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Abstract. We have developed an open-source ray-tracing
tool for space geodetic techniques. The software uses the ge-
ometric optics approximation to calculate the signal travel
time delay induced by the atmosphere between two given
points. The software called DNS (“Direct Numerical Sim-
ulation of signal travel time delay”) is written in Fortran and
uses OpenMP to speed up computation. The input to the ray-
tracing tool is 3D pressure, temperature and humidity fields.
The Earth’s magnetic field and electron density field are op-
tional. For the neutral atmosphere (troposphere) the software
accepts the NetCDF files from the atmospheric reanalysis
ERAS and the mesoscale model WREF. For the ionosphere the
software accepts electron density fields derived from IRI and
NeQuick. We review the current status of the software and
test its performance. For example, the one-to-one compari-
son with the open-source software RADIATE shows the high
speed and precision of our ray-tracing tool. We also show
how our tool can be used to study higher-order ionospheric
effects (L-band frequencies). The two outstanding features
of the ray-tracing tool compared to previous model develop-
ments, i.e. the ability to handle both the troposphere and the
ionosphere and do so efficiently, make it perfectly suited for
geoscientific applications.

1 Introduction

Atmospheric signal propagation effects are one of the largest
error sources in the data analysis of space geodetic tech-
niques (Very Long Baseline Interferometry (VLBI), Satellite

Laser Ranging (SLR), Global Navigation Satellite Systems
(GNSS), and Doppler Orbitography and Radio-positioning
Integrated by Satellite (DORIS)). These effects are caused
by the neutral atmosphere, hereinafter simply called the tro-
posphere, and the ionosphere. Inaccuracies in signal prop-
agation modelling map into errors in positioning, naviga-
tion and timing (e.g. Rothacher et al., 1998); Earth rotation
parameter determination (e.g. Nilsson et al., 2017); terres-
trial and celestial reference frames establishment and main-
tenance (e.g. MacMillan and Ma, 1997); and atmospheric
and climate monitoring (e.g. Bock et al., 2019). In the space
geodetic data analysis the signal propagation effects for the
troposphere and ionosphere are treated separately. However,
the models for both effects are based on the same key algo-
rithm: ray tracing. This is the algorithm that determines the
(bent) signal path between the transmitter and the receiver
and therefore allows the accurate calculation of the tropo-
spheric and ionospheric delay.

In the analysis of space geodetic data the tropospheric
delay is typically not calculated for each measurement, but
a parameterized version of the tropospheric delay is devel-
oped beforehand. This closed-form expression of the tropo-
spheric delay is plugged into the observation equation, and
some tropospheric parameters are estimated (adjusted) to-
gether with the geodetic parameters such as coordinates and
clocks (Zus et al., 2021). The quality of the geodetic parame-
ter estimates depends on the quality of the tropospheric delay,
which depends on the accuracy of the underlying model for
the troposphere and the ray-tracing algorithm. The most ad-
vanced approaches utilize data from numerical weather mod-
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els (NWMs) as an input for optical (Hully and Pavlis, 2007;
Boisits et al., 2020; Drozdzewski and Sosnica, 2024) and
microwave frequencies (Boehm et al., 2006; Landskron and
Bohm, 2018a, b). Several ray-tracing algorithms have been
developed starting from the 1960s. In the early days the ray-
tracing algorithms were based on simplifying assumptions,
i.e. the assumption of a spherically layered troposphere. In
this case a single pressure, temperature and humidity pro-
file is utilized to calculate the tropospheric delays. Later, ray-
tracing algorithms were developed to cope with the 3D pres-
sure, temperature and humidity fields. Nafisi et al. (2012b)
present a summary of the most commonly used algorithms.
Setting up a ray-tracing system is not a trivial task, and at
the time of writing very few resources are publicly avail-
able, namely the software package RADIATE (Hofmeister
and Bohm, 2017) and the software package SPD (Petrov,
2015). Utilizing NWM data and not the data from a climatol-
ogy means that ray tracing must be performed on a routine
basis, and thus a ray-tracing algorithm that is both accurate
and fast is beneficial.

With regards to the ionospheric delay the treatment in the
analysis of space geodetic data is somewhat different. The
reason is that the ionosphere is a dispersive medium; there-
fore measurements taken with different frequencies and the
appropriate combination of these measurements allow one to
remove signal propagation effects caused by the ionosphere
to a large extent. The remaining signal propagation effects
caused by the ionosphere, the so-called higher-order iono-
spheric effects, can be neglected in many applications. How-
ever, in precise applications they must be taken into account
(Petrie et al., 2011). These higher-order ionospheric effects
are caused by ray-path bending effects, among others. Hence
a ray-tracing algorithm is required too. Typically, the higher-
order ionospheric effects are calculated using idealized elec-
tron density fields. For example, Hoque and Jakowski (2008)
utilized idealized electron density profiles at predefined iono-
spheric pierce points. They also derived a parameterization
for the higher-order ionospheric effects. Kashcheyev et al.
(2012) argued that this oversimplifies the task, and hence
they utilized realistic electron density fields derived from
NeQuick2 (Nava et al., 2008). This means that there is no
need to define some idealized electron density profile at some
predefined ionospheric pierce point. Instead the electron den-
sity field is utilized as is. The price they paid was computa-
tional complexity; therefore they were forced to analyse a
limited geographical area and time period. They did not pro-
vide a parameterization for the higher-order ionospheric ef-
fects.

