and/or Ny are described in
Sect. 3.1 and 3.2. The remaining 7 functions are calculated
analogically to Egs. 12 or 13 and are described in Appendix
A.

3.4 Processing

The flowchart in Fig. 4 gives an overview of the work under-
taken during this study. The parallelograms denote the data
sets and the rectangles show the processing steps. Firstly, the
combinations of data sets are established to be used in the
collocation procedure. For Switzerland, three main data sets
are considered:

1. ‘AWS only’ that includes the total refractivity calculated
from ground-based AWS measurements using Eq. 2.

2. ‘AWS/GNSS’ that includes the total refractivity calcu-
lated from AWS measurements and ZTD from GNSS
stations.

3. ‘AWS/GNSS/GRAD’ that includes the total refractivity
calculated from AWS measurements, as well as ZTD and
horizontal gradients of ZTD from GNSS stations.

For Poland, the data sets are different as the main data source
is the NWP model WRF:

dure, the collocation parameters ZTDy, HzTtp, aztp, bztp
and cztp are calculated for each time interval separately.
To speed up the computation, each day is divided into 8-h
batches with 1-h overlap to the previous and next batch for
the Swiss data and in 12-h batches with 1-h overlap for the
Polish data. Using the obtained collocation parameters, it is
possible to interpolate the total refractivity and ZTD values
to the locations of the RS and GNSS stations and validate
the results from COMEDIE with the reference data. Inter-
polated total refractivity values are compared to RS, while
the interpolated ZTDs are compared to both reference data
sources.

4 Results
4.1 Switzerland

We reconstruct the total refractivity profiles at the RS station
in Payerne according to the processing steps presented in
Sect. 3.4. Firstly, we perform the collocation procedure on
the data set ‘AWS/GNSS’. In the previous study from Hurter
and Maier (2013), this data set exhibits the best accuracy w.r.t.
the RS data in Payerne. Figure 5 presents biases and standard
deviations from residuals Nrs — NcomeDIE W.I.t. the heights
of the RS. The comparisons are cut at 4 km AMSL, as the
highest ground-based station is located at ~3.6 km. Biases
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Fig. 4 Solution flowchart used
in the framework of the study.
AWS meteorological parameters
are used for Switzerland while

GNSS zenith

AWS/NWP meteo GNSS horizontal
total delays (ZTD) parameters (T, p, e) gradients (GRAD)

NWP parameters for Poland

:

calculation of total
refractivity at AWS
or NWP node location
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Fig. 5 Biases and standard BIAS STD.DEV
deviations of the total 4 ‘ ——AWS/GNSS |
refractivity differences — = AWS/GNSS/GRAD
(Nrs — Ncomepie) for two data 35
sets: ‘AWS/GNSS’ (red) and 3l
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blue). The data period is T ool S
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S
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-
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e
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total refract

vary from —7 to 3 ppm with standard deviations from 3 to 9
ppm (averaged from the 3-year period). The differences in the
residual distribution may be a result of the height resolution
with very few stations above the height of 2 km.

In the next step, we include the horizontal gradients into
the collocation procedure. The biases and standard devia-
tions of residuals for the data set ‘AWS/GNSS/GRAD’ are
also shown in Fig. 5. Unfortunately, including gradients into
the collocation procedure does not improve the interpolation.
The model with gradients exhibits larger biases of about 0.5
ppm than the model without gradients, with the largest differ-
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ivity difference [ppm] total refractivity difference [ppm]

