A Slant Total Delay Observation Operator for the ICON and

the COSMO Numerical Weather Models

Michael Bender', Andreas Rhodin', Harald Anlauf', Christoph Schraff', Klaus
Stephan', and Roland Potthast+?

! Deutscher Wetterdienst, Frankfurter Str. 135, 63067 Offenbach, Germany.

2Department of Mathematics and Statistics, University of Reading, Whiteknights, PO

Box 220, Berkshire RG6 6AX, UK

May 30, 2016

Abstract

GPS slant total delays (STDs) are expected to provide valuable spatially resolved humidity information
for numerical weather prediction. To take advantage of these data the German Weather Service (DWD)
developed an STD observation operator for the global numerical weather model ICON and the local
model COSMO-DE. The operator has interfaces to the En-VAR assimilation system of ICON and the
local ensemble transform Kalman filter (LETKF) of COSMO. The delay is obtained by integrating the
refractive index along the curved signal path which is estimated by a raytracer. The raytracer makes use
of Fermat’s principle to find the path of least travel time between the satellite and the ground receiver. The
components of the operator and their interplay are described and a comprehensive study of its quality is
presented.

The STD operator was validated using one month of STD and zenith total delay (ZTD) observations
and operational model analyses from March 2015. Analyzing the observation minus model differences
mapped to the zenith a bias of 10.1 mm and a standard deviation of 10.8 mm was found for ICON.
For COSMO-DE the bias was 5.5 mm and the standard deviation was 10.0 mm. In both cases all
observations with relative differences of less than 1.5 % to the model analysis were used. The mean
relative differences were almost constant for all elevations indicating that the operator can be used down

to very small elevations < 5°.

1 Introduction

Microwaves propagating through the Earth’s atmo-
sphere are modified in a way which depends on
the current atmospheric state. For most technical
applications such modifications have undesirable
effects but if these effects are well understood they
provide a tool for atmosphere sounding. GNSS
signals are modulated in a way which is optimal for
positioning but also for estimating the exact travel
time through the atmosphere. The signal travel
time in the neutral atmosphere, i. e. the part
of the atmosphere below the ionosphere reach-

ing up to ~ 100 km, provides valuable information
about weather patterns especially in the lower tro-
posphere.

Up to now the GNSS zenith total delay (ZTD), i.
e. the signal delay as compared to undisturbed
propagation through vacuum in zenith direction,
is the most widely used GNSS atmospheric prod-
uct. ZTD observations are assimilated into the nu-
merical weather models of many weather services
and lead to improved weather forecasts. A small
but positive impact was reported by Mahfouf u. a.
(2015) and Bennitt u. Jupp (2012). Assimilation
of the vertically integrated water vapor (IWV) is an
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other option and comparable results were obtained
(Kawabata u. a., 2007, 2011). The current state of
the European GNSS atmosphere processing and
GNSS data assimilation is reviewed by Guerova
u.a. (2016).

The ZTD is integrated along the vertical axis and
thus cannot provide information about the vertical
structure of the atmosphere. It is therefore desir-
able to use other GNSS derived atmospheric prod-
ucts which do offer spatially resolved information
about the atmosphere. The most promising quan-
tity is the slant total delay (STD), i. e. the signal de-
lay along a specific satellite — receiver path. GPS
receivers usually track 8 — 12 GPS satellites simul-
taneously and the atmospheric state is scanned
in different directions and at different elevations.
Currently, most geodetic agencies replace GPS re-
ceivers with multi GNSS receivers which can track
all visible satellites from most active satellite po-
sitioning systems, like GPS, GLONASS, BeiDou,
Galileo and others . In the near future more than
100 satellites will be operating and more than 30
will be visible at any time. Within dense networks
of ground-based GNSS receivers this leads to a
large number of observations which scan the at-
mosphere from all directions, with a high temporal
resolution and under all weather conditions. If STD
observations of large GNSS networks are assim-
ilated into numerical weather models where they
are combined with a physical atmosphere model
and a large number of other observations, it can
be expected that the spatial structure of the model
state will be improved (Ha u.a., 2003; Kawabata
u.a., 2013). Especially the vertical structure of
the atmospheric humidity is expected to improve
as STDs are sensitive to humidity.

To utilize GNSS STDs was already suggested
in an early stage of GNSS atmosphere sound-
ing (Rocken u.a., 1993; Bevis u.a., 1992; Ware
u.a., 1997) but first STD assimilation experiments
started much later. There are two main rea-
sons why the assimilation of STDs into numerical
weather models is up to now not operational: (1)
The processing of STDs with sufficient quality is
much more sophisticated than the ZTD process-
ing and most GNSS processing centers do not yet
provide STDs. (2) The development of an STD ob-
servation operator is rather complex as the signal
delay is an integrated quantity which depends on
several model variables. Furthermore, the signal

propagates through large parts of the model do-
main, especially for satellites at low elevations.

Attempts to derive slant delays were made by
Alber u. a. (2000) who described a method for ob-
taining STD observations from double differences
and by Flores u.a. (2000) for tomographic appli-
cations. Braun u. a. (2001) estimated slant wet de-
lays for validation with water vapor radiometer data
and de Haan u. a. (2002) compared GPS STD data
with their model equivalents for the case of a cold
front passage. Different strategies for STD data
processing were developed for GNSS water vapor
tomography, see Notarpietro u.a. (2011), Bender
u.a. (2011) and references therein. The process-
ing of slant delays is still a field of active research
(Kaémarik u. a., 2012).

The first STD assimilation studies were reported
by MacDonald u. a. (2002), Ha u.a. (2003), Liu u.
Xue (2006) and Liu u.a. (2007) who used simu-
lated STD observations. Eresmaa u. Jéarvinen
(2006) developed an STD operator for HIRLAM
which has later been extended by a raytracing
algorithm (Eresmaa u.a., 2008). This operator
was used for first assimilation experiments with
real STD observations (Jarvinen u. a., 2007). The
results were encouraging but gave also reason
for a critical examination of the information about
anisotropic atmospheric structures which can be
expected from the slant delays (Eresmaa u.a.,
2007). More recent results were presented by Zus
u.a. (2012) and Kawabata u.a. (2013) which in-
dicate that the assimilation of STDs has a higher
impact than the assimilation of ZTDs and leads to
better resolved and more realistic humidity fields.