In this work we present the open-source ray-tracing tool
DNS (“Direct Numerical Simulation of signal travel time de-
lay”’). We demonstrate the two outstanding features of this
tool compared to previous model developments: it can han-
dle both the troposphere and the ionosphere, and it does so
with high speed and precision. This makes the tool perfectly
suited for geoscientific applications. In Sect. 2 we introduce
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the method and data. In essence, we introduce the tropo-
spheric delay, the ionospheric delay, the input data that can be
utilized in the ray-tracing tool and technical details of the im-
plementation. In Sect. 3 we perform numerical experiments.
At first, we provide the one-to-one comparisons for the cal-
culated tropospheric delays before we provide an application
example, namely the comparison with GNSS tropospheric
estimates. In a similar fashion, we provide comparisons for
the calculated ionospheric delays before we provide an ap-
plication example; namely we study the impact of higher-
order ionospheric corrections in precise point positioning.
The conclusion is given in Sect. 4.

2 Data and methods
2.1 Tropospheric delay

The tropospheric delay T between two points P and Q is
calculated according to

0
T:/ nds — g, (D
P

where n stands for the index of refraction, s denotes the arc
length of the ray path and g denotes the geometric distance
between the two points. The index of refraction is related to
the refractivity N through

n=14+10"°N. )

The refractivity is a function of the pressure, temperature and
humidity. For microwave frequencies we take the formula
by Thayer (1974), and for optical frequencies we take the
formula by Mendes and Pavlis (2004). The ray path follows
from Fermat’s principle. In essence, the variation of the inte-
gral must vanish:

)
af nds =0. 3)
P

We ignore out-of-plane bending, which means that we as-
sume that the ray path remains in the plane, which is defined
by the point P, the centre of the osculating sphere determined
for point P (we approximate the Earth as a sphere) and the
point Q. Let [x, z(x)] denote the ray path; then from varia-
tional calculus it follows that the ray path between the two
points is obtained by solving the following differential equa-
tion (Zus et al., 2014):

d?z 1[on dndz dz\?

— =1 — =0. 4
dx? n|:az 8xdx:| +<dx @
Given the position of point P and Q, the two-point boundary
value problem (BVP) is solved by a finite-difference scheme

(Zus et al., 2014). The point P can be any point close to
Earth’s surface (ground-based station), and the point Q can
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be any point between a low Earth orbit (LEO) and high Earth
orbit (HEO) satellite. The point P is provided by the user
as an input. The point Q is by default a medium Earth orbit
(MEO) satellite. We also allow for a special case in which
the point Q is an extragalactic radio source (quasar), as is the
case for VLBI. For details the reader is referred to Zus et al.
(2014).

It is convenient to express the tropospheric delay as a func-
tion of the elevation angle e and azimuth angle a in the local
horizon system of the ground-based station:

T =T(e,a). (5)

For any ground-based station we calculate 120 tropospheric
delays and write them to disk (“SLA” file). The spacing in
azimuth is chosen to be 30°, and the elevation angles are cho-
sen to be 3, 5, 7, 10, 15, 20, 30, 50, 70 and 90°. The specific
set of elevation and azimuth angles is typically utilized for
the parameterization of tropospheric delays (e.g. Dogan et
al., 2024). It is up to the user to change the default selec-
tion of elevation and azimuth angles. The output files also
contain the slant hydrostatic delay (SHD) and the slant wet
delay (SWD) calculated through

0 0
SHD=10’6/ ths—i-/ ds—g (6)
P P

0
SWD = 10—6f Ny ds,
P

where Ny, denotes the hydrostatic refractivity, and Ny, de-
notes the wet refractivity. In the zenith direction the SHD and
SWD are called zenith hydrostatic delay (ZHD) and zenith
wet delay (ZWD) respectively. The separation into the hy-
drostatic and wet delay is useful for those interested in the
parameterization of tropospheric delays, i.e. the derivation
of mapping functions (e.g. Dogan et al., 2024). In addition,
we calculate the difference between the ZHD from the nu-
merical integration and the ZHD from the empirical formula
depending on the pressure at the station and write it to disk
(“ZHD” file). For microwave frequencies we take the for-
mula by Davis et al. (1985), and for optical frequencies we
take the formula by Mendes and Pavlis (2004). This file is uti-
lized for diagnostic purposes. The ZHD differences should be
on a millimetre level (e.g. Fan et al., 2023). Larger ZHD dif-
ferences point to a problem in the underlying weather model
field, the way refractivity is interpolated (extrapolated) or the
numerical integration.

2.2 Ionospheric delay

Regarding signal propagation in the ionosphere, we must dis-
tinguish between the phase and group velocity. We are only
going to analyse the phase velocity. Simple modifications al-
low the user to analyse the group velocity. Hence, the iono-
spheric delay I; between the two points P and Q is calculated
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according to

0 0
I; =/ nds—/ n;ds;. @)
P P

Here n; stands for the refractive index experienced by the
phase of the signal, s; denotes the arc length of the ray path
and the index i refers to the carrier frequency of the signal.
The refractive index experienced by the phase of the signal
is given by

n; =1+10_6N—%E—%EBCOS(¢), (8)

1 1

where N stands again for the refractivity of the neutral at-
mosphere, f; denotes the carrier frequency of the signal, E
denotes the electron density, ¢ denotes the angle between the
Earth’s magnetic field vector B and the ray-tangent vector,
and ¢ and p denote constants (Hoque and Jakowski, 2008).
The variation of the integral must vanish:

0
8/ n; ds; =0. )
P
We neglect out-of-plane bending. From variational calculus,
it follows that the ray path [x, z(x)] between the two points is

obtained by solving the following differential equation (Zus
etal., 2017a):

&z Uom_omidz] | (2
dx2 np [ 9z Ox dx dx
3 (10)

p [O(E-By) d(E-B) z\*|*
Sl @) ]

where

ni=1+10"N-LE, (11)
fi
and B, and B, denote the x and z coordinate of the projection
of Earth’s magnetic field vector B into the plane of constant
azimuth. The curvature term due to Earth’s magnetic field is
small and can be neglected. Therefore, the ray path between
the two points is obtained by solving the following differen-
tial equation (Zus et al., 2017):

2 2
B_L[%_%d_z].[H(%) }ZO, 12
dxz  np; | 0z Ox dx dx
The two-point BVP is efficiently solved by a finite-difference
scheme (Zus et al., 2017).