ence of 2 ppm at the height of about 2.5 km. The deterioration
of the total refractivity values when including the gradients
raises the question of whether the GNSS ZTD information is
necessary for the interpolation of the total refractivity field.
Therefore, we investigate the total refractivity values from
the data sets: ‘AWS/GNSS’ and ‘AWS only’. Figure 6 shows
biases and standard deviations for residuals Nrs — NCOMEDIE
for a shorter period 5.06.2011-31.12.2011 (due to the long
computational time). For data set ‘AWS/GNSS’, the statis-
tics for the 7-month period are consistent with the 3-year
period. The results show that excluding the ZTD values from
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the model has a strong influence on the model accuracy. The
absolute biases are larger for the data set ‘AWS only’ of more
than 10 ppm above the height of 2 km, where there are only 2
ground-based meteorological stations. Therefore, including
the GNSS ZTDs is necessary to obtain a good accuracy in
the vertical direction of the model. We do not perform the
collocation procedure in Switzerland for the data set ‘GNSS
only’ because as shown in Hurter and Maier (2013) this data
set has worse accuracy than ‘AWS/GNSS’ by about 5 ppm
(for wet refractivity).

4.2 Poland
4.2.1 Interpolation of the total refractivity

We perform the least-squares collocation of the total refrac-
tivity based on different combinations of data sets and
interpolate the obtained values to the locations of refer-
ence data as described in Sect. 3.4 for 5 months in 2014
(11.04.2014-15.09.2014). For Switzerland, the results from
the 3-year period are consistent with the 7-month period;
therefore, we decide to process a shorter period for Poland,
where the collocation procedure is more computationally
demanding. We use the summer months as the worst-case

scenario, because the collocation results are likely to devi-
ate stronger from the RS in summer than they do in winter.
We employ four data sets for the Poland case study: “WRF
only’, “‘WRF/GNSS’, ‘WRF/GNSS/AWS’ and ‘GNSS only’.
We decide not to include horizontal gradients of ZTD into
the collocation of the Polish data, because gradients in the
Swiss data worsen the interpolation (Sect. 4.1).

In the first step, we calculate the total refractivity profiles
from the data set “‘WRF only’. Figure 7 shows differences
between profiles from RS station WROC and COMEDIE.
For other RS stations, the results are similar and as such
they are not shown. Near the Earth’s surface, the differences
are larger, sometimes at the level of —10 ppm but they are
decreasing with height. At middle levels (height of 5-15 km),
the differences are much smaller, positive and higher in sum-
mer months (June — August) than in spring (April-May).
For upper levels, the differences are again negative on the
order of —2 ppm. It is worth noticing that the height of the
model exceeds 30 km, because the NWP model reaches much
higher altitudes than ground-based meteorological stations in
Switzerland (where the comparisons are performed only up
to 4 km).

In the next step, we add the GNSS ZTDs to the collocation
procedure. Figure 8 shows the differences between values
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Fig. 8 Differences of the total
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from RS and calculated from the data set “WRF/GNSS’.
There are only small differences between the data sets “WRF
only’ and “‘WRF/GNSS’ at lower levels and also at the highest
levels the data set “‘WRF/GNSS’ seems to perform slightly
better. To test all the possible data sets, we also interpolate
the total refractivity values from the ZTDs set ‘GNSS only’.
As shown in Fig. 9, the collocation from ‘GNSS only’ gives
much worse results than collocation from the sets that con-
tain WRF data. At lower levels, the differences are equal
to approximately 30 ppm. At middle levels, differences of
10 ppm are frequent. Only upper levels show slightly better
agreement with a 5 ppm difference. The results are easy to
predict, because we attempt to reconstruct a whole profile of
refractivity from a single ZTD value. To achieve this goal,
some more sophisticated techniques should be exploited
(e.g., GNSS tomography). For the collocation technique,
the vertical dense distribution of WRF data is necessary to
achieve an accurate refractivity interpolation.

We compare all the data sets involved into the col-
location procedure in Fig. 10. Boxplots show the total
refractivity differences for sets: “‘WRF only’, “WRF/GNSS’,
‘WRF/GNSS/AWS’ and ‘GNSS only’. The advantage of
using the data sets that include the WREF is evident. We
intend to improve the refractivity interpolation even more
by adding ground-based meteorological measurements from
AWS, but data sets “‘WRF/GNSS’ and ‘WRF/GNSS/AWS’
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show very similar accuracy w.r.t. reference RS observations.
Thus, there is no clear advantage in including AWS informa-
tion. Figures 7, 8 and 9 show very small differences in the
upper levels, but it is important to note that the values of the
total refractivity decrease exponentially with height and at
the topmost level of the model (~30 km) they are about 60
times smaller than at the bottommost level. We include the
boxplots of fractional differences between RS and COME-
DIE, which show that the relative differences are much larger
at the topmost levels of the model, even though the absolute
differences seem insignificant. To evaluate the accuracy of
the model, we must consider residuals (absolute and rela-
tive) on every level.

