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Abstract. In this study, we investigate the impact of assimilating Global Navigation Satellite System (GNSS) Zenith Total
Delays (ZTDs) and tropospheric gradients (TGs) on the simulation of Super Typhoon Koinu (2023) using the Weather
Research and Forecasting (WRF) model. Four data assimilation experimentsare conducted: a controlexperiment assim ilating
conventionalobservations only, experiments separately assimilating ZTDs and tropospheric gradients on top of conventional
observations, and a combined experiment assimilating both ZTDs and tropospheric gradients on top of the conventional
observations. A two-month assimilation experiment using observationsfrom approximately 250 GNSS stations demonstrates
the overall benefit of GNSS data, with reductions in root-mean-square error (RMSE) of up to 60 % in ZTD when both ZTDs
and tropospheric gradients are assimilated. Assimilation of tropospheric gradients alone also reduces the ZTD RMSE,
demonstrating that gradients provide independent and complementary information beyond the vertically integrated moisture
constraintof ZTDs. The impact of Typhoon Koinu is then examined asit approaches Taiwan between 3 and 6 October 2023.
Continuousassimilation of GNSS observationsimprovesthe representation of the atmospheric moisture field surrounding the
cyclone, leading to changesin the spatialdistribution of integrated water vaporand the azimuthal moisture asymmetry around
the storm. These moisture adjustments produce small but systematic improvements in the environmental deep -layer steering
flow and, consequently, modest reductions in typhoon track error after landfall over Taiwan. The combined assimilation of
ZTDs and tropospheric gradients also provides the most accurate simulation of cyclone intensity. The results demonstrate that
tropospheric gradients complement ZTDs by improving the representation of horizontal moisture variability, thereby
enhancing the simulation of the tropical cyclone environment. This study highlights the potential of assimilating multiple

GNSS tropospheric products to improve tropical cyclone prediction in numerical weather prediction systems.

1 Introduction

Global Navigation Satellite Systems (GNSS) are essential in modern society, supporting positioning, navigation, and timing
applications for various civilian and commercial activities. Beyond these well-established applications, GNSS observations

have become increasingly importantin geosciences, providing valuable information on atmospheric, surface,and geophysical
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processes. GNSS-based techniques enable the monitoring of atmospheric water vapor, land surface properties, and crustal
deformation with high accuracy and continuity, offeringunique insights into Earth system dynamics (Wickert et al., 2020).
GNSS meteorology uses the time delay of radio signals traveling from the satellite to the receiver station to monitor
atmospheric water vapor. Zenith Total Delay (ZTD) is a key measurement in GNSS meteorology (Bevis et al., 1992), closely
linked to the Integrated Water Vapor (IWV) above the station. Over Europe, GNSS-derived ZTD observations are available
in near real time (NRT) from several station networks, such as the European Meteorological Network Global Navigation
Satellite Systems Water Vapor Program (EGVAP). Assimilation studies have demonstrated that ZTD observations improve
forecast skill (Vedel and Huang, 2004). Consequently, GNSS ZTD observations are assimilated operationally at several
European weather services (Poli et al., 2007; Yan et al., 2009; Boniface et al., 2009; Bennitt & Jupp, 2012; Lindskog et al.,
2017; Rohm et al.,, 2019; Giannaros et al., 2020; Caldas-Alvarez and Khodayar, 2020). More recent studies further
demonstrated the benefits of GNSS-derived atmospheric observations. Lagasio et al. (2019), Singh et al. (2019), Mascitelli et
al. (2019, 2021), Yang et al. (2020), and Risanto et al. (2021) reported improvements in humidity, wind, temperature, and
water vaporforecasts, with enhanced heavyrainfall prediction achieved through the combined assimilation of GNSS ZTD and
radarobservations (Yanget al., 2020).

When considering GNSS data products, moisture information via ZTDs is currently operational; however, it provides limited
atmospheric information. For a new observation type to be valuable in data assimilation, it must contribute information that is
not already contained in existing observing systems. Bennitt and Jupp (2012) and Mahfouf et al. (2015) pointed out that the
limitations of ZTD stem from its inability to offerinsights into the changesor gradients in moisture. This information is hidden
in two othertypes of observations: Tropospheric Gradients (TGs) and Slant Total Delays (STDs). Tropospheric gradients (Bar-
Sever et al., 1998) describe directional variations in atmospheric delay and therefore provide information on the horizontal
variability of atmospheric moisture in the lower troposphere. Estimated TGs have been shown to correspond closely to
atmospheric moisture patterns observed by water vapor radiometers. Several studies have assessed the ability of TGs to
represent horizontal moisture variability. For example, Iwabuchi et al. (2003) found a strong correlation between these TGs
and moisture field gradients: typically, TGs point from dry to moist regions. DousSa et al. (2016) analyzed data from hundreds
of stationsin central Europe and confirmed that TGs reflect real tropospheric features. Ka¢matiik etal. (2019) emphasized the
sensitivity of TGs to processing models, noting thatthe accuracy of real-time productsdependson high-quality GNSS orbits
and clocks. Walpersdorf et al. (2001) validated TGs using the ALADIN model, while Brenot et al. (2013) demonstrated their
ability to capture moisture variations associated with deep convection. Li et al. (2015) reported that improved satellite
observation geometry enhances TG estimation, and Morel et al. (2015) confirmed the consistency of TG estimates obtained
using different processing software.