With the definition of the tropospheric delay T and the def-
inition of the ionospheric delay I;, the optical path length O;

that enters the so-called observation equation can be written
in the familiar form

O, =g+T—-1,. (13)
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In the analysis of space geodetic data, the effect of the iono-
sphere is mitigated by the dual-frequency linear combination.
The residual

2 2
P
2 2 2 2
(ff=5) " (W-15
is called higher-order ionospheric correction. It is convenient
to express the higher-order ionospheric correction as a func-

tion of the elevation and azimuth angle in the local horizon
system of the ground-based station:

Al = )12 (14)

Al = Al (e, a). (15)

For any ground-based station we calculate by default 120
higher-order ionospheric corrections. The spacing in azimuth
is chosen to be 30°, and the elevation angles are chosen to be
3,5,7,10, 15, 20, 30, 50, 70 and 90°. By default, the higher-
order ionospheric corrections are computed for the GPS L-
band frequencies L1 and L2. It is up to the user to change
the default selection of frequencies. We write the calculated
higher-order ionospheric corrections to disk (“HOC” file).
In addition, we perform a polynomial expansion (we make
use of Zernike polynomials) and write the coefficients of the
polynomial expansion to disk (“HOI” file). This allows quick
access to higher-order ionospheric correction for any eleva-
tion and azimuth angle. For diagnostic purposes we calculate
the vertical total electron content (VTEC) at each ground-
based station and write it to disk (“TEC” file). The VTEC is
obtained by numerical integration of the electron density in
zenith direction.

We note that higher-order ionospheric corrections are not
sensitive to the refractivity of the neutral atmosphere. There-
fore as long as one is only interested in higher-order iono-
spheric corrections, there is no need to know the state of the
neutral atmosphere. Specifically, N = 0 implies ds = dg (no
ray-path bending caused by the neutral atmosphere), and the
higher-order ionospheric corrections can be written as

Al=a+B+vy, (16)

where the three terms read as

p

.jl f:z
Cos ¢ d ¢ d ) 1
- EB - E Bcos /
X <f]/ ( ) 51 f2/ ( ) ) ) ( )

q Q Q )
B flz—fzz(/pESl /PES2
O SN i N A
y=28 <f12_f22fp S1 ff—fzsz 52

and agree with those provided by Kashcheyev et al. (2012).
The third term y is caused by the ray-path bending, the sec-
ond term S is due to the fact that the ray-path bending is dif-
ferent for different carrier frequencies and the first term « is
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caused by the Earth’s magnetic field. Hereinafter we will call
the sum of the second and third term ionospheric ray-path
bending corrections.

2.3 Data from numerical (space) weather models

The input to the ray-tracing tool are 3D pressure, tempera-
ture and humidity fields. Earth’s magnetic field and electron
density field are optional. With regards to the troposphere,
the following options are possible:

1. Data from the atmospheric reanalysis ERAS.
The NetCDF files are available from the Euro-
pean Centre of Medium-Range Weather Forecasts
(ECMWF) (https://www.ecmwf.int/en/forecasts/
dataset/ecmwf-reanalysis-v5/, last access: 10 August
2025). The weather model fields (pressure level data)
are available with a horizontal resolution of 0.25° x
0.25° on 37 pressure levels.

2. Data from the operational analysis of the ECMWF.
The ascii files are available from the VieVS ray tracer
(https://vmf.geo.tuwien.ac.at/GRIB_TXT/, last access:
10 August 2025). The weather model fields are available
with a horizontal resolution of 1° x 1° on 25 pressure
levels.

3. The output (NetCDF files) from the Weather Research
and Forecasting (WRF) model (https://www2.mmm.
ucar.edu/wrf/users/, last access: 10 August 2025). The
WRF model is a state-of-the-art mesoscale numeri-
cal weather prediction system designed for both atmo-
spheric research and operational forecasting. The user
must configure the weather model and therefore speci-
fies the horizontal and vertical resolution. Currently the
ray-tracing tool requires data on the cylindrical equidis-
tant map projection.

4. Data from the benchmark comparison campaign (https:
/Ivmf.geo.tuwien.ac.at/BMC/, last access: 10 August
2025) (Nafisi et al., 2012b). The ascii files are provided
with the software. The weather model fields are avail-
able for a station in Germany (Wettzell) and a station in
Japan (Tsukuba) with a horizontal resolution of 0.1° x
0.1° on 25 pressure levels.