The German Weather Service (DWD) oper-
ates the icosahedral non-hydrostatic global model
(ICON) with a horizontal resolution of 13 km and
90 vertikal levels up to 75 km (Zangl u.a., 2014).
Over Europe ICON is running with an increased
horizontal resolution of 6.5 km. The hybrid En-
Var data assimilation combines 3D-Var and a static
B matrix with a flow dependend model back-
ground error provided by a local ensemble trans-
form Kalman filter (LETKF) (Fernandez del Rio
u.a., 2015). The non-hydrostatic COSMO-DE
model covers Germany with a horizontal resolution
of 2.8 km and 50 vertikal levels up to 22 km. The
operational COSMO-DE version runs with a nudg-
ing assimilation system, an ensemble Kalman fil-
ter for convective scale data assimilation (KENDA)
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which is based on the LETKF is in a preoperational
state (Schraff u. a., 2016).

In order to take advantage of ground based
GNSS atmosphere products the DWD developed
an STD observation operator. Up to now no
ground based GNSS data are operationally as-
similated at the DWD. The STD operator was
designed for the ICON global model and the
COSMO-DE local model and can be called by
the ICON En-Var assimilation system and the
LETKF/COSMO system as well. After some basic
definitions in Sec. 2 the operator implementation
is described in Sec. 3. Sec. 4 provides a brief de-
scription of the interfaces to the assimilation sys-
tems and the validation of the operator with GNSS
observations is described in Sec. 5.

2 Signal delays

The microwave signal transmitted by the GNSS
satellites is delayed by the Earth’s atmosphere.
The delay due to the neutral atmosphere, i.e. the
slant total delay (STD), can be estimated by GNSS
processing systems and is defined by the optical
path length L minus the geometric distance G be-
tween the satellite and the receiver (Bevis u.a.,

1992):
STD=L—G=/n(s)ds—/ds
s G

The atmospheric refractive index along the signal
path S is given by n(s). The refractive index n is
often replaced by the refractivity N = 10%(n — 1)
leading to

STD = /

The geometric delay S — G = [gds — [, ds de-
scribes the extra path length due to ray bending.
The latter is often neglected but this is not possible
when implementing an STD observation operator.

The zenith total delay (ZTD) is a special case of
the STD where the satellite is located in the zenith
of a given station. The deviations of the signal
path S from a straight line are related to horizon-
tal atmospheric gradients which are much smaller
than the vertical gradients and can be neglected.

(1)

1)ds+(S—G) =10~ /Nds+8 G)

A good approximation of the ZTD is given by
ZTD ~ 10*6/ Nds ~ 10*6/ N(hydh  (2)
S 0

where h is the height above the GNSS station.

Regarding the definition of signal delays there is
no difference between ZTDs and STDs with satel-
lites in the zenith. However, STDs and ZTDs are
processed in a different way and the term “ZTD” is
not only related to equ. 2 but also to a processing
strategy where a large number of GNSS observa-
tions is combined to a hypothetical zenith delay.
The processing of individual GNSS observations
leads to STDs and the rare cases where a satel-
lite passes through the zenith of a GNSS station
are usually also referred to as STDs (Gendt u. a.,
2004).

The refractivity N is related to the atmospheric
quantities temperature T, pressure p and the par-
tial pressure of water vapor e. Several empirical
expressions for N at microwave frequencies were
developed (Smith u. Weintraub, 1953; Thayer,

1974; Aparicio u. Laroche, 2011). Usually the
Thayer formula is applied
_ e__ 3
N=k1-p—7‘_12d‘+k2-72w1 ke =52, (@)

where py is the partial pressure of dry air and
Zd‘1 and Z; ! are the compressibility factors of dry
air and water vapor. Several sets of the empiri-
cal constants ki, ko, ks were found by different au-
thors (Bevis u. a., 1994; Rieger, 2002). A different
approach was suggested by Aparicio u. Laroche
(2011). The impact of the refractivity coefficients
on the assimilation of radio occultation profiles was
analyzed by Healy (2011).

3 STD operator

A GNSS STD observation operator needs to eval-
uate equ. 1 for a given model state and a set of
GNSS observations. The most natural way is to
apply Fermat’s principle to equ. 1 and to find the
path of least travel time which is equivalent to the
least path delay. With such an approach the im-
pact of the model state on both the signal path and
the signal delay is considered.
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The geometrical properties of the problem are
described by choosing a set of appropriate ref-
erence systems and the corresponding transfor-
mations between them. With such a general ap-
proach it can be avoided to introduce correction
terms, e.g. for considering the curvature of the
Earth. This is done by choosing an ellipsoidal ref-
erence frame and a transformation, e. g., between
Cartesian coordinates on the signal path and ellip-
soidal coordinates of grid points.

3.1 Coordinates, reference frames

and geoid

The STD operator has to deal with several different
reference frames and coordinates either because
the observations are given in different coordinates
or because the computations are most efficient in
a certain reference frame. Here, the reference
frames used by the operator are described below
before the structure of the operator is discussed.

Observations The GNSS observations consist
of two parts: The GNSS station coordinates de-
scribe the exact receiver position and the STD is
provided together with the azimuth and elevation
in the local horizon system of the receiver (fig.
1). The coordinates of GNSS stations are usu-
ally given as geographical coordinates, i.e. lat-
itude 5 and longitude A\ are given with respect
to a reference ellipsoid, e.g. WGS84, the sta-
tion height is the height above geoid or mean sea
level. The GNSS observations are linked to differ-
ent GNSS satellites, each satellite having a certain
azimuth ¢ and elevation ¢ in the local horizon sys-
tem (xp, yn, zn) of the GNSS station. The horizon
system is defined by a tangent plane to the ellip-
soid at the station position and is usually described
by a left handed Cartesian system with its origin at
the receiver position. The x,-axis is pointing north,
the yy-axis is pointing west. The azimuth is the an-
gle between the transmitter-receiver-axis and the
Xp-axis, the elevation the angle to the x,-y,-plane
(fig. 2).

