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Abstract

Global Navigation Satellite Systems (GNSS) signals are delayed by the atmosphere, and
the resulting zenith total delay (ZTD) provides valuable information on atmospheric wa-
ter vapour for numerical weather prediction (NWP). Despite the demonstrated benefits
of GNSS ZTD assimilation, the southern part of the Meteorological Cooperation on Op-
erational Numerical Weather Prediction (MetCoOp) domain remains sparsely observed,
particularly along the main southwesterly moisture-transport pathway into Fennoscan-
dia. This study investigates the impact of assimilating additional ZTD observations from
northern Germany—provided by the Helmholtz Centre for Geosciences (GFZ)—into the
MetCoOp system. By extending ZTD coverage upstream of the forecast domain, the study
addresses a documented gap in previous MetCoOp assimilation research, which has largely
focused on densely observed regions or event-specific cases. Since moisture transport into
Fennoscandia is climatologically dominated by southwesterly flow from the North Sea, par-
ticularly during summer, strengthening ZTD coverage in the southern MetCoOp domain
therefore provides critical upstream constraints on humidity and temperature advection.
Using the convection-permitting High-Resolution Limited Area Model—Applications of Re-
search to Operations at Mesoscale (HARMONIE-AROME) model coupled with the Surface
Externalisée scheme (SURFEX), two experiments were run for June-August 2025: a baseline
configuration and one including GFZ ZTDs. Assimilating GFZ data significantly refines
the mid-to-lower-tropospheric moisture field (500-925 hPa). Although domain-averaged
differences remain modest—specific humidity variations of ~1.3 g kg ! and temperature
deviations near 1 K—spatial analyses reveal sharper moisture gradients and improved
boundary-layer structure over land. These findings demonstrate that enhanced upstream
ZTD density provides valuable constraints on moisture advection and latent-heat-related
processes, thereby improving short-range humidity analyses in a high-resolution NWP
system and complementing earlier studies conducted in Fennoscandia.

Keywords: data assimilation; Global Navigation Satellite Systems; HARMONIE-AROME;
3D variation; precise point positioning; zenith total delay

1. Introduction

Global Navigation Satellite Systems (GNSS) are primarily designed for high-precision
positioning, but their signals are delayed by atmospheric water vapour, temperature, and
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pressure. These delays, expressed as zenith total delay (ZTD), degrade positioning accu-
racy and simultaneously provide valuable information on atmospheric humidity, and are
measured in units of metres. Through appropriate inversion techniques, GNSS offers contin-
uous, high-temporal-resolution (~15-min) observations under nearly all weather conditions,
making ZTD an important data source for numerical weather prediction (NWP). In this
study, we assess the impact of assimilating GNSS-derived ZTDs in the south of Fennoscan-
dia into the High-Resolution Limited Area Model—Applications of Research to Operations
at Mesoscale (HARMONIE-AROME) [1,2], used operationally within the Meteorological
Cooperation on Operational Numerical Weather Prediction (MetCoOp) system [3]. Mois-
ture transport into Fennoscandia is climatologically dominated by southwesterly flow
associated with North Atlantic cyclones and the Norwegian Sea storm track, meaning
that humid air masses frequently enter the region from northern Germany and the North
Sea. Because this inflow corridor is sparsely covered by operational ZTD observations,
additional ZTD data from northern Germany represent a strategically important extension
of the southern MetCoOp domain and may improve humidity and temperature analyses.

Numerous studies have demonstrated the value of assimilating GNSS ZTD in NWP
(see e.g., [4]) with consistent improvements across a wide range of models, resolutions,
and meteorological conditions. Early work using variational methods showed that ZTD
assimilation enhances synoptic-scale circulations and precipitation forecasts in global and
regional systems, including four-dimensional variational data assimilation (4D-VAR,; [5,6])
implementation [7]. Several studies further demonstrated reductions in humidity, tempera-
ture, and geopotential-height biases when ZTDs are assimilated together with conventional
observations [8-11]. In convection-permitting and high-resolution regional models, ZTD
assimilation has been shown to improve the representation of water vapour, precipi-
tation, and convective processes. Positive impacts have been reported in the Weather
Research and Forecasting model [12] over Poland [13], and multiple studies have high-
lighted enhanced short-term forecasts during convective events [14-16]. Additional work
using three-dimensional variational data assimilation (3D-VAR; see e.g., [17]) and nudging
approaches has demonstrated improved ZTD and integrated water vapour analyses at
kilometre-scale resolution [18,19]. More recent studies continue to confirm these benefits,
showing reduced humidity uncertainty in the mid-to-lower troposphere and improved
forecasts of temperature, wind, and specific humidity [20]. Torcasio et al. [21] demonstrated
enhanced temperature, moisture, and wind analyses when assimilating 388 ZTDs over Italy.
Additional high-resolution Weather Research and Forecasting model studies have shown
improved water vapour fields across seasons [22], enhanced short-term precipitation skill
with hourly ZTD updates [23], and substantial reductions in humidity errors when combin-
ing ground-based and airborne ZTDs [24]. Recent findings also indicate that assimilating
tropospheric gradients together with ZTDs further improves humidity analyses, partic-
ularly in regions with sparse GNSS coverage [25]. However, most Fennoscandian ZTD
assimilation studies have focused either on densely observed regions or on event-specific
cases in regions other than the MetCoOp domain. The impact of extending ZTD coverage
upstream of the MetCoOp domain is the novel idea of this study. Despite the demonstrated
benefits of GNSS ZTD assimilation, the southern part of the MetCoOp system domain
remains sparsely covered by operational ZTD observations, limiting the representation
of moisture inflow from northern Germany into Fennoscandia. To address this gap, the
present study assimilates additional ZTDs from the Helmholtz Centre for Geosciences
(GFZ) network in northern Germany into the convection-permitting HARMONIE-AROME
system, thereby extending observational coverage in a key upstream region for moisture
and temperature advection into Fennoscandia. Two parallel experiments—one including
GFZ ZTDs (GFZ-exp) and one without (CRTL-exp)—are conducted to quantify their impact
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on analyses and short-range forecasts of temperature, humidity, and wind. This is the first
study to evaluate the influence of GFZ ZTD assimilation in the southern MetCoOp domain,
providing new insight into how enhanced ZTD coverage improves moisture representation
in a high-resolution NWP system.

2. Methodology

In this section, we briefly review the principle of ZTD estimation based on the carrier-
phase observations, and later we explain how these ZTDs are connected to the meteorologi-
cal parameters and generation of observation operators for assimilation of ZTDs based on
the 3D-VAR scheme.

2.1. Estimation of ZTD from Precise Point Positioning with lonosphere-Free Carrier
Phase Observations

The purpose of this section is to provide the theoretical background for ZTD estimation,
instead of describing a processing chain implemented in this study. All ZTDs assimilated
in HARMONIE-AROME are taken directly from the European Meteorological Network
EIG GNSS Water Vapour Programme (E-GVAP) operational product (http://egvap.dmi.dk
(accessed on 26 August 2026)) stream without modification. Its analysis centres compute
ZTDs using their standard precise point positioning pipelines employing a mapping
function. The ZWD operator in HARMONIE-AROME uses the model’s native 65 hybrid
vertical levels and spatial horizontal resolution of 2.5 km, ensuring consistency with the
background humidity profile.