With regards to the ionosphere, the following options are
possible:

1. Data derived from the IRI-2016 (https://irimodel.org,
last access: 10 August 2025) (Bilitza, 2001). We extract
electron density profiles (ranging from 80-2000 km)
and assemble the electron density profiles to a 3D elec-
tron density field with a horizontal resolution of 2° x
2°. We store the electron density fields, and we make
them available upon request.

https://doi.org/10.5194/gmd-18-4951-2025
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2. Data derived from the NeQuick2 (https://t-ictdd.ictp.it/
nequick?2, last access: 10 August 2025) (Nava et al.,
2008). We extract electron density profiles (ranging
from 80-10 000 km) and assemble the electron density
profiles to a 3D electron density field with a horizontal
resolution of 2° x 2°.

3. Data from the coupled Whole Atmosphere Model—
lonosphere Plasmasphere Electrodynamics (WAM-IPE)
Forecast System (WFS). The NetCDF files are avail-
able from the NOAA Space Weather Prediction Center
(https://www.swpc.noaa.gov/products/wam-ipe, last ac-
cess: 10 August 2025). The WAM-IPE provides a spec-
ification of ionosphere conditions with forecasts 2d in
advance in response to solar, geomagnetic and lower
atmospheric forcing (Chou et al., 2023). It is different
from IRI and NeQuick?2 in that it is not an empirical
model (climatology) but a space weather model.

4. Data from the Global Total Electron Content (GloTEC)
model. The NetCDF files are available from the NOAA
Space Weather Prediction Center (https://services.
swpc.noaa.gov/products/glotec/, last access: 10 August
2025). The GloTEC is a data-assimilative model (Chou
et al., 2023). Therefore, model results at the locations
where observations are ingested are most trustworthy.
Where there are no observations, the model tends to re-
lax towards the background (IRI).

The magnetic field is derived from IGRF-13 (https://www.
ngdc.noaa.gov/IAGA/vmod/igrf.html, last access: 10 August
2025) (Alken et al., 2021). In essence, for each grid point
of the electron density field, the components of the magnetic
field vector are computed and stored.

2.4 Running the ray-tracing tool

The software is written in Fortran and publicly available
(Zus, 2025a). After installation and compilation, the user
must type the following in the command line of a Unix sys-
tem to run the ray-tracing tool: ./prog yyyy-ddd-hh-mm sta-
tion nwm frequency source ionosphere where yyyy denotes
the four-digit year, ddd denotes the three-digit day of year, hh
denotes the two-digit hour, mm denotes the two-digit minute,
station denotes the list of stations, nwm denotes the numeri-
cal weather model, frequency denotes frequency (optical/mi-
crowave), source is the signal source (satellite/quasar) and
ionosphere indicates if the ionosphere is switched on/off.

The numerical (space) weather model data and the file for
the station coordinates must be available in the input direc-
tory, and the solution is written in the output directory.
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3 Experiments
3.1 Benchmark comparison campaign

We validate the ray-tracing tool using data from the bench-
mark comparison campaign (Nafisi et al., 2012b). The par-
ticipants of the campaign computed tropospheric delays for
an elevation angle of 5° (every degree in azimuth) for one
station in Germany (Wettzell) and one station in Japan
(Tsukuba). We restrict the comparison to those participants
utilizing the same weather model: KARAT (Hobiger et al.,
2008), UNB (Urquhart et al., 2012) and VIENNA (Nafisi et
al., 2012a).

Figure 1 shows the tropospheric delay as a function of
the azimuth angle (elevation angle of 5°) for the station in
Germany (Wettzell) as an example. Good agreement (dif-
ferences on a centimetre level) is found among all the so-
lutions. The differences are related to the transformation of
the geopotential height to the geometric height and differ-
ent interpolation approaches for the refractivity (Nafisi et al.,
2012b). The approach utilized in our ray-tracing tool is sim-
ilar to the approach utilized by UNB, and this explains the
excellent agreement (differences on a millimetre level) for
these two solutions. For new users of the ray-tracing tool, we
recommend running these cases first to check functionality.
The possibility of running the two cases from the benchmark
comparison campaign is also interesting for the further devel-
opment of the software as one can make changes to the code
(e.g. optimization) and obtain quick feedback on the appli-
cability of changes. However, the comparisons are restricted
to two cases. The comparison for dozens of stations locations
and a long time period is subject to the next section. This will
shed light on both accuracy and speed.

3.2 Comparison against RADIATE

We perform a one-to-one comparison of DNS with the open-
source software RADIATE (Landskron, 2018). We calcu-
lated tropospheric delays for the same stations, the same
set of elevation and azimuth angles, and the same NWM
input data (ascii files are available from the VieVS ray-
tracer https://vmf.geo.tuwien.ac.at/GRIB_TXTY/, last access:
10 August 2025), the same space geodetic technique (VLBI)
and settings (e.g. Earth’s radius of curvature and refractivity
constants). We utilized the same PC (Intel(R) Core(TM) i7-
9700 CPU @ 3.00 GHz) and the same compiler (GNU For-
tran compiler). Unlike RADIATE, our ray-tracing tool uti-
lizes OpenMP to speed up computation (the data throughput
scales linearly with the number of cores). However, in the
following comparisons, for fairness, a single core was uti-
lized.