4.2.2 Interpolation of ZTD

For the final assessment, we calculate the ZTD values as
an integral from the total refractivities (Eq. 4) obtained
using COMEDIE. Included data sets are ‘WRF only’,
‘WRF/GNSS’ and “WRF/GNSS/AWS’. Figure 11 shows dif-
ferences between ZTDgg calculated from RS observations
and ZTDodel, Where ‘model’ is one of the COMEDIE data
sets or direct GNSS observation at the station WROC (which
at this point becomes another validation data source). Table
2 shows statistics for all aforementioned models.
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Fig. 10 Boxplots of the total
refractivity differences

NRrs — NcoMmepik and relative
differences (Ngrs —
NcoMmepie)/ Ncomebig * 100 %
for chosen data sets: WRF only
(top), WRFE/GNSS (upper
middle), WRF/GNSS/AWS
(lower middle) and GNSS only
(bottom). Boxes denote the 25th
and 75th percentile. The median
is marked inside the boxes.
Lines show offsets from

q25 % — 1.5(q75 % — q25 %) tO
q25 % + 1.5(q75 % — q25 %) The
red dots denote outliers. The
data period is
11.04.2014-15.09.2014. Please
note that the scale for ‘GNSS
only’ boxplots is different from
the other plots

WREF only
31.0 - 2
———
269} f—— — ]
e
2391 e ——-— 4
—W-La.@'
185+ ——————————— 4
o
JE——— e —
159} e — —— 1
==

EATF P —— 1

= —— ——

=107} [ e — 4

= P—r— ——

2 8of —“74_64—9—_:5- 1

——C—————
6.8+ = 1
. P —— e —
ap L ==
301 $
e ————
08r ———— 1
O B S —
-15 -10 -5 0 5 10 15
total refractivity differences [ppm]
WRF/GNSS
31.0 T p——C T
e
269 —‘k 1
2391 P —— 1
PO —
P—— e —
1851 ——— —— 1
PR—— e i—
159} ¢ ]

— —————

E 17} R —— 1

3 - — sl

=107} e ——— 4

2 sof —— e — 1

f—- — — ———
6.8 T ———— 1
T ——
44k e J
p—— - —
301 1
. e —
0.8 1
0.1
-15 -10 -5 0 5 10 15
total refractivity differences [ppm]
WRF/GNSS/EPN
31.0 p—— -
===
269} f—C—— 1
P — ¢ —
2391 P——C ——— 1
+=g
18.51 —— —— 1
———
p— ——
15.9+ e 1

—_ ———

€ 1171 f———— 1

ﬁ ——————————

e e——

=107} e ——— 4

= ——— —a—

g 8.0 4. [————— d
681 [ — e — 1
41} +$ 4

v e e — i .
30fF e —— 4
e ee—
0.8+f —— 4
L ——
10T B e e ———
-15 -10 -5 0 5 10 15
total refractivity differences [ppm]
GNSS only
31.0 p— o
26.9 == 1
23.9 1
18.5 1
15.9 1

E117 1

=

=107 1

iy

2 80 ]
6.8 1
417 1
3.0 1
0.8r. |
01— et . — - S

-50 -40 -30 -20 -10 O 10 20 30 40 50

total refractivity differences [ppm]