Generally, all GNSS transmit at least two carrier frequencies, which enables users to
mitigate the ionospheric delay effect. For instance, the Global Positioning System employs
the frequencies f; = 1575.42 MHz and f, = 1227.60 MHz [26]. By forming a specific linear
combination of the carrier-phase measurements used for precise point positioning—known
as the ionosphere-free combination—a new observation equation can be derived from Equa-
tion (1) that is independent of the ionospheric delay term. In general, the ionosphere-free
carrier-phase observation (®r) is used, where the subscript IF stands for the ionospheric-
free term; the equation can be expressed as [26-29]

[P iy (@ Ay (@,
O = p + cAS + m(e) AP + Nip with = — 1)
Ne) fi-fF\N) f-F\N

where c is the speed of light in a vacuum p stands for the geometric distance between

the satellite and receiver, Ad represents the difference between receiver and satellite clock
errors, Nip stands for the ambiguity parameter for the ionospheric-free combination where
Nj and N, are the ambiguity parameters of the first and second signals with A1 and A,
respectively, as the signal wavelengths. m(e) is the mapping function converting slant
tropospheric delay to ZTD, and e denotes the satellite elevation angle. ®; and ®; are the
received phases of the first and second signals, respectively; note that both of them should

A%TD gtands for

be corrected for the satellite clock measurements prior to being used.
the ZTD.

Several mapping functions have been developed to model m(e), including the Niell
Mapping Function [30], the Vienna Mapping Function 1 [31], and the Global Mapping
Function [31]. These functions generally assume a stratified and isotropic troposphere
above each GNSS station. Although m(e) depends weakly on meteorological parameters
such as pressure, humidity, and temperature—typically obtained from nearby radiosondes
or numerical weather model outputs—it is far more sensitive to the satellite elevation

angle. Bohm et al. [31] demonstrated that Vienna Mapping Function 1 provides the best
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consistency with radiosonde data compared with other mapping models, which has been
typically applied by the E-GVAP analysis centres.

Today, different software packages have been developed for processing GNSS data,
and most of them include modules for precise point positioning and network solutions
in which a mapping function is used for estimating the ZTD. For instance, the Nordic
GNSS Analysis Centre (NGAA) uses the Bernese GNSS Software v5.2, developed by the
Astronomical Institute of the University of Bern [32]. The Helmholtz Centre for Geosciences
(GFZ) has developed its own processing system, the Earth Parameter and Orbit System [33],
for precise GNSS data analysis. Other analysis centres employ GIPSY-OASIS (GPS-Inferred
Positioning System and Orbit Analysis Simulation Software), developed by the Jet Propul-
sion Laboratory [34], or GPS Analysis at Massachusetts Institute of Technology/Global
Kalman Filter [35]. In short, ZTD, although primarily a geodetic product, has become a
valuable observation type for NWP. Establishing the link between ZTD and meteorological
parameters and assimilating these data effectively into NWP systems, a topic discussed in
the following section.

2.2. GNSS ZTD Observation Operator

The purpose of this section is to describe the theoretical formulation of the ZTD obser-
vation operator, rather than a GNSS processing chain. The assimilation of GNSS ZTDs in
HARMONIE-AROME is performed through the standard variational observation operator
used in the MetCoOp system. The operator computes model-equivalent ZTDs by vertically
integrating the hydrostatic and wet refractivity components along the zenith direction. This
operator evaluates the model’s humidity and pressure fields to produce a simulated ZTD
that can be compared with the ZTD products. The hydrostatic component is derived from
the model pressure field using the Saastamoinen formulation, while the wet component is
obtained by integrating the model-level water-vapour. All computations use the native ver-
tical discretisation of HARMONIE-AROME, which consists of 65 hybrid layers extending
from the surface to 10 hPa. This ensures that the ZTD operator is fully consistent with the
model’s vertical resolution and avoids additional interpolation. The role of the observation
operator in this study is therefore limited to converting model humidity and pressure fields
into model-equivalent ZTDs for use in the variational assimilation system.

The ZTD consists of a hydrostatic (dry) component, which spans the atmosphere
from the tropopause to approximately 80 km, and a wet component, which is confined to
the troposphere. In mid-latitude standard-atmosphere representations, the troposphere
extends to about 11 km, although the actual tropopause height varies with latitude, season,
and synoptic conditions [36]. Thus, the ZTD can be expressed as

AZTD _ AZHD + AZWD (2a)

AZHD stands for the zenith hydrostatic delay (ZHD) and A?"P the zenith wet
delay (ZWD).

Theoretically, the ZTD has a vertical integral relationship with meteorological parame-
ters for both the hydrostatic (ZHD) and wet (ZWD) components, extending from the station
level up to the top of the troposphere. Vedel et al. [36] solved this relation numerically and
compared the results with the ZHD derived from the well-known Saastamoinen [37] model.
They concluded that the Saastamoinen model provides a good approximation of the ZHD
and is, moreover, much simpler to implement than full numerical integration. This model
is expressed as

AZHD — 22768 % 10~°[m/P 5 »
X102 m /P T e 0 Fcos (26) —2.8 x 10~7[m~1]h, )
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where p, is the atmospheric pressure at the GNSS antenna, 0 and h, are, respectively, the
latitude and height of the GNSS station.

The ZWD can be computed using the following formula, which represents the discrete
form of the integral expression used to determine the ZWD above a GNSS station. This
equation serves as the observation operator that links the ZWD to the total ZTD, and
subsequently to the meteorological parameters within a NWP model.

R M k
APWD = @Zi:] qi (k' + Ti) (Pit1/2 = Pi-1/2)- (20)

According to Equation (2c), the troposphere is assumed to be stratified into M lay-
ers. Here, R denotes the gas constant for dry air, and g() represents the gravitational
acceleration as a function of latitude. Vedel and Huang [4] demonstrated that, due to the
relatively low scale heights of humidity, the variation of g with height can be neglected
when determining the ZWD. g; and T; represent the specific humidity and temperature
in the i-th layer, respectively, while p;.q/, — p;_1/2 denotes the pressure difference be-
tween the upper and lower boundaries of that layer. Finally, according to Bevis et al. [38],
k' =2.21 x 1077 [K/Pa] and k3 = 3.7 x 1073 |K?/Pa]|.

Although Equation (2c) shows the standard integral expression for the wet delay, it
is included only to describe the theoretical formulation of the observation operator. The
operator does not apply refractivity constants such as k or k3; instead, it computes the
wet delay directly from the model’s humidity and temperature fields. All GNSS-specific
processing is performed by the analysis centres, and the ZTDs assimilated in this study are
used exactly as provided.