At first, we consider 2592 grid point coordinates with
global coverage and a single epoch (15 February 2024,
12:00 UTC). Figure 2 shows the differences in the tropo-
spheric delays as a function of the elevation angle. In the
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Figure 1. Tropospheric delays as a function of the azimuth an-
gle (elevation angle of 5°) for the station Wettzell in Germany (1
January 2008, 00:00 UTC). Different colours show different solu-
tions: DNS (ray-tracing tool), KARAT (Hobiger et al., 2008), UNB
(Urquhart et al., 2012) and VIENNA (Nafisi et al., 2012a).

zenith direction, the differences can reach the millimetre
level, and at the elevation angle 3° the differences can
reach the centimetre level. The mean and standard devia-
tion as a function of the elevation angle indicate that the
differences are random and not systematic for all elevation
angles. Specifically, the standard deviation in the zenith
is 0.5mm, and at the elevation angle of 3° it is 5.0 mm.
The differences roughly scale with the elevation angle, i.e.
1/sin(e). Therefore Fig. 3 shows the relative differences
in the tropospheric delays as a function of elevation an-
gle. The relative differences are mainly below 0.1 % for
all elevation angles. These differences can be regarded
small compared to the uncertainty in tropospheric delays
caused by the uncertainty of the underlying refractivity
field (also see discussion below). We hypothesize that the
differences in the tropospheric delays are mainly caused
by the way the undulation is applied and the way the
interpolation (extrapolation) of refractivity is done. For
example, RADIATE utilizes its own geoid height grid data
file (“global_undulations_dint_lat1.000_dint_lon1.000.txt”),
whereas DNS utilizes the NIMA/GSFC WGS-84 15° geoid
height grid data file (“ww15mgh.grd”). In addition, before
the ray tracing starts in RADIATE, the vertical resolution
(height level resolution) from the weather model field is
increased by interpolation, and above the highest weather
model level, extrapolation using a standard atmosphere
is carried out. In our ray-tracing tool the weather model
field is used as is, and above the highest weather model
level, the pressure, temperature and humidity are ex-
trapolated. Specifically, we neglect the humidity, assume
a constant temperature and calculate pressure from the
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Figure 2. Differences of tropospheric delays between RADIATE
and DNS as a function of the elevation angle (15 February 2024,
12:00 UTC). We consider 2592 globally distributed grid point co-
ordinates and compute 120 tropospheric delays per grid point. The
black line shows the mean deviation, and the red lines show the 1o
deviation around the mean deviation.

hydrostatic equation. We support our hypothesis in that
we performed another comparison where we utilize the
geoid height grid data file from RADIATE in our ray-
tracing tool and altered the extrapolation of refractivity
in the RADIATE software accordingly. The respective
altered routine is provided with our ray-tracing tool
(“module_profilewise_refrHD_ECMWFmin.f90_fzus”).
Specifically, the standard deviation in the zenith is reduced
from 0.5 to 0.2mm, and at the elevation angle of 3° the
standard deviation is reduced from 5.0 to 2.0mm. We
conclude that the quality of tropospheric delays from DNS
is the same as provided by RADIATE. The advantage of
DNS over RADIATE is the speed. For the same task, i.e. the
computation of 120 times 2592 tropospheric delays, DNS
turns out to be about 10 times faster than RADIATE (same
PC, same compiler and a single core).

In order to explain the high speed of the ray-tracing tool,
it is necessary to dive into details of the underlying nu-
merical algorithm. Two features allow the rapid and precise
computation of the tropospheric delays. At first, the numer-
ical solution of the differential equation is found, utilizing
an implicit finite-difference scheme. Second, the numerical
quadrature is found, utilizing a higher-order Newton’s code
formula (Simpson’s rule). The combination of these two fea-
tures allows us to use a low number of supporting points
without losing the precision of the computed tropospheric
delays (Zus et al., 2014). On the other hand, the solution by
RADIATE is based on the piecewise application of Snell’s
law (Hofmeister and Béhm, 2017). In other words, the nu-
merical solution of the differential equation is found, utiliz-
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Figure 3. Relative differences of tropospheric delays between RA-
DIATE and DNS as a function of the elevation angle (15 February
2024, 12:00 UTC). We consider 2592 globally distributed grid point
coordinates and compute 120 tropospheric delays per grid point.
The black line shows the mean deviation, and the red lines show the
1o deviation around the mean deviation.

ing an explicit finite-difference scheme, and the numerical
quadrature is found, utilizing a low-order Newton’s code for-
mula (Trapezoidal rule). Therefore, a large number of sup-
porting points must be utilized to obtain high precision of
the computed tropospheric delays.

3.3 Application example: comparison with GNSS
tropospheric estimates

The raw measurements at a single GNSS station allow the es-
timation of the zenith total delay (ZTD) and tropospheric gra-
dient. The ZTD contains information on the integrated water
vapour (IWV) at the station, and, roughly spoken, the tropo-
spheric gradient contains information on the horizontal IWV
gradient at the station. This is why both GNSS tropospheric
estimates are considered valuable in data assimilation for nu-
merical weather prediction (Thundathil et al., 2024). Prior to
data assimilation, the comparison of GNSS and NWM tro-
pospheric estimates is useful to better understand the infor-
mation content and to estimate random and systematic devi-
ations. The ray-tracing tool is well suited for this purpose.
We are going to demonstrate this here utilizing a number of
IGS core stations. For the time period 2018-2020 we com-
pute every 6 h tropospheric delays with DNS and RADIATE.
Based on the set of 120 tropospheric delays per station and
epoch (the spacing in azimuth is 30°, and the elevation angles
are 3, 5,7, 10, 15, 20, 30, 50, 70 and 90°), we calculate the
ZTD, the north gradient component (Gy) and the east gradi-
ent component (G.) as follows:
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where mg denotes the gradient mapping function and the in-
dices j indicate the specific azimuth and elevation angle. The
formula for the north and east gradient component is the re-
sult of a weighted least-squares adjustment. The idea behind
this weighted least-squares adjustment is to mimic the way
tropospheric gradients are estimated in the GNSS data anal-
ysis (Zus et al., 2021). When we separate the tropospheric
delay into the hydrostatic and wet delay, we can separate the
tropospheric gradient into two contributions, which we call
the hydrostatic and wet gradient component respectively.