The elevation of a GNSS satellite is the angle
between the satellite-receiver-axis and the local
horizontal plane as computed by the GNSS pro-
cessing software. It is not the incident angle of the
electromagnetic wave at the GNSS antenna which

Figure 1:

ECEF coordinates (X, Y, Z), the corre-
sponding ellipsoidal coordinates (A, 8, h) and the
local horizon system (x, yn, Zn) at the Station S. R
is the geocentric radius of the Earth at latitude
and h is the station height above ellipsoid.

cannot be observed by GNSS receivers. The in-
cident angle is always larger than the geometrical
elevation of the transmitter and could be estimated
by the raytracer but is not required by the STD op-
erator. That applies to the azimuth too but the ef-
fect is much smaller.

As the satellite coordinates are usually not part
of the meteorological data sets provided by the
processing centers the satellite position has to be
estimated using azimuth and elevation of the ob-
served STD and the radius of the satellite orbit.

Weather model The reference frames used by
numerical weather models are very often not well
defined as latitude, longitude and height of the grid
nodes are often given without specifying the refer-
ence frame. Consequently there is some freedom
in interpreting these coordinates. Within this work
it is assumed that the model frame is an ellipsoidal
frame with heights above geoid, i.e. geographical
coordinates.
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GNSS signal propagation On its way from the
GNSS satellite to the GNSS ground receiver the
microwave signal propagates through vacuum, the
ionosphere and the neutral atmosphere and is
bent toward the direction of increasing refractive
index. However, the deviation from a straight line
(< 1000 m) is small as compared to the distance
between satellite and receiver (> 22000 km) and it
is most convenient to describe the signal propaga-
tion in a Cartesian reference frame (x, y, z) which
is aligned to the satellite-receiver-axis (fig. 2). The
x-axis is pointing from the receiver to the satellite
and the z-axis is chosen to lie in a plane defined
by the center of the Earth, the GNSS station and
the satellite. The y-axis is chosen to obtain a right
handed orthogonal system. Such a system can be
obtained by rotating the basis vectors of the local
horizon system by azimuth and elevation.

to GNSS satellite

Figure 2: Azimuth ¢ and elevation ¢ of the
GNSS satellite are defined with respect to the lo-
cal horizon system (xu, yp, Z5) at the receiver po-
sition (A, 3, h), i. e. the tangent plane T to the
ellipsoid at the station (see fig. 1). The signal path
is described in a reference system (x, y, z) which
is aligned to the satellite-receiver-axis.

The vertical axis through the GNSS station is al-
ways in the x — z-plane of the signal propagation
system and the y-axis is always perpendicular to
the vertical axis. If the curved signal path is de-

scribed in such a reference system it is guaranteed
that the strong vertical gradients have an impact
only on the z-coordinate while the y-coordinate is
defined by horizontal gradients (see sect. 3.4).

Earth centered Earth fixed Cartesian coordi-
nates It would be rather laborious the define
transformations between any pair of reference
frames which are used while the transformations
to Cartesian coordinates can be found in most
textbooks about GNSS or geodesy (Hofmann-
Wellenhof u. a., 2008; Xu, 2007). The most suit-
able Cartesian system is the Earth centered Earth
fixed system (ECEF) which is fixed to the rotating
Earth and where the station coordinates are not
time dependent. The origin of the ECEF system
is the center of the Earth, the X-axis is defined by
the Greenwich meridian, the Z-axis by the rota-
tion axis of the Earth and the Y-axis points east.
All transformations which are not directly related
to the ECEF system can be done in two steps: 1)
Transformation to ECEF coordinates and 2) to the
desired system.

This is not possible for geographical coordinates
where the height is defined with respect to the
geoid. Geoid corrections need to be applied which
provide the height above ellipsoid which can easily
be transformed.

Geoid The geoid is an empirical quantity which
is related to the local gravity field of the Earth.
There are different data sets which provide the
geoid undulation and which can be used to turn
the height above geoid into a height above ellip-
soid. In this work the EIGEN-6c3stat geoid (Férste
u.a., 2013) with a resolution of 0.1° was used
for COSMO and the EGM96 geoid (Lemoine u. a.,
1998) with a resolution of 0.5° was used for ICON.
Geoid corrections were applied to the GNSS sta-
tion heights and the heights of the model grid
nodes in order to obtain ellipsoidal coordinates.

3.2 Geometrical setup

The geometry of the problem is basically defined
by the satellite and receiver positions. The con-
necting line is already a good approximation of the
signal path and is the starting condition for the iter-
ative Newton solver used by the raytracer. The first
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task of the STD operator is to define a straight line
between satellite and receiver, i.e. the x axis in fig.
2. The satellite coordinates are usually not avail-
able and the azimuth and elevation of the given
STD in the local horizon system of the GNSS sta-
tion need to be used to estimate a vector pointing
to the satellite. The mean radii of the satellite orbits
are used to estimate the distance to the satellite.
This is not a precise procedure and leads to errors
of some kilometers in the satellite position espe-
cially if the azimuth and elevation angles are given
with limited precision. However, the STD is domi-
nated by the lower part of the atmosphere and the
impact of this error on the signal path inside the
model domain (< 75 km) is negligible.

The connecting line is described in ECEF coor-
dinates and a number of supporting points is de-
fined on that line. These supporting points will
be used by the raytracer and the numerical in-
tegration of the STD as well and their locations
should be chosen well in order to obtain numer-
ically stable results with a minimum number of
points. For distributing the supporting points the
line is divided in three parts: The most important
lower part is located inside the model domain, the
second part reaches up to a height hnax between
100 km and 200 km which needs to be consid-
ered because of its contribution to the STD and
the last part between hnax and the satellite is as-
sumed to be in vacuum and no supporting points
are required here. However, the last point at the
satellite position is always required and cannot be
omitted without changing the signal path signifi-
cantly. The impact of the ionosphere is completely
neglected as the processing of the STD is based
on a ionosphere-free combination which provides
the delay due to the neutral atmosphere.