Equations (2b) and (2c) can also be used to estimate the ZTD from meteorological
parameters, providing background ZTD fields for NWP systems. The difference between
ZTD values derived from GNSS measurements and those from a NWP model can serve as
a tool for quality assessment and potential bias-correction; see Section 4.2.1. It is important
to note that the mathematical models for ZHD and ZWD are approximations of reality.
Every assumption and simplification introduces deviations from the true atmospheric state,
which can result in biases in the derived products. For example, the model may have a
limited height (10 hPa), and differences may exist between model orography and station
height; assuming that the atmosphere around each GNSS station is stratified, homogeneous,
and isotropic is not strictly realistic, but such assumptions are necessary to define mapping
functions. This difference introduces additional bias (see refs. [39,40] for a bias formulation).
The use of the Saastamoinen model is another source of approximation, even if it is a good
one. On the other hand, GNSS observations reflect the actual state of the atmosphere,
but they are subject to limitations, including measurement noise and finite sensitivity.
Therefore, when assimilating ZTD data into NWP systems, it is essential to account for both
the biases introduced by the mathematical models and the observational errors. Another
important source of bias is the height difference between height of stations and model
orography as represented by the coarser resolution at that position. In the next section, the
principle of data assimilation based on the 3D-VAR method is explained briefly.

2.3. Principle of 3D-VAR and Bias-Correction

Data assimilation is a key component of NWDP, serving as the link between the model
and observations. It can be formulated as a sequential least-squares estimation problem,
where one set of equations represents the model dynamics—in this case, the HARMONIE-
AROME NWP model—and the other represents the available observations, including
ZTD data. In such an estimation, the assumption of variability in both the model outputs
and the observations is crucial, as even small systematic errors can strongly influence the
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(i) =

results. Only random noise is effectively minimised through the procedure. However,
since mathematical models are inherently imperfect, their outputs inevitably contain biases.
Therefore, bias-correction is an essential step to mitigate systemic effects and ensure the
success of the data assimilation process. Bias-correction can be implemented either statically
or variationally [39,40]. In the static approach, the bias is estimated by comparing forecasted
ZTDs from the model with observed ZTDs over a defined period. The variational approach,
on the other hand, is more advanced and estimates the bias simultaneously with the control
vector during the assimilation process [39,40]. In order to explain how the variational
bias-correction method is applied in a 3D-VAR assimilation system, consider the following
objective function:

J(x,B) = 3 6x"B1ox+ 5 6B B 6B+

3
1y hx, B) - Haox— Hoop) 'Ry hix, B) - Hox— Hgop). O

In fact, x = x — x and 3 = B — B, where x is the control vector, 3 the vector of
variational biases, and x;, and B}, respectively, the background control vector and bias, B
and Bg are, respectively, the background variance-covariance matrix of the background
control variables and the background biases, respectively. h(x, B) = h(x) + b(B, x) is the
augmented observation operator i(x) with the bias-correction vector [39,40]:

2 ,B] P] (3b)

where §; are the unknown biases and p; are called the predictors and N, total number of
them. At present, we use one predictor as a constant offset after some sensitivity studies
and tests [41] in the MetCoOp system.
Finally, Hx = ah(x B) and Hp ah(gﬁﬁ).

The sequentlal 3D-VAR solution considering variational bias correction is

b T -
) ¥ ( o8 ) (oBH] + HgBGHE +R) (y—h(x B) — Huox—Hpo) o

T
BgHJ

ox® and 6BP are, respectively, variations of the background control vector and bias, Jx*
and 0B% are their analysis counterparts, and the covariance matrix of the estimated
parameters is

BHT —
C=|1- X | (HxBHy +HgBgHj + R
[ (BBHF) (106 e ®)

(HB HgBg). (3d)

In the cost function (3a), there are three quadratic forms, which the first one says
that the estimate should be as close as possible to the background parameters, the second
means that the estimated bias should be close to the background bias in the model domain,
and the third one means that the transformed background by the observation and bias
operators should reproduce observation as close as possible to the real observations, or in
other words, minimisation in the observation domain.

The 3D-VAR formulation used in this study assumes that observation errors are
unbiased, Gaussian-distributed, and horizontally uncorrelated, the latter reflected in the
use of a diagonal observation-error covariance matrix R. These assumptions motivate
several elements of the preprocessing and quality-control strategy. A variational bias-
correction is applied to remove systematic components of the observation error and ensure
consistency with the unbiased-error assumption. Since R is diagonal, and no horizontal
or vertical error correlations are modelled for data including GNSS ZTDs, the observation
error becomes an important tuning parameter that determines the relative weight of
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the ZTDs in the variational system. A 12 mm value as the error of ZTDs was initially
derived from observation-minus-background and observation-minus-analysis departures,
and subsequently adjusted to ensure a balanced influence between the observations and
the background, as well as consistency with other moisture-related observations. An
independent diagnostic following Desroziers et al. [42] produced similar values, supporting
the choice of 12 mm. The matrix B is also treated as diagonal in the observation space;
the underlying background-error statistics are derived from an ensemble of short-range
forecasts generated from perturbed initial and boundary conditions.

A thinning distance of 50 km through an allowlist is used to reduce the impact of
horizontally correlated ZTD observations, which are not represented in the diagonal R
matrix and could otherwise degrade the analysis. According to Poli et al. [7], assuming
that most of the ZTD information is concentrated in the lowest 3 km of the troposphere
and that elevation angles in excess of 10 degrees are used, the resulting ZTD measurements
represent a horizontal area of radius 17 km, centered at the station. Therefore, the distance
between any two stations should be larger than 34 km to avoid correlation. The thinning
distance plays a key role in maintaining statistical consistency and a 50 km thinning distance
lies safely within the decorrelation scale of ZTD observation errors [7]; this threshold is
therefore adopted in the present configuration.

In addition, a first-guess check is employed to screen out gross errors that would
violate the Gaussian-error assumption and introduce non-linear behaviour into the cost
function [11]. Together, these steps ensure that the observations entering the assimilation
are consistent with the statistical assumptions underlying the 3D-VAR scheme.

2.4. The MetCoOp System and 3D-VAR

In the MetCoOp system, the non-hydrostatic, high-resolution HARMONIE-AROME
model is used to produce short-range forecasts. The model explicitly resolves key physical
processes—including radiation, microphysics (cloud particle formation and evolution),
turbulence, and land-surface interactions—through the Surface Externalisée scheme [43].
Its fine spatial /horizontal resolution and detailed physics make it well suited for forecasting
localised phenomena such as fog, heavy precipitation, and strong winds, although some
biases, such as temperature errors over snow-covered and glaciated surfaces, remain the
subject of ongoing research. The HARMONIE-AROME configuration used in MetCoOp is
further adapted for Nordic conditions through modifications to microphysics, surface drag,
and snow schemes, and it assimilates a wide range of observations—including radiosondes,
satellite radiances, radar reflectivities, and GNSS-derived ZTD—to improve forecast skill
in complex terrain, coastal regions, and rapidly evolving weather situations [3]. Within
MetCoOp, upper-air humidity is primarily constrained by radiosonde profiles, while radar
and satellite radiances provide complementary information on vertical moisture structure.
GNSS ZTD contributes continuous, horizontally dense total-column water-vapour informa-
tion and, unlike most other observation types, is available under all weather conditions and
at high temporal resolution or measurement rates. Operational forecasting within MetCoOp
also includes the MetCoOp Ensemble Prediction System, which provides ensemble fore-
casts on a ~2.5 km grid to quantify expected weather and associated uncertainties, and the
MetCoOp Nowcasting system, which delivers very short-term, high-frequency forecasts.