As an example we select the station Wettzell (Germany).
The standard deviation of ZTDs and gradient components
considering the difference of DNS and RADIATE, both
utilizing ECMWF’s operational analysis (IFS), is 0.6 and
0.01 mm respectively. We find no systematic deviation for
the gradient components but a small systematic deviation of
0.1 mm for the zenith delays. Figure 4 shows the scatter of
band-pass-filtered atmospheric delay coefficient differences
between DNS and RADIATE. Across the frequency spec-
trum, the differences in the wet component are insignificant.
The differences in the hydrostatic component are larger than
in the wet component. We attribute this to the different way
of extrapolating the refractivity above the model top (see dis-
cussion in the previous section).

Next we calculate ZTDs and gradient components utiliz-
ing the atmospheric reanalysis ERAS. This is possible with
DNS but not with RADIATE. The standard deviation be-
tween IFS and ERAS for the ZTD is 5.8 mm, and for the
gradient components it is between 0.2 and 0.3 mm. There is
a systematic deviation of 1.6 mm in the zenith delays. Fig-
ure 5 shows the scatter of band-pass-filtered atmospheric de-
lay coefficient differences between IFS and ERAS for the
station Wettzell (Germany). The differences induced by the
different NWM for all parameters and frequency bands are
about an order of magnitude larger compared to the differ-
ences induced by employing the same NWM with different
ray-tracing codes. As expected, the level of disagreement in-
creases with increasing frequency.

Finally, we compare the ZTDs and gradient compo-
nents we calculated from ray tracing (DNS and RADIATE)
through NWM fields (IFS and ERAS) employing DNS and
RADIATE to GNSS tropospheric estimates. The GNSS tro-
pospheric estimates are taken from the contribution of TU
Graz (Strasser et al., 2019) to the IGS Repro3 campaign.
Figure 6 illustrates the scatter of the band-pass-filtered differ-
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the station Wettzell (Germany).
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Figure 5. Root mean square of band-pass-filtered atmospheric delay coefficient differences between IFS and ERAS5 employing DNS for the

station Wettzell (Germany).

ences between the ZTDs and gradients from ray tracing and
GNSS processing. As expected, there is a tendency for better
agreement between NWM-derived and GNSS-derived quan-
tities with decreasing frequency. For the selected station, the
results do not suggest a significantly better match between
any of the three scenarios to the GNSS data. We note that the
GNSS-NWM discrepancies are about 1 order of magnitude
larger compared to the IFS-ERAS discrepancies and about 2
orders of magnitude larger compared to the DNS-RADIATE
differences.

Geosci. Model Dev., 18, 4951-4964, 2025

3.4 Comparison of ionospheric ray-path bending
corrections

In the absence of another open-source ray-tracing tool capa-
ble of calculating ionospheric ray-path bending corrections
in a realistic electron density field, a one-to-one comparison
is not possible. Therefore we make use of empirical formulae
published in the literature. For example, under the assump-
tion of a spherical layered ionosphere where the electron den-
sity profile is given by a single-layer Chapman profile, Hoque
et al. (2008) derived empirical formulas depending on the
corresponding maximum ionization (NmF2), the height of
the maximum ionization (hmF2) and the ionospheric scale
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Figure 6. Root mean square of band-pass-filtered atmospheric delay coefficient differences between different solutions. GNSS (TUG) stands
for the GNSS solution provided by TU Graz, DNS and RADIATE indicate the ray-tracing tool, and IFS and ERAS stand for the two different
weather models. All solutions are obtained for the station Wettzell (Germany).

height (HF). Later Hoque and Jakowski (2012) proposed new
and simplified approaches for ionospheric ray-path bending
corrections, and those are the ones we are going to utilize
here. In essence, in our ray-tracing tool we will utilize a
single-layer Chapman profile with NmF2 = 4.96 x 10'> m—3,
hmF2 = 400 km and HF = 70km. This specific single-layer
Chapman profile was utilized as an example by Hoque et al.
(2008). The VTEC is 143 TEC units (TECU). Figure 7 shows
the ionospheric ray-path bending corrections as a function of
the elevation angle from our ray-tracing tool and the empir-
ical formula. The ionospheric ray-path bending corrections
range from O mm in the zenith to about 20 mm at an eleva-
tion angle of 3°. The agreement between the two solutions
is reasonable. The differences are attributed to the inaccu-
racy of the empirical formula. We show this in that we added
another independent numerical solution. This numerical so-
lution is based on an implementation in MATLAB (it works
for single Chapman profiles only) where the ray path is com-
puted, utilizing the ready-to-use bvp4c routine (Shampine et
al., 2004). The bvp4c routine is a sophisticated (fourth-order)
collocation method to solve BVPs. Indeed, the solution ob-
tained from the bvp4c routine, which we regard as the most
accurate solution, is in excellent agreement (differences are
on a sub-millimetre level) with the solution from our ray-
tracing tool.