31.0
26.9
23.9
18.5
15.9
1.7
10.7
8.0
6.8
4.1
3.0
0.8
0.1

31.0
26.9
23.9
18.5
15.9
1.7
10.7
8.0
6.8
4.1
3.0
0.8
0.1

31.0
26.9
23.9
18.5
15.9
1.7
10.7
8.0
6.8
41
3.0
0.8
0.1

31.0
26.9
23.9
18.5
15.9
1.7
10.7
8.0
6.8
4.1
3.0
0.8
0.1

fractional WRF only

f

-50 -40 -30 -20 -10 0 10 20
relative total refractivity differences [%]

fractional WRF/GNSS

-50 -40 -30 -20 -10 0 10 20
relative total refractivity differences [%]

fractional WRF/GNSS/EPN

-50 -40 -30 -20 -10 0 10 20
relative total refractivity differences [%)]

fractional GNSS only

-60 -40 -20 0 20 40
relative total refractivity differences [%]

@ Springer



128

K. Wilgan et al.

WROC - ZTD residuals
T T

ZTD difference [mm]
A Ny N IN o ©
S S o S S =) S

&
S

80 I I I I

—— COMEDIE WRF only

—— COMEDIE WRF/GNSS
COMEDIE WRF/GNSS/AWS

——GNSS

| | |

11 Apr 1 May 15 May 1Jun 15 Jun

1 Jul 15 Jul 1 Aug 15 Aug 1 Sep 15 Sep

Fig. 11 Residuals of ZTDs (ZTDrs — ZTDpodel), based on one of the following models: ‘“‘WRF only’ from COMEDIE (red), “‘WRF/GNSS’ from
COMEDIE (green), ‘WRF/GNSS/AWS’ from COMEDIE (cyan) or direct GNSS observation for station WROC (black). Data period: 11.04.2014—

15.09.2014

Table 2 Mean biases and

e T Model WREF only WRF/GNSS WRF/GNSS/AWS Direct GNSS obs.
standard deviations of residuals
ZTDgs — ZTDmoger (mm) BIAS (mm) ~18 3.8 3.7 0.0
StdDev (mm) 33.5 18.0 17.9 12.8

The data are averaged between 11.04.2014 and 15.09.2014

The differences between the residuals from the “WRF
only’ and “WRF/GNSS’ data sets indicate that GNSS infor-
mation is important to improve the accuracy of the ZTD
interpolation. The standard deviation from the “WRF only’
set is more than 15 mm larger than from all data sets
containing GNSS results. The data sets “WRF/GNSS’ and
‘WRF/GNSS/AWS’ are again nearly identical, which addi-
tionally indicates that there is no need to include the
ground-based meteorological stations. The standard devia-
tion of the differences between the two reference data sources
RS and GNSS is 12.8 mm. In our previous investigations
(Wilgan et al. 2015), the standard deviation of residuals
ZTDRrs — ZTDgnss for station WROC was 9.9 mm, but
the study was conducted during winter months, when the
water vapor content is the smallest. The distance between
RS WROCLAW and the closest GNSS station is ~6 km; for
RS LEGIONOWO, it is ~9 km and for RS LEBA ~40 km.
The improvement after adding the GNSS observations into
the collocation procedure is visible for all RS stations, but
for LEBA the impact is much smaller.

It is important to acknowledge that the RS measurements
are not error free. The ZTDgg error is on a similar level to
the ZTDgnss error. The RS needs time to ascent through the
atmosphere (~1 h to reach the highest altitude) and there
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might be some variations in the atmosphere during this time.
Moreover, there are only 3 RS stations in Poland, too few
to test the collocation procedure across the whole country.
Thus, we interpolate the ZTD values to the locations of the
GNSS stations and compare the outputs from COMEDIE
with the reference GNSS data.