Here, we discuss the implementation of the 3D-VAR scheme within this system. The
computational domain has a horizontal resolution of 2.5 km and 65 vertical levels, with the
lowest model level around 12 m (1030.6 hPa) above ground and the highest at 30-32 km
(10 hPa). The domain forms a three-dimensional grid of cubic cells, each containing
meteorological information such as temperature, humidity, and wind speed components.
Forecasting is performed by the HARMONIE-AROME model across the entire 3D grid, and
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data assimilation is carried out to update the model state using observations. The model
provides the background (or first-guess) field, which serves as prior information for the
assimilation process. Here, the observations are compared with model equivalents derived
from the background vectors using observation operators. Since observations are usually
not located exactly at the model grid points, interpolation within these operators links
the observed values to the model field. As a result, only the elements of the background
vector near the observation locations are significantly updated during the analysis step.
Each observation type influences the model fields primarily around its representative
altitude, depending on the vertical correlation structure of the background error covariance
matrix. In areas where observations are sparse or missing, the corresponding parts of the
background vector receive little or no direct update, although nearby observations may
influence them through spatial correlations.

In the 3D-VAR method used in the MetCoOp system, all variables in the 3D domain
are analysed simultaneously by minimising a cost function that balances the differences
between the background and the observations. The resulting analysis vector replaces the
background and serves as the first-guess (background) field for the next assimilation cycle.
This process is repeated at every cycle to continually refine the model state. Unlike Kalman
filtering, 3D-VAR does not update the background error covariance matrix B from one cycle
to another. However, the structure of B can change with height, since the characteristics of
the short-range forecast errors vary with height. Typically, the horizontal correlation length
scales are shorter in the lower atmosphere and increase with height. This is physically
reasonable, as various surface inhomogeneities cause small-scale spatial variations at lower
levels while the horizontal scales of variation are larger in the upper troposphere. In the
HARMONIE-AROME model, the scheme proposed by Berre [44] is applied for generating
B, in which the forecast error covariances are estimated with a spectral approach and from a
set of forecast differences and autocovariances are calculated with a non-separable scheme,
and multiple linear regressions are used in the formulation of cross covariances.

3. GNSS ZTD Processing Centres

Several European institutions provide high-quality near real-time ZTD estimates to
the E-GVAP. These centres operate independent GNSS processing systems that support
operational meteorology and NWP by delivering timely and reliable tropospheric products.
Key contributors include Nordic GNSS Analysis Centre (NGAA), the Royal Observatory of
Belgium (ROB), the United Kingdom Meteorological Office (MetOffice) and GFZ.

The NGAA processes data from approximately 700 GNSS stations across Fennoscandia
and provides ZTD products. ZTDs are estimated hourly using a network solution in Bernese
v5.2 [45], applying Centre for Orbit Determination in Europe orbits, the Finite Element
Solution 2004 Ocean Tide Model [46], and IGS514 antenna models [47]. The Vienna Mapping
Function is used as the Global Mapping Function with a 10° elevation cut-off. Although
each station uses coordinates fixed from a solution 14 days earlier, the change in the height
component is typically below 1 mm provided no significant motion has occurred (e.g., no
earthquake) during that period. A difference of this magnitude affects the estimated ZTD
by less than 0.3 mm, which is negligible for practical purposes [11].

The ROB processes GNSS observations from the European Reference Permanent
Network [48], the International GNSS Service [49], and the Belgian national networks
Flanders Positioning Service and Wallonia Continuously Operating Reference Stations. In
total, ROB analyses data from about 720 stations to generate ZTD products. Using Bernese
v5.0, ROB applies double-differenced Global Positioning System-only processing to reduce
systematic errors. Its near real-time system provides 15-min ZTD estimates from roughly
380 stations with a latency below 1.5 h, while a sub-hourly system under development will
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run four cycles per hour using real-time data from about 180 stations. It also operates a daily
post-processing chain that delivers high-accuracy coordinates and ZTDs for validation and
reanalysis, reprocessed once final International GNSS Service products become available
after approximately 21 days.

The GFZ is an operational water vapour programme analysis centre, processing data
from more than 600 GNSS stations using the EPOS.P.V2 software [33]. It provides hourly
near real-time ZTDs with a latency below 15 min, used operationally by the German Meteo-
rological Service, the MetOffice, and Météo-France. This centre is also the only water vapour
programme centre delivering high-resolution slant total delays at 2.5-min intervals. Pro-
cessing follows International Earth Rotation Service standards [50], applies Pagiatakis [51]
ocean loading, Niell mapping function [30], and Bevis et al. [38] for integrated water vapour
conversion. Station coordinates are fixed in the International Terrestrial Reference Frame
using International GNSS Service products, and Ultra-Rapid orbits (3-hourly) combined
with parallel precise point positioning processing ensure delivery within 15-20 min.

The University of Luxembourg, in collaboration with the MetOffice, produces global
and regional near real-time ZTD products for the water vapour programme using Bernese
v5.4. Three product lines are generated: global hourly, regional hourly, and regional
sub-hourly (15-min). These products are validated against the water vapour programme
reference solutions, Double-Difference Network post-processing, and ECMWF Reanalysis
Version 5 [52] integrated water vapour fields. The increased temporal resolution enhances
NWP assimilation during rapidly evolving weather events and ensures a robust near
real-time data flow.

Amongst these analysis centres GFZ is the one that uses multi-GNSS data for comput-
ing the ZTD with a cut-off angle of 7°, whilst the other mentioned centres used the Global
Positioning System with cut-off angle of 10°.

4. Experiment Setup

In order to study the effect of adding the ZTDs from northern Germany, provided by
GFZ, into the data assimilation process of the MetCoOp system, two experiments were
conducted under identical conditions. In both experiments, conventional observations,
such as synoptic, ship, and aircraft observations and radiosonde (balloon) measurements,
were used, as well as satellite observations and observations from weather radars. The
experiment configurations and input datasets were very similar to the operational MetCoOp
runs and identical, except for the inclusion of ZTD stations. In the control experiment
(CTRL-exp), ZTD data from NGAA, ROB, and the Met Office were assimilated, while in the
second experiment, here and after we named it GFZ-Exp, the ZTDs provided by GFZ were
additionally included. The GNSS data are also allowlisted and spatially thinned to avoid
duplicated stations and overly dense coverage. Stations appearing in multiple databases
are removed during merging, and a minimum spacing is applied to limit observation error
correlations, which are not accounted for in the current 3D-VAR formulation, that can
degrade forecast quality. In this study, a thinning distance of 50 km (see [11]) is considered.