3.5 Comparison with NeQuick 2 VTEC

We consider the same 2592 grid point coordinates with
global coverage (see Sect. 3.2) and a single epoch (15
March 2015, 12:00 UTC), which is regarded as representa-
tive of a period of high solar activity. The underlying elec-
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Figure 7. Ionospheric ray-path bending effect as a function of
the elevation angle. The underlying electron density profile equals
a single-layer Chapman profile where the maximum ionization
NmF2 =4.96 x 1012 m~3, the height of the maximum ioniza-
tion hmF2 = 400km and the ionospheric scale height HF = 70 km
(VTEC ~ 143 TECU). Different colours indicate different solu-
tions: DNS (ray-tracing tool), HJ (Hoque et al., 2012) and BVP4c
(MATLAB, Shampine et al., 2004).

tron density field comes from NeQuick2. The VTEC map
is shown in Fig. 8. We can see the typical VTEC enhance-
ment around the geomagnetic equator at noon. We verified
that the VTEC calculated with the ray-tracing tool and the
VTEC calculated with the source code of NeQuick2 model
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Figure 8. The VTEC map calculated with the ray-tracing tool for
one epoch (15 March 2015, 12:00 UTC) utilizing the electron den-
sity field derived from NeQuick. The purple line indicates the geo-
magnetic equator.

(https://t-ict4d.ictp.it/nequick2/source-code, last access: 10
August 2025) yield differences well below 1 TECU for any
grid point (not shown). The differences can be explained
by the fact that the ray-tracing tool requires interpolation of
electron density in the gridded electron density field (prior
to the ray tracing we extract electron density profiles and as-
semble the electron density profiles to a 3D electron density
field), whereas the source code of the NeQuick2 model cal-
culates the electron density for some point directly.

Next, for the same 2592 grid point coordinates with global
coverage and the time period 1990-2019 (three solar cycles),
we compute all 1 h higher-order ionospheric corrections. In
order to save computer time and disk space, each month
consists of 1d only (15th day of each month). We run the
empirical model of the ionosphere with monthly mean val-
ues; therefore the day-to-day variability is small. For demon-
stration purposes, it is sufficient to select 1d per month. To
start with, we calculate the global mean VTEC and plot it
as a function of the year in Fig. 9. The time evolution of
the two global mean VTEC values follows the solar cycle:
large (small) during high (low) solar activity. How the higher-
order ionospheric corrections, which are available for grid
point coordinates with global coverage, can be utilized will
be demonstrated in the next section.

3.6 Application example: impact of higher-order
ionospheric corrections in precise point positioning

Kashcheyev et al. (2012) implemented a numerical homing-

in ray-tracing algorithm to rigorously calculate satellite to
station ray trajectories. The homing-in technique consists of
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Figure 9. Global mean VTEC as a function of the year. Each month
consists of 1d only (15th day of each month), and each day consists
of 24 epochs (1 h resolution).

the selection of the initial pulse (elevation angle and azimuth)
at the satellite in a way the ray arrives exactly at the sta-
tion. They implemented this by means of a dichotomizing
search to adjust the initial azimuth and elevation angle. Us-
ing the homing-in ray-tracing algorithm for the two frequen-
cies and the same satellite and station coordinates, exact ray
trajectories and residual range errors were determined. The
numerical simulations performed showed that higher-order
ionospheric residual range errors may reach several centime-
tres (up to 5 cm) at low and middle latitudes. Kashcheyev et
al. (2012) argued that due to the computational complexity
they investigated only two meridian cross-sections, and they
suggested to take further steps to analyse the space distribu-
tion of the corrections over the whole globe. The efficiency
of our ray-tracing tool allows us to analyse the space dis-
tribution of the corrections over the whole globe (and sev-
eral solar cycles). The key is that the differential equation is
solved utilizing an implicit finite-difference scheme (satel-
lite and station coordinates are automatically part of the so-
lution). However, in the following we will not analyse the
higher-order ionospheric corrections themselves. We go one
step further, which is probably more interesting, and show
how higher-order ionospheric corrections leak (map) into the
estimated parameters in the analysis of space geodetic data.
We simulate Precise Point Positioning (PPP) with the GNSS.
Zus et al. (2017b) performed a similar exercise, but instead
of a short time period (1 month), in the following we explore
the time period 1990-2019 (three solar cycles). We utilize
the linearized observation equation where carrier-phase am-
biguities are ignored (Zus et al., 2017b):

Al(e,a)=—u(e,a) - Ar +c- At +my(e) - AZTD
+mg(e) - [cos(a) - AGy +sin(a) - AGe].  (19)
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Here u denotes the tangent-unit vector of the station-satellite
link, Ar denotes the coordinate residual vector, At denotes
the clock residual, ¢ denotes the vacuum speed of light and
my denotes the wet mapping function. The higher-order
ionospheric corrections are determined for a realistic ob-
servation geometry with a cut-off elevation angle of 7°.
We stack the linearized observation equations and by least-
squares adjustment obtain the coordinate residual on a daily
basis and the clock and tropospheric parameter residuals
epoch wise. The standard elevation-angle-dependent down
weighting is applied (the corrections are down-weighted uti-
lizing 1/sin(e)) in the least-square fit. For details, the reader
is referred to Zus et al. (2017b). We calculated ionospheric
corrections for grid point coordinates with global cover-
age and stored the coefficient of the polynomial expansion.
Hence, they can be evaluated at any station location and for
any azimuth and elevation angle. We computed parameters
residuals for more than 780 globally distributed stations. The
impact of higher-order corrections depends on the station lo-
cation (mainly the modified dip latitude) and time. In par-
ticular, the parameter residuals for stations around the ge-
omagnetic equator (+40° around the geomagnetic equator)
during high solar activity are affected. The most significant
effects are the systematic ones, and they can be summarized
as follows. The stations appear to move southwards by up to
5 mm, and this is consistent with Kedar et al. (2003). The tro-
pospheric north gradient components are systematically af-
fected by up to 0.7 mm, and this is consistent with Zus et al.
(2017b). The zenith delays are systematically affected by up
to 3 mm, and this is consistent with Petrie et al. (2010). As
an example we chose one station in China (Wuhan) and plot
the time series for the coordinate and clock residual and the
tropospheric parameters residuals in Figs. 10 and 11 respec-
tively.