We choose 9 evenly distributed GNSS stations that are
a part of the EPN. The station at which we interpolate
the results is excluded from the collocation procedure. The
chosen stations have the smallest biases and standard devi-
ations w.r.t. the EPN final combined troposphere product
presented in Bosy et al. (2012). We test three data sets to
find the best solution for the interpolation of ZTDs: ‘WRF
only’, “‘WRF/GNSS’ and ‘GNSS only’ for nine days in 2014
(23-31.05.2014), which contain a severe weather event (26—
28.05.2014). The event is a torrential rain associated with
strong movements of the ascending air within the large con-
vection cells. In the days before the main event, the rainfalls
were also recorded, but not as severe. Thus, we divide the
solution into three 3-day periods: with the severe rainfall
(‘heavy rainfall’), before the event (‘moderate rainfall’) and
after the event (‘after rainfall’). Table 3 presents biases and
standard deviations for all 9 stations and all 3 data sets with
the division for 3 periods. Figures 12 and 13 show the com-
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Fig. 12 Comparison of ZTD from GNSS station REDZ (black) with ZTDs from COMEDIE from 3 data sets: “WRF only’ (red), “‘WRF/GNSS’
(green) and ‘GNSS only’ (blue) (top) with corresponding residuals of ZTDgnss — ZTDcomepie (mm) for all data sets (bottom). Data period is

23-31.05.2014
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Fig. 13 Comparison of ZTD from GNSS station KRAW (black) with ZTDs from COMEDIE from 3 data sets: “WRF only’ (red), “‘WRF/GNSS’
(green) and ‘GNSS only’ (blue) (top) with corresponding residuals of ZTDgnss — ZTDcomepie (mm) for all data sets (bottom). Data period is

23-31.05.2014

parisons of the interpolation results w.r.t. GNSS data for two
sample stations: Redzikowo (REDZ) and Krakéw (KRAW),
respectively. The first station is located at the Baltic sea coast,
with only a few GNSS stations nearby and the second one
in the south of Poland (but not yet in the mountains) with
many stations nearby, along with other EPN stations. In the
case of KRAW and other stations surrounded by many GNSS
stations, the best performing data sets are: “‘WRF/GNSS’ or
‘GNSS only’. On average, the “WRF/GNSS’ data set is bet-
ter by less than a millimeter. Both sets that contain the GNSS
data have smaller standard deviations than “WRF only’ set
by about 14 mm on average. In case of REDZ, adding GNSS
data is not improving the collocation results as strongly as
for other stations. Moreover, the ‘GNSS only’ data set has
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worse accuracy than “WRF only’, especially during the rain-
fall. For all the stations, the “WRF only’ data set performs
much better during the ‘heavy rainfall’ period compared to
the ‘after rainfall’ period. After the rainfall, the ZTDwrp val-
ues still remain at a similar level as during the rainfall, but in
reality the ZTD values drop significantly and this is visible
in ZTDgnss. The reason for such behavior is that the humid-
ity values provided by the WRF model after the rainfall are
too high. We experienced similar problems in the past with
another NWP model (COAMPS) producing too wet condi-
tions (Wilgan et al. 2015). Moreover, for many stations, the
WREF data are experiencing problems also during the ‘mod-
erate rainfall’ period, but without a clear trend as in the ‘after
rainfall’ period. Therefore, it is important to support the col-
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Fig. 14 Boxplots of total refractivity differences for Poland (leff) and
Switzerland (right) up to 4 km AMSL height. Boxes denote the 25th
and 75th percentile. The median is marked inside the boxes. Lines show

location procedure with the GNSS information during severe
weather events.

5 Discussion

The terrain conditions of Poland and Switzerland are very
different; therefore, various data sets are involved in the col-
location procedure. In Switzerland, the vertical resolution of
ground-based stations is diversified and the horizontal res-
olution is dense, so it is possible to reconstruct the state of
the troposphere solely from the ground-based stations and
GNSS data. In Poland, most of the ground-based meteoro-
logical stations are located in the lowlands with a horizontal
resolution of 50-70 km. Thus, we employ the NWP data to
reconstruct vertical profiles. Even though the terrain resolu-
tion and the data collection schemes are diverse, this paper
shows that the same procedure can be applied for both coun-
tries to obtain ZTD and total refractivity models of similar
accuracy. As an example, we compare the total refractivity
results between the countries. Figure 14 shows the boxplots
of residuals Nrs — Ncomepie for the best possible solu-
tions: ‘AWS/GNSS’ for Switzerland and “WRF/GNSS’ for
Poland w.r.t. heights of the RS. For Poland, the heights are
cut at 4 km AMSL. Note that the sampling of the RS data
is different for Poland and Switzerland, hence the different
resolution of the plots. For the lowest levels, the differences
for Switzerland are smaller than for Poland, but after the
model reaches the level where there are not many ground-
based stations (~2 km), the results for Switzerland are worse
than for Poland, where the median is close to 0. For both