In COSMO all STDs which do not reach the
model top while propagating through the COSMO
domain are rejected. Any horizontal extrapolation
of the model fields would introduce unnecessary
uncertainties and would lead to inaccurate STDs.
Regarding the large number of GNSS observa-
tions available for Germany (see section 5.1) the
few STDs lost at the horizontal model boundaries
can be neglected.

The number of supporting points can be chosen
independently for the model domain (N;) and the
region above the model top (N2). N;, i = 1,2, is
the minimum number of points for zenith direction

which is automatically scaled by sin~" ¢ for slants

at lower elevations . The vertical distribution de-
creases with the atmospheric density and is scaled
by an exponential law with scale heights H;:

n(h) = ny exp {:I}

The supporting points are placed where

(4)

(5)

with equidistant nj = no +j - An, j = 0,...,N; — 1
and An = (n(hmax) — no)/(N; — 1). For the lower
part of the slant inside the model domain good
results were obtained with H; = 6500 m and N,
comparable to the number of vertical model layers
(COSMO-DE: N; = 50, ICON: N> = 90). For the
region above the model top a much larger scale
height should be chosen, e.g. H> = 40000 m,
but the number of points might be quite small, e.g.
N> < 20.

The supporting points computed in this way are
not related to the model grid and it can in general
not be guaranteed that each horizontal grid layer
or each grid cell along the signal path is regarded.
However, computing intersection points between
the signal path and some grid layers can lead to
a very inhomogeneous distribution of supporting
points on the signal path, especially at low eleva-
tions. The algorithm described above should work
equally well if Ny is sufficiently large and the scale
height H; is chosen well.

After the 3D coordinates of the supporting points
are determined the model grid nodes which con-
tribute to the STD can easily be identified (see sec-
tion 4).

hj = —H,' (In nj — In no)

3.3

For estimating the STD the refractive index must
be known along the signal path, i. e. at the sup-
porting points, and spatial interpolation between
the grid nodes is required. In this work an interpo-
lation procedure was chosen which works equally
well with ICON and COSMO. In a first step the re-
fractivity N is computed at the model grid nodes
surrounding the reference point. The vertical inter-
polation within the grid columns provides N at the
reference height and a bilinear horizontal interpo-
lation leads to the final interpolated value on the
signal path.

Interpolation and extrapolation
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The refractivity N is computed using equ. 3
with the refractivity coefficients given by Bevis u. a.
(1994): ki = 77.60 K hPa~', k» = 70.40 K hPa~'
and k3 = 3.739 - 10% K2 hPa~'. An ideal gas is
assumed and the compressibility factors are set to
1,i.e. Zy, = 1. The choice of the refractivity
coefficients has a large impact on the computed
delays and more detailed studies are required to
identify the optimal way for computing N (Healy,
2011; Aparicio u. Laroche, 2011).

It is assumed that the refractivity decreases al-
most exponentially with increasing height and can
be interpolated by

hy—z
ho —h.
N(z)=N2-(x‘)(2 LR
2
where N; = N(hy) is the refractivity at the lower grid
node and N> = N(h) is the refractivity at the upper
node, h» > hy. N(2) is the interpolated refractivity
at the height z, hy < z < ho.

For horizontal interpolation the grid nodes at the
corners of the cell containing the reference point
are used, i. e. 4 nodes in case of rotated lati-
tude/longitude grid of COSMO-DE and 3 nodes in
case of the icosahedral-triangular ICON grid. The
refractivity at the reference point is obtained by bi-
linear interpolation between the surrounding cor-
ners where the vertically interpolated refractivity
was computed in the previous step. With some
minor modifications the same bilinear interpolation
algorithm can be used to interpolate between 3
and 4 nodes.

The refractivity field inside the model domain ac-
counts for the major part of the STD but there is a
small contribution from the atmosphere above the
model top layer which cannot be neglected. For
COSMO-DE with the model top at 22 km the con-
tribution to the ZTD is about 10 cm. The most
convenient way is to use the Saastamoinen model
(Saastamoinen, 1972; Elgered u.a., 1991) which
provides the ZHD above a given altitude, e. g.
the model top. This is a reliable way for correct-
ing the model ZTDs and the ZHD mapped to the
signal path is also used to improve model STDs
(Eresmaa u. Jarvinen, 2006). However, the atmo-
sphere above the model top does not only provide
an additional contribution to the STD but does also
affect the whole signal path, i. e. the incident an-
gle and the height of the path. Small variations of

the signal path inside the model domain can lead
to rather large variations of the corresponding de-
lay. These variations cannot be corrected by the
mapped Saastamoinen ZHD and strategies for es-
timating the refractivity profile above the model top
need to be developed.

The STD operator provides three options for ex-
tending the vertical profile: exponential vertical ex-
trapolation, the MSIS empirical atmosphere model
(Picone u.a., 2002) and the U.S. standard atmo-
sphere, 1976 (NOAA, 1976).

The refractivity profile can easily be extrapolated
to any height using equ. 6 and the two topmost lay-
ers of the model column containing the last sup-
porting point inside the model domain. This leads
to satisfactory results for ICON which reaches up
to 75 km but to rather large errors of ~ 1 cm
for COSMO-DE which is limited to a height of 22
km. By extrapolating the refractivity assumptions
about the temperature and pressure profiles are
made. In case of COSMO-DE the temperature
profile within the lower stratosphere is extrapolated
up to 100 km — 200 km and the temperature vari-
ations in the mesosphere and thermosphere are
neglected.

Much better results could be expected if realis-
tic temperature and pressure profiles were used.
The NRLMSISE-00 empirical model (Picone u. a.,
2002) of the atmosphere provides temperature
and pressure profiles for any given position and
time up to the altitude of satellite orbits. The delays
obtained with these data are close to the Saasta-
moinen delays and lead to good results. However,
corrections based on climatological data are not
related to the current atmospheric state.