The time series shows that the impact mainly depends on
the year. The dependency from the year stems from the solar
activity. Roughly spoken, the impact in the parameter resid-
uals follows the global mean VTEC (see Fig. 9). The high-
frequency variation in the clock and tropospheric residuals
is due to the strong diurnal cycle: high (low) impact around
noon (midnight). The parameters that are estimated epoch
wise (on an hourly basis), i.e. the zenith delay, the gradi-
ent components and the station clock, show a strong diurnal
cycle. Roughly speaking, the impact follows the local time.
The station coordinate residuals do not show high-frequency
variations as they are estimated on a daily basis (one esti-
mate per day). For this particular station in China (Wuhan),
the impact in the x coordinate reaches 0.2 mm, in the y co-
ordinate it reaches about 5 mm and in the up component it
reaches 0.5 mm. The station clock is “effective” in absorbing
the higher-order ionospheric correction as the impact in the
clock residual reaches almost 3 mm. The impact in the east
gradient component reaches 0.15 mm, in the north gradient
component it reaches about 0.7 mm and in the zenith delay it
reaches 2 mm. The time series shows the known significant
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Figure 10. Impact of higher-order ionospheric corrections on the
estimated station coordinate and clock (expressed in millimetres)
in PPP for one station in China (Wuhan) (year 1990-2019). Each
month consists of 1d only (15th day of each month). Each day con-
sists of 24 epochs (1 h resolution).
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Figure 11. Impact of higher-order ionospheric corrections on esti-
mated zenith delays and tropospheric gradient components in PPP
for one station in China (Wuhan) (year 1990-2019). Each month
consists of 1d only (15th day of each month). Each day consists of
24 epochs (1 h resolution).

systematic impact on the estimated station latitude and the
estimated north gradient component. In addition, the time se-
ries reveals the significant systematic effect on the estimated
zenith delay. It is important to note that this significant sys-
tematic effect on the estimated zenith delay is mainly caused
by the ray-path bending effects (8 and y terms) and not by
the higher-order term in the ionospheric refractive index for-
mula (o term). Therefore, we recommend the use of higher-
order ionospheric corrections derived from ray tracing. The

Geosci. Model Dev., 18, 4951-4964, 2025



4962

limiting factor is the accuracy of the underlying electron den-
sity field. The empirical models running with monthly mean
solar indices are likely to underestimate the effect. For this
reason, and because we are also interested in real-time appli-
cations, we started to experiment with space weather model
data (WAM-IPE and GIoTEC) in the ray-tracing tool.

4 Conclusions

We present the open-source ray-tracing tool DNS that calcu-
lates atmospheric delay corrections for microwave and opti-
cal space geodetic observing systems. The atmospheric delay
corrections are calculated between a ground station (a point
close to the Earth’s surface) and a satellite. In fact, the tool
not only works for links between ground stations and satel-
lites (or quasars) but also for links between LEO- and MEO
satellites. This will broaden the use of the ray-tracing tool.

Comparing tropospheric delays from DNS with tropo-
spheric delays from the popular RADIATE package, we
find negligible differences when the refractivity fields and
interpolation algorithms used are consistent: differences in
zenith wet delays and gradients are typically less than 0.1
and 0.001 mm, respectively, across the frequency spectrum.
Compared to changing the background model used to con-
struct the refractivity fields from IFS to ERAS, the differ-
ences between DNS and RADIATE are at least an order of
magnitude smaller. The advantages of DNS over RADIATE
boil down to performance and flexibility. Even using a single
core, DNS is multiple times (an order of magnitude) faster
than RADIATE.

The ray-tracing tool allows the study of signal propaga-
tion in the ionosphere. By comparing the VTEC output of
the open-source ray-tracing tool with the VTEC output of
the NeQuick2 model source code, we conclude that the two
approaches are interchangeable in this respect. If it is just a
matter of calculating VTEC, then the logical choice is still
the NeQuick2 model source code because it provides this
solution quickly. However, the ray-tracing tool also allows
the “quick” calculation of higher-order ionospheric correc-
tions. We compare the calculated higher-order corrections
with those from empirical formulas and find good agreement.
As an application example, we show the impact of higher-
order ionospheric corrections on the estimated parameters in
the analysis of space geodetic data. Such a simulation cover-
ing almost three solar cycles is not available yet. The efficient
ray-tracing tool makes this possible.

In conclusion, the ray-tracing tool is expected to be use-
ful for research and operational applications. We hope to
stimulate and support further studies, such as the deriva-
tion of tropospheric (ionospheric) mapping functions from
high-resolution numerical (space) weather models. DNS al-
lows parallelization, which allows it to exploit the parallel
architecture of modern PCs and high-performance comput-
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ing clusters. This feature of the software will support such
studies.

Code and data availability. The source code of DNS and
data from the benchmark comparison campaign are available
at  Zus (2025a) (https://doi.org/10.5281/zenodo.15044588).
The source code of RADIATE is available at Zus (2025c)
(https://doi.org/10.5281/zenodo.15180888). The numerical (space)
weather model dataset for the ray-tracing tool is available at Zus
(2025b) (https://doi.org/10.5281/zenodo.15187660).
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