AWS/GNSS Switzerland

4.0

3.0
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0.7 -

05 | | ——— | |
-15 -10 -5 0 5 10 15
total refractivity differences [ppm]

offsets from g25 ¢ — 1.5(q75 % — q25 %) 10 G25 % + 1.5(475 % — G25 %)-
The red dots denote outliers. The data period is 11.04.2014—15.09.2014
for Poland and 1.01.2009-31.12.2011 for Switzerland

countries, most of the residual values are within £5 ppm
limits.

Utilizing the NWP model, we are not restricted by the
number or location of the ground-based meteorological sta-
tions. In flat countries like Poland, an NWP model is a
valuable data source containing the information on the ver-
tical variability of the atmospheric parameters. Furthermore,
we can reach much higher altitudes (here, ~30 km AMSL)
than in the case of ground-based stations in Switzerland,
where we are constrained by the height of the highest station
(~4 km AMSL). Above that level, we need to extrapolate
the results, which affect the accuracy significantly. Also, in
countries where the AWS network is highly inhomogeneous
and the horizontal resolution of stations is very sparse, the
NWP model provides a good database of the atmospheric
state. The disadvantage of using the NWP model is the time
needed to compute the collocation, as there are much more
data to process than in the case of ground-based meteorolog-
ical stations. Therefore, our recommendation for providing a
priori model for positioning (especially for the PPP strategy)
is to use a model based on ‘AWS/GNSS’ for countries that
can achieve the height variability solely from the ground-
based meteorological stations and ‘NWP/GNSS’ for flat
countries.

The Switzerland case study of total refractivity has sim-
ilar accuracy to the study on wet refractivity performed
by Hurter and Maier (2013) presented in Sect. 1. For fur-
ther improvements, we include the horizontal gradients,
but unfortunately they worsen the collocation results. We
attempt to improve the collocation with gradients. Firstly,
we remove the gradients with relatively high errors: gradi-
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Fig. 15 Biases and standard deviations of the total refractivity differ-
ences (Nrs — NcoMmepie) for data sets: ‘AWS/GNSS (ZTD)’ (red),
‘AWS/GNSS/GRAD (ZTD)’ (dashed blue) ‘AWS/GNSS (ZHD +
ZWD)’ (green), and ‘AWS/GNSS/GRAD (ZHD + ZWD)’ (dashed

ents that are smaller than their 30 error from the Bernese
log-files. From the original data set 28.45 % of gradients
are removed, but there is almost no improvement after the
reduction. In our next attempt, we remove gradients that do
not follow some major patterns based on the hourly distrib-
ution of gradients. We remove gradients that do not satisfy
|<tG — median| < %. The elimination of some gradients
improves the interpolation, but the data set with gradients is
still worse than the one without gradients. A possible rea-
son is that the gradient model may be wrong (the chosen
model is very simple to hold the relation with ZTD and Ny
models) or the stochastic parameters shown in Table 1 are
not adequate, since wet and dry gradients are likely to sig-
nificantly differ in their correlation lengths. Therefore, we
divide the ZTD model into the wet and hydrostatic parts
(ZTD = ZHD + ZWD), with the analogous model for ZWD
and ZHD as the one for ZTD (Eq. 6). The divided model has
10 unknown collocation parameters (the wet and dry scale
heights are considered separately). The models for gradients
are also divided into the wet and dry parts. Figure 15 shows
that the statistics for the divided model are only slightly
better above 2.5 km than for the undivided model. Further-
more, we utilize only the horizontal gradients from GNSS
processing, but there are many more techniques from which
we can retrieve gradients like NWP, Doppler Orbitography
and Radiopositioning Integrated by Satellite (DORIS), Very
Long Baseline Interferometry (VLBI) water vapor radiome-
ter (WVR) and many others. The gradients retrieved for the
same station by different techniques can differ significantly
(e.g., Teke et al. (2013); Dousa et al. (2016)); hence, the
physical meaning of the gradients may not be understood
well.
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total refractivity difference [ppm]