Another option to obtain vertical profiles is the
U.S. standard atmosphere, 1976, which provides
a profile based on temperature lapse rates for dif-
ferent altitudes. This temperature profile can eas-
ily be adapted to any available model profile by
continuing the model temperatures with the pre-
defined temperature lapse rates. The pressure
profile of the standard atmosphere makes use of
the temperature profile and is adjusted automat-
ically. However, for extending the pressure pro-
file above 86 km the number densities of individual
gas species need to be computed which is rather
complex. Instead, the pressure levels tabulated in
(NOAA, 1976) are used to interpolate the pressure
based on equ. 6 leading to a fixed pressure pro-
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file above 86 km. This approach seems to give
the best results with COSMO-DE and was used to
compute the data provided in Sect. 5.

3.4 Raytracing

A detailed description of the raytracing algorithm
and its performance is available (Zus u.a., 2012,
2013; Nafisi u.a., 2011) and only a short introduc-
tion is given here. One way to estimate the signal
path in optical media is to apply Fermat’s principle,
i.e. to minimize the optical path length L = [ nds.
This leads to a variational problem which can most
easily be described in a reference frame with the x
axis pointing from the receiver to the satellite, i.e.
the slant system described in sect. 3.1 and fig. 2.
The signal path is described by the deviations from
a straight line y(x) and z(x) which are functions of
the independent variable x:

L= / ’ n(x, y(x), z(x)) - /1 + y'(x)2 + 2'(x)2 dx
) 7)

Here, y’ and Z’' are the derivatives with respect
to x. In this form only two dependent variables y
and z need to be estimated. After the curved sig-
nal path S = (x, y(x), z(x)) was determined equ.
7 provides a way to compute the STD along any
curved path. Using the Euler-Lagrange-Equations
the variational problem can be converted into a set
of differential equations (Courant u. Hilbert, 1953):

"o &_&/ 2 2

y'o= (Z-T)(1eyRez?) @)

"o &_&/ 2 2

Z' = (n nz)(1+y +2%) 9)
where n, = 32, n, = 7 and n; = 57. These equa-

tions have to be solved for the boundary conditions

(10)

with the receiver being at x = a and the satellite at
X =b.

To solve the two coupled differential equations
a set of supporting points along the x axis was
defined in sect. 3.2. The curve between these
points is approximated by Lagrange polynomials
which can be differentiated by differentiating the
Lagrange basis polynomials. y’,y”,z' and z” are

replaced by the derivatives of the Lagrange poly-
nomials and the differential equations become a
set of 2(N; + Nb) — 2 nonlinear algebraic equa-
tions, N; + N> being the total number of support-
ing points. Such a set of non-linear equations can
be solved by Newton’s algorithm but requires their
Jacobians. The third derivatives of the Lagrange
polynomials can easily be obtained. The compu-
tationally most expensive part are the derivatives
nx, n, and n, as (x,y, z) of the Cartesian slant
system depend on (A, 5, h) in the ellipsoidal sys-
tem and three transformations are required: ellip-
soidal system < ECEF < local horizon system of
the GNSS station < slant system. The Jacobians
of these transformations are required to obtain the
derivatives of n and their Hessians to solve New-
ton’s algorithm.

This iterative algorithm provides estimates of
Yk = Y(Xx) and zx = z(Xx), xx being the support-
ing points on the x axis. After some iterations
a good estimate of the curved signal path S =
S(Xk, ¥(Xk), 2(xx)), k = 1,..., Ny + N> is obtained.
Practically, the Newton algorithm converges very
fast to a stable solution as the straight line is al-
ready a rather good approximation. In the NWP
framework deviations y and z of several hundred
meters over distances of several thousand kilome-
ters are found. Under these conditions one or two
iterations are sufficient for elevations > 3° (Zus
u.a., 2012).

3.5 Numerical integration

The STD (equ. 1) is the integral of the refractive
index along the signal path. Numerically this is a
weighted sum of the refractive index defined on a
set of supporting points along the signal path. The
processing time increases with the number of sup-
porting points and an efficient integration algorithm
which provides a good estimate of the integral with
a minimum of supporting points should be cho-
sen. In this work a cubic four point interpolation
of unequally spaced data was used (Gill u. Miller,
1972).

The integration along the curved signal path is
given by equ. 7. The functions y(x), z(x) and their
derivatives y’(x), z'(x) were already estimated by
the raytracing algorithm and equ. 7 is just a 1-dim
integral to be evaluated at the same set of support-
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ing points xx already used by the raytracer.

4 Assimilation system and MPI
interface

The STD operator was designed independently
from the model or the assimilation system in or-
der to run with the global ICON/En-Var and the
regional COSMO LETKF as well. As the GNSS
signals propagate through rather large parts of the
models it is important to define a general interface
which provides all relevant information to the STD
operator. These data need to be sufficient to es-
timate the curved signal path and the slant delay
as well without any further access to the model
fields. To meet these requirements the STD op-
erator was split into two parts which are called by
driver routines. All necessary interprocessor com-
munication is done by the driver routines which
need to be implemented for each specific assim-
ilation system. The STD operator doesn’t contain
any MP1/OpenMP calls.

The driver routine starts to read all GNSS ob-
servations from the assimilation time window and
decides how to distribute the data across the pro-
cessors in the MPI environment. After subsets of
the observations have been copied to each pro-
cessor the first part of the STD operator is called.
The first part implements the geometrical setup for
each single observation, i.e. it defines a straight
line from the satellite to the receiver and a set of
supporting points on that line as described in sect.
3.2. This can be done without any access to the
model fields, only the observations are required.
After all observations have been processed the
driver routine reads the list of supporting points
and computes the model colums in the vicinity of
these points. Depending on the elevation and the
height of the model top model data within a ra-
dius of ~ 200 km (COSMO) or ~ 600 km (ICON)
need to be accessed. These model columns are
requested from the processors holding the corre-
sponding model subdomain. In an MPI exchange
step all necessary data are copied to the corre-
sponding processors. The second part of the STD
operator gets access to the model columns in the
vicinity of the supporting points. It calls the ray-
tracer, does the interpolation and the numerical in-

tegration along the signal path and provides the
simulated STD. As the signal path is not known
in advance it is not sufficient to provide the model
state only at the grid nodes surrounding the sup-
porting points but parts of the grid columns extend-
ing up to ~ 1000 m above the supporting points
are required. In the last step the driver routine col-
lects all observations and their model equivalents
and transfers them to the assimilation system.