We used ZTDs provided by the E-GVAP for the period from 15th to 31st June. The
first month was allocated for the spin-up process to stabilise the model with the initial
and boundary conditions, enabling it to respond accurately to any desired input spin-up
process. Furthermore, the variational bias-correction coefficients are determined during this
step. The ZTDs were supplied in European Cooperation in Science and Technology format
at near-hourly intervals (59 and 45 min), converted to ASCII format, and subsequently
merged, allowlisted, and spatially thinned to hourly resolution. Furthermore, an error
of 12 mm has been chosen for the ZTDs based on diagnostic data assimilation feedback
statistics. After a one-month spin-up period in June 2025, both experiments were warm-
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started from the same spin-up and then run through the end of August 2025, covering
approximately three months with 3-hourly cycles with 12-h forecast period.

All other observation types follow the operational MetCoOp HARMONIE-AROME
configuration. A complete description of the observation processing, quality-control rules,
and assimilation procedures for conventional observations, satellite radiances, and radar
data is provided in [3], which documents the MetCoOp system in detail. In this study, we
use a model version and assimilation setup that are as close as possible to the operational
configuration; therefore, the treatment of all non-GNSS observations is identical to that
described in [3].

4.1. Experimental Design, Domain and Distribution of GNSS ZTD

To assess the spatial distribution and coverage of the GNSS ZTD observations used
in this study, the locations of the stations from the different datasets were analysed and
visualised. Figure 1 illustrates the final configuration of the allowlisted and spatially
thinned stations used for data assimilation over the study area. The stations common to
both experiments are represented by blue circles, where the red circles indicate stations
from the GFZ network. In the operational MetCoOp NWP system, the majority of the
stations are processed by the NGAA. Additionally, ZTD data processed by MetOffice and
the ROB in Belgium are included to add some additional stations not processed by NGAA.
These three datasets are represented by small blue circles in Figure 1. The GFZ ZTDs are
displayed as small red circles.

gE 55« o %
’
20s i s
Oy
Gsw
]
©
=]
k=
i,
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55w
500y

Longitude

Figure 1. Allowlisted GNSS stations based on 50 km thinning distance for the MetCoOp domain.

Figure 2 illustrates the spin-up of the variational bias-correction coefficients for three
newly assimilated GNSS stations. The coefficients start from zero on 15 June 2025 and
stabilise during the first few days of July, indicating that the bias-correction system reached
equilibrium before the evaluation period. For the remaining stations, pre-spun-up coeffi-
cients from the operational system were used.
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Figure 2. Time series of variational bias-correction coefficients for three newly assimilated GFZ
stations from 15th of June to 7th of July 2025. The coefficients start from zero on 15 June and stabilise
in early July. The stabilised values confirm that the bias-correction system reached equilibrium before
the evaluation period. VARBC stands for variational bias-correction.

4.2. Objective Verifications

We evaluate the forecasts using 2-m temperature and humidity, and 10-m wind be-
cause these near-surface variables are highly sensitive to land—atmosphere coupling and
boundary-layer processes in limited-area NWP. Their direct response to soil-moisture,
surface-flux, and low-level initialisation differences makes them suitable indicators of the
experiment’s impact. These parameters also benefit from dense, routine observations across
the MetCoOp domain, providing a robust and operationally consistent basis for verification.
Section 4.2.1 presents histogram of first-guest departure of the ZTDs, Section 4.2.2 presents
their root-mean-square errors, Section 4.2.3 examines vertical profiles, Section 4.2.4 provides
independent verification using radiosonde observations and Section 4.2.3 shows spatial
differences for an extreme case.

4.2.1. Quality of GNSS ZTD Data

Here, we present histograms of the first-guess departures after bias correction of
GNSS ZTD data from NGAA, Royal Observatory of Belgium hourly solution (ROBH),
and GFZ stations, respectively, in Figure 3a—f, during a shorter period from the 7th to the
end of June, which can give us an idea about the quality of ZTD data. These plots are
valuable diagnostics because they illustrate how the observed ZTD values differ from their
model-equivalent counterparts generated by the HARMONIE-AROME NWP system. The
shape, mean, and spread of each distribution provide insight into the bias and variability
of the GNSS data relative to the model, thereby serving as indicators of data quality and
consistency across different networks. Filtering the ZTD departures into specific weather
regimes (e.g., clear or rainy) leads to very small sample sizes and does not yield statistically
meaningful histograms. We therefore use the full dataset, which provides stable and
representative statistics for assessing ZTD data quality.

Figure 3a—c show the histograms of first-guess departures of GNSS ZTD observations
from the NGAA, ROBH, and GFZ networks before bias correction. Each subplot displays
the frequency distribution of departure values (blue bars) together with a fitted normal
curve (orange line), allowing a direct visual assessment of the departure characteristics for
each network. As seen from these figures, the biases are generally positive at all stations
but differ in size. All three histograms are approximately Gaussian, consistent with the
3D-VAR assumption of random observation errors, but each exhibits a small positive mean,
indicating the presence of systematic biases. The NGAA dataset (Figure 3a) displays the
narrowest spread (mean = 19.7 mm, STD = 5.9 mm), reflecting high internal consistency
and minimal bias. In contrast, the ROBH network (Figure 3b) shows a broader distribution
(mean = 29.6 mm, STD = 6.7 mm), suggesting greater variability among stations and local

https:/ /doi.org/10.3390/app16178699


https://doi.org/10.3390/app16178699

Appl. Sci. 2026, 16, 8699 12 0f 23

atmospheric conditions. The GFZ observations (Figure 3c), although fewer in number
(N = 747), exhibit a compact distribution (mean = 23.6 mm, STD = 4.3 mm) but a clear
positive offset. Together, these panels illustrate the initial bias patterns across networks
and highlight the need for bias-correction and thinning procedures to ensure that the
assimilated ZTD observations satisfy the statistical assumptions of the 3D-VAR system.

Histogram of first guess departures of Histogram of first guess departures of Histogram of first guess departures of
GNSS ZTD of NGAA stations. GNSS ZTD of ROBH stations GNSS ZTD of GFZ stations
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Figure 3. Histograms of first-guess departures of GNSS ZTD stations from (a) NGAA, (b) ROBH, and
(c) GFZ before bias correction, and (d—f) the corresponding distributions after bias correction. Blue
bars show the frequency distribution of departure values, and orange curves indicate fitted normal
distributions. Each subplot lists the mean, standard deviation, and sample size. Panels (a—c) illustrate
the initial positive biases and network-dependent spread, while panels (d—f) demonstrate how the
bias-correction procedure recentres the distributions and reduces systematic offsets.