cyan), where (ZHD + ZWD) means that the hydrostatic and wet parts
of zenith delay were modeled separately. The data period is 1.01.2009—
31.12.2011

6 Summary

We investigated the total refractivity profiles calculated using
the collocation software COMEDIE for two regions: west-
ern part of Switzerland and Poland. For Switzerland, three
data sets were used: ‘AWS/GNSS’, ‘AWS/GNSS/GRAD’
and ‘AWS only’. The refractivity profiles were compared
to the reference RS station in Payerne. The data set with the
best performance of the total refractivity interpolation was
‘AWS/GNSS’ with the absolute biases from 0 to 7 ppm and
standard deviations from 3 to 9 ppm. Excluding the ZTDs
from the collocation results worsened the interpolation above
a height of 2 km by more than 10 ppm. Introducing the
horizontal gradients was presumed to improve the interpo-
lation, but the data set with gradients had larger biases by
about 0.5 ppm for most of the profile (up to 4 km) with the
maximum offset of 2 ppm at 2.5 km height than the data
set without gradients. For Poland, we considered four data
sets: “WRF only’, “‘WRF/GNSS’, “‘WRF/GNSS/AWS’ and
‘GNSS only’. The data set with the best accuracy was the
combined “WRF/GNSS’. The data set “‘WRF/GNSS/AWS’
exhibited very similar accuracy. Therefore, we see no bene-
fit from including ground-based meteorological information
from AWS into the collocation procedure. The data set
‘GNSS only’ showed much worse accuracy with the dis-
crepancies at lower altitudes even at the level of —30 ppm.
The data set “‘WRF only’ showed similar agreement with ref-
erence data as “WRF/GNSS’ in terms of the total refractivity,
but for the interpolation of ZTDs from all sets, the standard
deviations from residuals were almost two times larger for
the “WRF only’ set than for all data sets containing GNSS
results. We also performed the interpolation of ZTDs at the
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locations of GNSS stations for three data sets: “WREF only’,
‘WRF/GNSS’ and ‘GNSS only’ for nine days in May 2014
that contained a severe weather event. The best data sets with
similar accuracy were: ‘WRF/GNSS’ and ‘GNSS only’ with
average biases of 3.7 and 3.8 mm and average standard devi-
ations of 16.7 and 17.2 mm, respectively.

We can conclude that the best troposphere models based
on collocation can be obtained from the combination of mete-
orological (NWP or AWS) and GNSS data. Using NWP-only
data biases, the troposphere delays in particular due to the
overestimation of the humidity after rainfalls. Using GNSS-
only data provides substantially larger differences of the total
refractivity with respect to the RS measurements. Whereas,
using a NWP/AWS-GNSS combination results in the small-
est biases and the smallest residuals with respect to both, RS
and GNSS data. We recommend to use these models as an a
priori model of the troposphere for positioning.
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Appendix A

In Sect. 3.3, we present the covariance matrix used in the
collocation procedure for data set ‘AWS/GNSS/GRAD’ (Eq.
17). Three covariance functions are presented in Sect. 3.1 and
3.2. The remaining covariance functions for collocation with
gradients are as follows:

Cs;s (Gg,ZTD) = Cs;s (ZTD, GE)

2 G p 2
Osignal  2(xzTD — XGp) -G£ 7D
= Hzmp - —5— - . 0, (18)
q* (Axp)?
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