The most crucial part is the distribution of ob-
servations to processors as the processing time
depends significantly on the STD elevation. For
STDs with low elevations the station position be-
comes almost irrelevant as data from large parts
of the model must be collected and the observa-
tions might be processed on any processor without
increasing the data exchange considerably. How-
ever, for ZTD observations it might be beneficial
to process the observation on the processor which
holds the data of the required region. To improve
the load balance at least the distribution of GNSS
stations inside the model domain, the number of
observations per station and the distribution of el-
evations must be considered. In the current imple-
mentation it is assumed that the computing time
per STD can be scaled with a mapping function
and the observations are distributed in order to
achieve almost similar computing times on all pro-
cessors. The positions of the GNSS stations are
not yet regarded and observations of all stations
are distributed uniformly to all processors. This
leaves much room for improvements and further
work is required.

5 Validation of the STD opera-
tor with observations

5.1 GNSS observations

Most European countries operate dense GNSS
networks for geodetic applications. These net-
works do also provide valuable atmospheric in-
formation if the data are processed in an appro-
priate way. The EUMETNET GNSS Water Va-
por Programme (E-GVAP, see http://egvap.dmi.dk)
was started in 2005 as a cooperation of most Euro-
pean GNSS processing centers and weather ser-
vices. One of the major achievements of E-GVAP
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was the setup of an operational GNSS atmosphere
processing system and many weather services
started to assimilate GNSS ZTD data into their
numerical weather models. Currently, the data of
more than 2000 European stations ara available in
near real-time, i. e. hourly batches of data are
provided with a delay of less than 30 minutes. The
E-GVAP data set does also include global data, e.
g. from the IGS network and data from northern
America provided by NOAA.

The GNSS data are collected and processed on
a national level and there exist considerable differ-
ences between the processing centers regarding
the processing strategies, the software used and
the derivation of atmospheric products. The tem-
poral resolution of the products ranges from 5 min.
to 60 min.

The development of improved STD processing
techniques is currently an active field of research
and many different approaches are investigated
(Bender u.a., 2011; van der Marel u. Gundlich,
2006; Bi u. a., 2006; de Vries, 2006; de Haan u. a.,
2002). For integrated atmospheric quantities like
STDs no standard exists which could be used
as a reference for different processing techniques
and it is rather difficult to identify the best solution
(Kaémarik u. a., 2012).

Up to now no STD data are distributed by E-
GVAP. However, for Germany operational STD
data are available from the GFZ in Potsdam.
The observations of the German SAPOS network
with more than 250 stations are processed to-
gether with some minor networks and stations
from neighbored countries leading to hourly data
sets of more than 60000 STDs (Bender u. a., 2011;
Gendt u.a., 2004). The quality of the STD data
was validated using water vapor radiometers run-
ning either in a hemisphere scanning mode or in
GPS tracking mode (Shangguan u. a., 2015; Deng
u.a., 2011; Bender u. a., 2008).

The E-GVAP and GFZ data sets are available at
the DWD and were used for monitoring and valida-
tion studies.

5.2 Impact of ray bending

The ray bending in the atmosphere has a signifi-
cant impact on the signal delay. The curved path is
not only longer than the straight line between satel-
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Figure 3: Impact of ray bending on the STD: The
STD depending on the elevation computed for a
curved signal path (green) and a straight line (red)
is shown in the upper graph, the difference be-
tween both curves is shown in the lower graph
(blue).

lite and receiver but always above this line. Con-
sequently, the refractivity along the curved path is
slightly smaller than along the straight line. This re-
sults in a systematically overestimated STD when
integrating along the straight line. The effect is
shown in fig. 3 where the signal delays were com-
puted for a typical weather situation with and with-
out raytracing. The STD increases in an almost
linear way from about 2.3 m in zenith direction (e =
90°) to ~ 3.6 m at £ = 40°. In this range the im-
pact of the raytracing is negligible (Astp < 1 mm).
Below ¢ = 30° the STD increases much faster and
the contributions from the raytracing increase. At
elevations below ~ 35° ray bending cannot be ne-
glected and leads to an error of about 35 mm at
¢ = 10°. The STD observation error is usually be-
low 0.5 %. If an observation error of ~ 75 mm
at e = 10° (0.5 % of ~ 15m) was assumed the
effect of ray bending would exceed 50 % of the
observation error. In case of more optimistic STD
error estimates the effect would be even larger. To
keep the operator error below 1 mm raytracing is
required for elevations below ~ 35°

The curved signal paths estimated by the ray-
tracer for elevations between 1° and 30° are
shown in fig. 4. The functions z(x) and y(x) de-
scribe the deviations of the signal path from a
straight line (see sect. 3.4) and x is the distance
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to the GNSS receiver in the origin of the slant sys-
tem (sect. 3.1, fig. 2). The deviations z(x) (fig. 4,
top), i. e. in a plane containing the vertical axis,
are dominated by the vertical gradient and can get
as large as several hundred meters, e. g. ~ 250
m at ¢ = 5°. The deviations y(x) (fig. 4, bottom) in
a horizontal plane are much smaller, i. e. do not
exceed 1 m which is well below the resolution of
numerical weather models and can be neglected.