Figure 3d—f present the corresponding histograms after bias-correction for NGAA,
ROBH, and GFZ, respectively. These subplots follow the same format as the upper row,
enabling a straightforward comparison between pre- and post-correction departure be-
haviour. The distributions remain approximately Gaussian but are now centred much
closer to zero, demonstrating the effectiveness of the bias-correction procedure and the
improved agreement between the GNSS ZTDs and the model first-guess fields. The NGAA
network shows the smallest remaining bias (mean = 3.7 mm) and the narrowest spread
(STD = 13.3 mm), confirming its overall data quality. The ROBH network (Figure 3e) retains
a slightly broader distribution (mean = 5.2 mm, STD = 16.3 mm), consistent with its more
heterogeneous station characteristics. The GFZ dataset (Figure 3f) still exhibits a small
positive bias (mean = 14.4 mm) but maintains a relatively tight spread (STD = 11.8 mm),
indicating a systematic offset rather than increased random noise. It is also important
to note that GFZ stations are concentrated mainly in the southern part of the domain,
whereas NGAA stations are more uniformly distributed, contributing to the robustness of
the NGAA statistics. In short, the lower panels confirm that the bias-correction procedure
successfully reduces systematic offsets and improves the consistency of ZTD observations
across networks.

4.2.2. Differences in 2-m Temperature, Specific Humidity and 10-m Wind Components

As shown in Figure 1, the north of Germany, which is in the southern part of the
MetCoOp domain, was selected for the comparison, corresponding to the region where
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GFZ ZTD observations are available. This area is bounded by latitudes 52-56° N and
longitudes 5-15° E. The parameters chosen to compare the two experiments are 2-m
temperature, specific humidity, and 10-m wind zonal and meridional (u and v) components.
Their average values over the area for 3-h forecasts are plotted and compared during June
and August 2025.

Figure 4a shows the averaged 2-m temperature for CTRL-exp and GFZ-exp. Both
experiments exhibit a consistent high-frequency oscillation associated with the diurnal
cycle, with temperatures peaking during the daytime and decreasing at night. Over the two-
month period, temperatures range from approximately 284 K (~11 °C) to 300 K (~27 °C).
The inclusion of GFZ ZTDs does not substantially alter the overall temperature evolution.
However, small differences are apparent at the extreme maxima and minima, indicating a
subtle moderating effect on temperature extremes when GFZ data are assimilated. Tempo-
rally, the period begins with a pronounced warm episode in early July, followed by another
peak in mid-August, and ends with a clear cooling trend towards late August, with the
lowest temperatures occurring around 25 August.
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Figure 4. Time-series averages of (a) 2-m temperature [K], (b) 2-m specific humidity [g/kg],
(¢) 10-m u-wind component [m/s], and (d) 10-m v-wind component [m/s] for CTRL-exp (with-
out GFZ ZTD) and GFZ-exp (with GFZ ZTD) over the selected area. Orange and blue lines represent
the two experiments, showing nearly identical temporal evolution with minor differences during
synoptic events, indicating that the assimilation of GFZ ZTDs has limited impact on near-surface
meteorological fields.

Figure 4b presents the averaged 2-m specific humidity, expressed in grams of wa-
ter vapour per kilogram of air (g kg~!). The time series exhibits pronounced variability,
with values ranging from about 6.5 g kg ™! in late August to peaks exceeding 13.5 g kg !
around mid-August. Compared with temperature, specific humidity displays more com-
plex, multi-day fluctuations, reflecting changes in synoptic-scale weather patterns and
air-mass characteristics. While the overall evolution is very similar in both experiments, the
simulation including GFZ data consistently shows slightly higher humidity values during
moist periods. This difference is most evident during the major humidity peaks in late
July and mid-August, suggesting that assimilation of GFZ ZTDs enhances the representa-
tion of atmospheric moisture under humid conditions. During drier periods, particularly
between the 23rd and 25th of August, the two simulations converge closely, indicating
strong agreement.
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Figure 4c illustrates the averaged 10-m zonal (u-component) wind in m s~ !, where pos-
itive values indicate eastward flow and negative values indicate westward flow. The wind
field is highly variable, with speeds generally fluctuating between —2 and +2ms~!. A
notable exception occurs in mid-August, when eastward winds briefly intensify, reaching
approximately 4.5 m s~1. For most of the study period, the zonal wind evolution in both
experiments is nearly identical, indicating that the assimilation of GFZ data has a negligi-
ble impact on the overall wind pattern. However, during the high-intensity wind event
between 13 and 17 August, GFZ-exp exhibits slightly stronger peak values, suggesting a
modest amplification of wind intensity under more dynamic atmospheric conditions.

Figure 4d shows the averaged 10-m meridional (v-component) wind, where positive
values correspond to northward (southerly) flow and negative values vice versa. The
v-wind demonstrates substantial variability, ranging from approximately —5.5 to +5m s~ 1.
Several extended periods of southerly flow are evident, particularly in early July and early
August, while sharp transitions to northerly flow occur in mid-July and late August. The
two experiments again show very strong agreement, closely following the same synoptic-
scale variations. Minor differences appear sporadically at extreme values—for example,
around 24 August—where GFZ-exp indicates slightly stronger southward winds than
CTRL-exp. When combined with the u-wind component, the v-wind allows reconstruction
of the full near-surface wind vector; for instance, the event on 6 August is characterised by
concurrent positive u- and v-wind components, indicating a strong south-westerly flow.

The primary differences between CTRL-exp and GFZ-exp arise in the magnitude of
extreme values rather than in their timing and mostly in specific humidity, where GFZ-exp
consistently produces higher peak moisture values. Similarly, wind components occasion-
ally show slightly enhanced extremes during high-velocity events. In contrast, the 2-m
temperature exhibits a mild damping of peak daytime values for GFZ-exp when GFZ data
are included. These results indicate that assimilation of GFZ GNSS ZTD observations
primarily refines the intensity of moisture and wind extremes—likely through improved
representation of atmospheric moisture and surface—atmosphere interactions—while leav-
ing the overall meteorological evolution largely unchanged.

4.2.3. Root Mean Square Error of Differences

In order to highlight the differences, time series of the root mean square error (RMS)
of differences between CTRL-exp and GFZ-exp for the same parameters discussed in the
previous section are presented here.

Figure 5a shows the time series of the RMS differences in 2-m temperature, indicating a
high level of agreement between CTRL-exp and GFZ-exp throughout the period. It exhibits
intermittent increases during periods of enhanced atmospheric variability, occasionally
reaching slightly above 1.25 K in a few cycles. The RMS differences in specific humidity,
in Figure 5b, show the strongest sensitivity to the assimilation of GFZ ZTD in GFZ-exp.
Occasional large deviations are observed during rapid moisture increases, particularly
in early July, with GFZ-exp consistently producing slightly higher moisture content than
CTRL-exp. In contrast, the differences largely disappear during drier conditions, suggesting
that GFZ data primarily influence moisture estimates during dynamically active or humid
periods, as expected. A similar pattern is observed for the wind components. The RMS
differences for the 10-m u-wind, in Figure 5¢, and v-wind, in Figure 5d, exhibit sharp
increases during high-wind events, reaching approximately 1.4 m s~! and nearly 2.0 m s~ %,
respectively. These peaks coincide with periods of strongest wind intensity, indicating that
the assimilation of GFZ ZTD data leads to a modest amplification of wind extremes.
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Figure 5. Time series of the root mean square error (RMS) of the differences between CTRL-exp
and GFZ-exp for (a) 2-m temperature (K), (b) 2-m specific humidity (g kgfl), (c) 10-m u-wind
component (m s 1), and (d) 10-m v-wind component (m s~1). RMS values remain low throughout
the period, indicating that assimilation of GFZ ZTDs introduces only minor changes to near-surface
meteorological fields, with slightly reduced RMS during moist and windy episodes.

4.2.4. Average Profiles of Atmosphere

Here, we compare the same parameters’ averages but at different atmospheric levels
ranging from 1000 to 50 hPa. The RMS differences between the two experiments are
presented for these variables in the following matrices. The horizontal axis represents date
and time at 3-hourly forecast cycles, while the vertical axis shows atmospheric pressure
levels from the Earth’s surface (1000 hPa) up to the upper atmosphere (50 hPa).

Figure 6a shows the temperature RMS differences of the experiments, with the largest
value reaching approximately 0.3 K near the surface in early July. As seen in Figure 6b, the
RMS for specific humidity is concentrated below 850 hPa, highlighting the assimilation’s
impact where moisture content is highest. Enhanced RMS values coincide with periods
of strong humidity variability, confirming that ZTD assimilation primarily affects the
moist boundary layer. The wind field’s response is captured in Figures 6¢ and 5d, which
respectively display the RMS differences for the zonal (u-wind) and meridional (v-wind)
components. Figure 6¢c reveals a sharp 1.0 m s~ ! spike in u-wind near the jet-stream level,
while Figure 6d shows a localised 0.6 m s~! adjustment in v-wind near the tropopause.
These features suggest that the assimilation slightly modifies wind intensity at dynamically
active levels. The results indicate that ZTD assimilation provides meaningful refinements
to tropospheric variables but has negligible effects above 150 hPa, as evidenced by the
consistent dark-blue regions across all four panels. This confirms that the assimilation’s
influence is confined to the lower and middle troposphere, where GNSS-derived humidity
information is most relevant.

4.2.5. Comparison with Radiosonde Data

Thus far, the inclusion of GFZ ZTDs in the data assimilation process has been shown
to induce measurable changes in temperature, humidity, and wind fields. To validate these
results, radiosonde profiles are compared with the corresponding model fields from both
experiments, CTRL-exp and GFZ-exp. For this purpose, we employed System Monitor,
the official verification and evaluation platform for HARMONIE-AROME experiments.
Radiosonde stations located within the southern part of the MetCoOp domain were selected
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for the analysis. The locations of these radiosonde stations are plotted on the map presented
in Figure 7. As seen, three of these stations are rather far from the area covered by the
GFZ stations.
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Figure 6. Plots of RMS of differences between (a) temperature, (b) specific humidity, (c) zonal wind
(u-wind) and (d) meridional wind (v-wind) of CTRL-exp and GFZ-exp. Blue shading indicates small
RMS differences, while warmer colors mark larger discrepancies. The results show that assimilation of
GFZ ZTDs produces only minor changes, with slightly higher RMS values near the lower troposphere
during moist or windy episodes.
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Figure 7. Locations of GNSS stations used for computing ZTDs: blue circles those active in the
MetCoOp system, and red circles those from GFZ, and radiosonde stations by green stars.

The following plots present the differences between the observed radiosonde profiles
and the model-simulated profiles from each experiment.

The vertical profile analysis over the southern part of the MetCoOp domain, during
the period from July the 16th to 31st of August, indicates that the assimilation of GFZ
ZTDs, GFZ-exp, leads to subtle yet targeted refinements in the atmospheric moisture struc-
ture, rather than a fundamental alteration of the vertical profile. The STDV of specific
humidity, in Figure 8d, is nearly identical for both experiments, peaking at approximately
1.3 g/kg near the 850 hPa level. This peak corresponds to the upper portion of the At-
mospheric Boundary Layer, where moisture variability is naturally high due to strong
surface-atmosphere interactions. With increasing altitude and decreasing moisture content,
the STDV steadily tapers toward zero above 300 hPa in the upper troposphere. Both ex-
periments maintain a near-zero bias throughout most of the vertical column; however, a
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slight divergence emerges in the mid-to-lower troposphere. At the 700 hPa level, GFZ-exp
exhibits a marginally stronger negative (dry) bias of approximately —0.15 g/kg compared
to CTRL-exp. This adjustment is noteworthy, as the 700 hPa layer is commonly used
to diagnose vertical motion and moisture transport processes. The assimilation of high-
resolution GNSS ZTD data, which constrains the total vertically integrated water vapour,
appears to recalibrate moisture content within these dynamically important layers. The
vertical profiles confirm that the influence of GFZ data is most pronounced between the
925 hPa and 500 hPa levels. This suggests that while the large-scale and synoptic moisture
structure remains stable, the GNSS-derived information provides a refined correction to
the lower troposphere, potentially improving the representation of localised processes such
as moisture transport, cloud formation, and latent heat exchange.
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Figure 8. Vertical profile differences of CTRL-exp (EXP 1)and GFZ-exp (EXP2) with radiosonde data
(16 July 2025-31 August 2025): (a) temperature [K], (b) wind speed [m/s], (c) relative humidity [%],
and (d) specific humidity [g/kg].

4.2.6. Maps of Differences over the Test Area

Since most of our results were about the average values of parameters and/or their
differences, in this section, the maps of the differences are presented for a one-cycle forecast
on 14 August 2025 at 9 UTC, based on Figure 5, in Figure 9, where the GFZ stations are
shown by small red circles amongst the others in blue.

Figure 9a shows the spatial differences in 2-m temperature between CTRL-exp and
GFZ-exp. Positive anomalies, primarily over land in northern Germany, indicate higher
modelled temperatures in GFZ-exp, with local differences exceeding 4 K. Negative anoma-
lies mark regions of relative cooling. These temperature differences are spatially clustered
around GFZ GNSS stations, suggesting that the additional water vapour information
modifies the local energy balance and enhances land-atmosphere interactions during mid-
morning summer conditions. Both positive and negative increments naturally arise in
an unbiased data assimilation system, reflecting the random-error corrections when the
analysis departs from the background. In contrast, coastal and marine areas show minimal
differences, indicating limited impact over the sea, as expected.
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Figure 9. Spatial distribution of differences between CTRL-exp and GFZ-exp for (a) 2-m tem-
perature [K], (b) 2-m specific humidity [g kgfl], (¢) 10-m u-wind [m s~!], and (d) 10-m v-wind
component [m s 1.

The corresponding specific humidity difference map in Figure 9b reveals a similarly
structured but more heterogeneous response. Pronounced positive anomalies over land
indicate higher moisture content in GFZ-exp, with local increases exceeding 3 g kg~ !,
whilst negative anomalies below —4 g kg~! occur in some coastal and inland regions.
Areas with higher humidity tend to align with positive temperature increments. This
pattern reflects the radiative influence of moist air: increased water-vapour content absorbs
more incoming solar energy before it reaches the surface, which reduces surface heating.
The co-occurrence of these signals indicates a coupled thermodynamic adjustment within
the boundary layer. This spatial variability helps explain the elevated RMS values observed
in the humidity time series during rapidly evolving moisture events, highlighting the
sensitivity of humidity fields to GNSS ZTD assimilation during dynamically active periods.