Fig. 4 also demonstrates that the complete sig-
nal path inside the model grid is modified by ray
bending. The green curves in fig. 4 (top) indi-
cate the distances from the receiver where signal
path reaches the model top layer (e.g. 20 km,
light green and 40 km, dark green). The region
left of the green curves indicates the model do-
main, on the right side the model state needs to
be vertically extrapolated (see sect. 3.3). Even
in case of a regional model which covers the at-
mosphere up to 20 km the maximum of z(x) is in-
side the model domain and the whole signal path
is shifted upwards as compared to the connecting
line. It is obvious that even small changes in the
vertically extrapolated field can shift the maximum
of z(x) and the signal path inside the model do-
main. As the section of the path inside the model
domain can exceed 100 km the integrated effect
becomes large which explains why the STDs inte-
grated along the connecting line are always grater
than the real delays even though the path length is
somewhat smaller.

5.3 Validation with ICON

One month of operational ICON analyses from
1.3.2015, 0:00 UTC to 31.3.2015, 21:00 UTC was
used to investigate the quality of the STD opera-
tor. ICON analyses are available every three hours
beginning at 0:00 UTC, i. e. 8 model states were
available per day. At that time ICON was running
with a horizontal resolution of 13 km and no ground
based GNSS data were assimilated. The STD op-
erator was running in passive mode within the En-
Var environment of ICON, i. e. the model equiva-
lents of the STD and ZTD observations were com-
puted for monitoring purposes but not assimilated.
All GNSS data available within the 3 hour assimi-
lation window were used.

For data validation the difference A between the
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observed STD and the simulated STD obtained
with the STD operator was analyzed:

A = STDyps — STDimog (11)

The STD depends on elevation and the absolute
differences A grow with decreasing elevation. The
differences of mapped STD data and the rela-
tive differences are therefore used to characterize
large STD data sets. The difference Amap between
the STD data mapped to the zenith is given by

Amap = Myt - (STDobs — STDmoa) ,  (12)

where mye is the mapping function. Another im-
portant quantity is the relative difference in %:

(STDobs - STDmod)
STDobs

To describe the quality of the STD operator the
mean difference A and the standard deviation o
of these quantities is computed for all stations and
the whole data set. In case of ZTD data only the
ZTD differences as in equ. 11 were analyzed.

The E-GVAP ZTD data set provides more than
7.5 - 10° globally distributed ZTD observations for
March 2015 which are processed by 11 GNSS
processing centers. Some of them provide sev-
eral alternative ZTD products leading to 18 differ-
ent ZTD products in total. Within this work no at-
tempts were made to distinguish between different
products and all ZTD data were used to estimate
the bias and standard deviation as shown in tab. 1,
col. all. In a second step a first guess check was
applied to restrict the differences to A < 1.5%, i.
e. to ~ 35 mm for a ZTD of ~ 2.3 m. This con-
straint rejects about 2.4 % of the data and leads to
an improved standard deviation ¢ = 11.9 % (col.
selected in tab. 1). This is within the range of ex-
pected ZTD errors between 6 and 15 mm. The sig-
nal path in zenith direction is affected by horizontal
gradients only and the impact of the raytracer is of
the order of rounding errors. To save computing
time the raytracer was switched off for elevations
above a threshold of ¢ > 40°.

The performance of the STD operator with re-
spect to STD observations was validated using the
GFZ data set which covers 312 stations in cen-
tral Europe with a temporal resolution of 2.5 min-
utes. About 44 - 10° STD observations were avail-
able for March 2015. Because of the higher tem-
poral resolution this data set is much larger than

Are =100 -

(13)
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Figure 4: Signal path, deviations from a straight line. The three components of the signal path S =
(x, y(x), z(x) are shown: The independent variable x is the distance to the GNSS receiver in km, z(x)
(top) indicates the vertical deviation from a straight line in a plane containing the vertical axis and y(x)
(bottom) indicates the horizontal deviation due to horizontal gradients only. z and y are given in meter.
The green curves in the upper graph show the distance between the GNSS receiver and the model top

for different elevations.

[ICON | all | selected |
Nobs 7679516 | 7496843
A [mm] 1.6 2.0
o [mm] 16.6 11.9

Table 1:  Verification of ZTD observations with
ICON for March 2015. A and ¢ were computed
using all data (col. all) or selected data with A <
1.5% (col. selected).

the ZTD data set. The results are given in tab.
2. As in case of the ZTD data the errors were
computed using all data and using selected data
with A < 1.5%, i. e. ~ 97.6 % of the original
data. The bias A is quite large and is dominated
by the rather large differences at low elevations.
A depends on the distribution of elevations which
changes considerably with geographic latitude. It
is therefore a quantity which should not be used to
characterize global data sets. Much more useful is
the bias of the mapped differences Amap Which can

also easily be compared to the ZTD bias. The STD
bias Amap appears to be much larger than the ZTD
bias, i. €. 10.6 mm to 1.6 mm for all data and 10.2
mm to 2.2 mm for the selected data. This is a well
known feature of the GFZ data sets which are pro-
cessed using relative antenna calibration instead
of the absolute antenna calibration used by most
other processing centers. This leads to an offset
of about 6 mm. Such an offset is also present in
the GFZ ZTD data but has a rather small impact on
the bias in tab. 1 as the E-GVAP data set contains
only ~ 8.5 % data from the GFZ.

The standard deviation omap is even smaller
for the STD data which is surprising as it is as-
sumed that the uncertainty of the STD process-
ing is higher. This is presumably due to the com-
bination of different products in the E-GVAP ZTD
data set which leads to a rather hight variability
in the processed ZTDs. The STD data are pro-
vided by only one processing center and seem to
be more consistent. The standard deviation omgp is
in the order of the expected STD error. In an ideal
case the STD error is the ZTD error mapped to the
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[ ICON \ all | selected |

] Nobs \ 42163245 \ 41149006 \
A [mm] 25.0 23.9
Amap [mm] 10.6 10.1
Aol [%] 0.46 0.44
o [mm] 37.4 33.8
Omap [MM] 12.2 10.8
orel [%6] 0.55 0.47

Table 2: Verification of STD observations with

ICON for March 2015. Bias and standard devia-
tion ¢ were computed using all data (col. all) or
selected data with A < 1.5% (col. selected).

signal path but for STD assimilation a larger error
should be assumed. Jarvinen u. a. (2007) suggest
a fit to an empirical mapping function leading to an
observation error of ~ 12 mm in zenith direction
and ~ 95 mm at an elevation of 10°. Kawabata
u.a. (2013) assume a much larger error of 50 mm
in zenith direction.