Differences in the 10-m u-wind, in Figure 9c, display a distinct spatial structure
characterised by narrow bands of alternating positive and negative anomalies, particularly
over the North Sea and the Danish peninsula. These streak-like features, with magnitudes
reaching approximately 4+-4 m s~!, indicate that the GFZ data primarily affect small-scale
wind structures such as shear zones and convergence lines rather than the large-scale flow.
Over northern Germany, the differences are weaker but still evident, often originating near
GFZ observation sites. Although ZTD does not directly constrain wind, the humidity- and
temperature-related adjustments introduced by the additional observations can modify
mass-wind balances, which explains the fine-scale wind responses. This behaviour is
consistent with the intermittent peaks seen in the u-wind error statistics during periods of
strong winds.
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A comparable response is evident in Figure 9d for the 10-m v-wind. Dominance of
positive anomalies over both land and adjacent maritime areas indicates enhanced north-
ward (southerly) flow in GFZ-exp. As with the u-wind, linear streaks of alternating sign are
apparent, particularly over marine regions, with differences ranging from approximately
—6to +3 m s~ . These spatial patterns correspond to periods of elevated wind error and
suggest that the assimilation of GFZ ZTDs induces localised adjustments to the near-surface
pressure gradients that govern wind intensity.

5. Discussion

The assimilation of GNSS ZTDs primarily modifies the integrated water vapour field,
and these increments propagate through the boundary layer via coupled thermodynamic
and dynamical processes. Increased integrated water vapour enhances near-surface hu-
midity, which alters the surface-energy balance by increasing short-wave absorption and
latent-heat fluxes while reducing sensible-heat transfer. This produces small but coherent
temperature adjustments that depend on local land-sea contrast and surface characteristics.
Moisture increments also modify boundary-layer stability and turbulence, influencing the
vertical mixing of momentum. Through the mass-wind balance constraint in variational as-
similation, humidity- and temperature-related increments induce localised adjustments in
near-surface winds, particularly in regions with strong gradients or complex terrain. The co-
existence of positive and negative anomalies in temperature, humidity, and wind therefore
reflects the combined effects of integrated water vapour increments, boundary-layer mixing,
surface heterogeneity, and the unbiased nature of the variational assimilation system. These
mechanisms explain the spatially structured responses observed in Figures 5, 6 and 9.

The results of this study are consistent with, and extend, the existing literature on the
assimilation of GNSS ZTD data in high-resolution NWP models. Our findings demonstrate
that the inclusion of GFZ ZTD observations produces localised, still meaningful refinements
in atmospheric moisture and temperature fields, broadly reinforcing trends reported in
previous studies.

Our results can be positioned within the broader European experience with GNSS ZTD
assimilation. European regional systems consistently report that ZTDs exert their strongest
influence in the mid-to-lower troposphere, and our analysis confirms this behaviour by iden-
tifying coherent humidity and temperature refinements in the 925-500 hPa layer. The spa-
tial organisation of these increments—localised moistening around stations and elongated
correction zones aligned with moisture-transport pathways—mirrors patterns documented
in European studies and highlights the importance of network density in determining im-
pact. In our case, the enhanced GFZ coverage in the southern MetCoOp domain provides
a denser upstream constraint than in earlier Fennoscandian experiments, allowing us to
demonstrate how GNSS observations over northern Germany can meaningfully improve
humidity analyses further downstream in Fennoscandia.

Although 3D-VAR cannot retrieve wind information directly from ZTD, the fine-
scale wind adjustments we observe are dynamically consistent with the mass—wind bal-
ance effects simulated in regional models. These adjustments arise from humidity- and
temperature-related increments propagating through pressure-gradient and turbulent
processes. The stronger impacts during high-variability summer periods reinforce the
established European evidence that hourly GNSS ZTD observations provide valuable
moisture constraints for short-range forecasting and nowcasting.

Beyond these comparisons, our results align with broader European GNSS ZTD assim-
ilation studies [11,13,53], which consistently report improvements in lower-tropospheric
humidity and boundary-layer structure. In our case, the largest refinements occur in the
925-700 hPa layer and over northern Germany, where GNSS station density is highest, with
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typical reductions of 0.1-0.3 g kg ! in specific humidity and 0.1-0.3 K in temperature. These
magnitudes are comparable to those reported in previous European studies, confirming
the regional applicability of ZTD assimilation in moisture-sensitive environments.

6. Concluding Remarks

This study evaluated the impact of assimilating additional Global Navigation Satel-
lite Systems (GNSS)-derived zenith total delays (ZTDs) from the Geoscience Research
Centre (GFZ) network in northern Germany on short-range forecasts within the convection-
permitting Meteorological Cooperation on Operational Numerical Weather Prediction
(MetCoOp) and High-Resolution Limited Area Model—Applications of Research to Oper-
ations at Mesoscale (HARMONIE-AROME) system. Because moisture and temperature
advection into Fennoscandia frequently originates from the west and southwest, strength-
ening ZTD coverage in the southern part of the MetCoOp domain is of particular relevance
for improving humidity analyses. By conducting two parallel experiments—one using the
operational ZTD dataset and one augmented with GFZ observations—we quantified the
influence of enhanced ZTD density on the analysis and forecast fields.

The results demonstrate that assimilating GFZ ZTDs leads to a more refined repre-
sentation of mid-to-lower-tropospheric moisture (500-925 hPa), with clearer horizontal
gradients and improved boundary-layer structure. Although domain-averaged differences
in specific humidity (~1.3 g kg~ ') and temperature (~1 K) remain modest, spatial patterns
reveal systematic improvements over land, particularly in regions where the operational
ZTD network is sparse. These findings highlight the sensitivity of high-resolution NWP
systems to additional GNSS humidity information and confirm that ZTD observations
provide valuable constraints on latent-heat-related processes. Expanding GNSS ZTD cov-
erage in the southern MetCoOp domain enhances the quality of humidity analyses and
contributes to more accurate short-range forecasts. The results support continued integra-
tion of additional GNSS networks into operational NWP and motivate further research on
optimising ZTD thinning, bias-correction, and the combined assimilation of ZTD and slant
delays in convection-permitting systems.

In addition to these general findings, the improvements observed in this study are
consistent with previous GNSS ZTD assimilation efforts, which similarly report enhanced
moisture analyses and boundary-layer structure. The largest refinements in our experiment
occur in the 925-700 hPa layer and over northern Germany, where GNSS station density is
highest. Typical reductions in specific-humidity and temperature biases are on the order
of 0.1-0.3 g kg~! and 0.1-0.3 K, respectively, demonstrating the regional applicability
of ZTD assimilation in moisture-sensitive environments. The experiment also evaluates
only the operational MetCoOp/HARMONIE-AROME configuration and focuses solely on
ZTD assimilation, meaning that potential benefits from slant total delays or multi-GNSS
combinations were not assessed. These aspects suggest several directions for future work,
including examining additional weather regimes within MetCoOp, exploring the role of
slant total delays in convection-permitting systems, and assessing how GNSS humidity
information interacts with other observation types such as radar or satellite data.
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