5.4 Validation with COSMO-DE

The same STD data set as in the previous sec-
tion was used for validating the STD operator with
the COSMO-DE. The STD operator was applied to
operational hourly COSMO-DE analyses in order
to compute the model equivalents of all available
STD observations in March 2015. The operator
was running in an off-line mode which is compara-
ble to the En-Var passive mode of ICON, i. e. itis
applied to hourly model analyses.

The same parameters as in the previous section
were computed for COSMO-DE using the data of
161 GNSS stations (tab. 3). The bias Amap = 5.5
mm is almost equal to the expected antenna cali-
bration bias in the GFZ data (~ 6 mm) and much
smaller than the bias to ICON. This might indicate
a dry bias of ICON of about 5 mm in zenith direc-
tion. The standard deviation omap = 10.7 mm for all
data and 10.0 mm for the selected data is slightly
better as in case of ICON and rather close to an
optimistic estimate of the STD error.

The distribution of A with respect to the eleva-
tion ¢ is shown in fig. 5. Only data with A < 1.5%
were regarded. The distribution is rather narrow

13
[ COSMO | all | selected |
[ Nobs | 22364054 | 22225645 |
A [mm] 12.9 12.9
Amap [Mm] 5.6 5.5
Avel [%] 0.24 0.24
o [mm] 314 29.4
Omap [MmM] 10.7 10.0
Orel [Y0] 0.51 0.43
Table 3: Verification of STD observations with

COSMO-DE for March 2015. A and o were com-
puted using all data (col. all) or selected data with
A < 1.5% (col. selected).
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Figure 5: Distribution of A with the elevation ¢ for
COSMO-DE. The variation of the bias (green line,
mm) and the standard deviation (red line, mm) with
the elevation is shown together with the relative
standard deviation (orange line in %, right scale).

at large elevations (o ~ 14 mm) but widens con-
siderably at small elevations (o ~ 70 mm). The
standard deviation is increasing accordingly (red
line in fig. 5). As the uncertainty of both the obser-
vations and their model equivalents increases with
decreasing elevation this could be expected. How-
ever, the standard deviation increases proportional
to the assumed STD error and leads to an almost
constant relative error A, which seems even to
decrease slightly at low elevations (orange line in
fig. 5, right scale).

The GFZ STD data set shows a bias (see Sec.
5.4) which is also present in fig. 5, green line.
The bias increases at low elevations and leads
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to slightly distorted distributions. Within the STD
data processing several components of the STD
are estimated and some of them are mapped to
the slant path (Bender u. a., 2011). If one of these
components shows a bias, the bias will also be
mapped and increase with decreasing elevation.
The bias in fig. 5 shows a minimum near ¢ = 50°
which is due to the combination of many different
stations. No individual station shows such a be-
havior. There are some almost bias free stations
which show a symmetric nearly Gaussian distribu-
tion. The distribution obtained with ICON analyses
is very similar but with a somewhat larger bias and
standard deviation (tab. 2).

For this validation study almost all GNSS data
were used in order to investigate the behavior of
the STD operator and to establish a basis for mon-
itoring the GNSS products of different processing
centers. For data assimilation a bias correction will
be applied and much more rigorous selection cri-
teria will be used leading to a considerably smaller
standard deviation of the assimilated GNSS data.

6 Conclusions

A slant total delay observation operator for assim-
ilating GNSS STD and ZTD observations was de-
veloped at the German Weather Service (DWD).
The operator was integrated into the ICON En-Var
assimilation system as well as in the COSMO-DE
LETKF. In order to assimilate STDs in arbitrary
directions and with any desired elevation the op-
erator needs to account for the Earth’s curvature
and for the signal bending in the atmosphere. The
former is achieved by transforming all coordinates
into an ellipsoidal reference frame (WGS84) which
provides the curvatures in zonal and meridional
directions. Geoid corrections are applied if nec-
essary to obtain heights above the ellipsoid. The
curved signal path in the atmosphere is estimated
by a raytracer based on Fermat’s principle and the
delays are computed along this curved signal path.

First tests with the STD operator were carried
out using four weeks of ICON and COSMO-DE
analyses. The operator output was compared with
ZTD data provided by E-GVAP and STD data pro-
vided by the GFZ in Potsdam.

The results of the comparison are quite promis-
ing. In general, the standard deviation of the ob-
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servation minus model differences is in the order
of the GNSS delay errors, i. e. about 10 mm in
zenith direction. The standard deviation of STD
observations mapped into zenith direction is com-
parable to the ZTD standard deviation. In case of
ICON the STD standard deviation is even slightly
smaller (cstp = 10.8 mm, ozrp = 11.9 mm). Fur-
thermore, the relative STD error seems to be in-
dependent of the elevation and it can be assumed
that the information provided by STD observations
at low elevations is not considerably reduced by
the observation error. These results indicate that
the model states are already compatible with the
GNSS observations and can be further improved
by assimilating observations of this kind.

However, there are strong variations between
different GNSS processing centers and between
individual GNSS stations. The bias as well as the
standard deviation differs in most cases even if the
same station is regarded. On the other hand there
are variations in the quality of individual stations
with are seen by all processing centers. The mon-
itoring results are therefore required to set up a
quality control for different processing centers and
stations. Currently, new strategies are developed
for multi GNSS processing and real-time process-
ing and lots of new GNSS products will be avail-
able which need to be monitored carefully.

Experiments in a pre-operational cycled assim-
ilation/forecast environment are in progress and
show encouraging results. The impact of GNSS
observations on the weather forecasts will be in-
vestigated and the improvements by ZTD and/or
STD assimilation will be compared.
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