While ZTD has been widely assimilated into operational NWP models, the use of TGs has remained largely confined to
diagnostic and validation studies until recently. One of the main challenges is the development of observation operators (Zus
etal, 2019). Recently, Zus et al. (2023) developed an efficient operatorfor TGs, and Thundathilet al. (2024) implemented it

in the Weather Research and Forecasting (WRF) model data assimilation system. Recentassimilation experiments combining
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ZTDs and TGs have demonstrated improvements in the representation of atmospheric moisture fields (Thundathiletal., 2024).
In a recent sensitivity study, it was found thatassimilating TGs in additionto ZTDs from a sparse (1-degree) station network
yields an improvementequivalentto that from assimilating only ZTDs from a dense (0.5-degree) station network (Thundathil
et al., 2025). These findings suggest that TGs can partially compensate for sparse observational coverage by providing
additionalinformation on horizontal moisture variability.

Although previous studies have demonstrated the potential benefits of assimilating tropospheric gradients, their impact has
primarily been evaluated in midlatitude environments. The effectiveness of TG assimilation in tropical regions characterized
by high atmospheric moisture contentand strong mesoscale variability hasreceived little attention. In particular, it is not yet
clear whether the additionalhorizontal moisture information provided by TGs can improve the representation of the moisture
field surrounding tropical cyclones, thereby influencing storm prediction.

These developments motivate the use of GNSS-derived tropospheric gradients in high-impact weather forecasting. Tropical
cyclones (referred to as typhoonsin the western North Pacific) are particularly sensitive to the surrounding atmospheric
moisture distribution and environmental circulation. The spatial structure of atmospheric moisture influences convective
organization, diabatic heating, and the surrounding large-scale flow that governs storm motion. Because tropospheric gradients
contain information on horizontal moisture variability, they may help improve the representation of asymmetric moisture
structures that play an importantrole in tropical cyclone evolution and motion.

In this study, we investigate the impact of assimilating GNSS ZTDs and TGs on the simulation of Super Typhoon Koinu
(2023) using the WRF model. The objectives of this study are threefold. First, we assess the impact of assimilating GNSS
tropospheric gradients in the moisture-rich western North Pacific. Second, we investigate how GNSS observations modify the
spatial distribution and asymmetry of atmospheric moisture surrounding Typhoon Koinu. Third, we examine whether these
moisture changes affect the environmentalsteering flow and, consequently, the simulated storm track.

To complement the detailed typhoon case study, a two-month assimilation experiment using observations from approximately
250 GNSS stationswas conducted. This statisticalevaluation enables the robustness of the assimilation impact to be assessed
under a wide range of meteorological conditions. To our knowledge, this is one of the first studies to investigate the impact of
assimilating GNSS tropospheric gradients on the simulation and prediction of a tropical cyclone in the western North Pacific.
The study therefore provides both a statistical assessment of the observational impact and a process-oriented analysis of the
mechanismsthrough which GNSS observations influence tropical cyclone prediction.

The paperis structured asfollows:

Section 2 outlines the retrieval methods for GNSS ZTDs and tropospheric gradients used in this study. Section 3 details the
model setup, including data and experimental design, and Section 4 examines the influence of GNSS observations on
atmospheric moisture, environmentalsteering flow, and typhoon track prediction. Section 5 summarizes the key findings and

discusses their implications for future numerical weather prediction applications.
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2. GNSS Zenith Total Delays and Tropospheric Gradients

As GNSS signals propagate through the neutral atmosphere, they experience a propagation delay that depends on the
atmospheric refractive index. In GNSS data analysis, this delay is parameterized using mapping functions togetherwith zenith
delay and horizontal gradient components. The total tropospheric delay, T, at a receiver is expressed as a function of the
satellite elevationangle e and azimuthangle a:

T(e,a) =my(e).Z, +m,(e).Z, + m,(e)[cos(a) .NG + sin(a) . EG] 1)
where Z, and Z,, denote the zenith hydrostatic delay (ZHD) and zenith wet delay (ZWD), respectively, while NG and EG are
the north and east tropospheric gradient components. The hydrostatic, wet, and gradient mapping functionsare represented by
mpy,, m,,, and mg, respectively. The ZTD is the sum of the hydrostatic and wet components,

ZTD = Z, + Z,,. @)
The WRF Data Assimilation (WRFDA) system already includes a forward operatortogether with its tangent-linearand adjoint

counterparts forZTD assimilation. The simulated ZTD is obtained by vertically integrating the atmospheric refractivity,
ZTD = 10‘6"] Ndz (3)

where the refractivity N is a function of pressure, temperature,and humidity (Thayer, 1974), with z denoting the height above
the receiver station. During GNSS processing, ZTD together with the north (NG) and east (EG) tropospheric gradient
componentsare estimated simultaneously with the geodetic parametersusing a least-squaresadjustment (Gendtet al., 2004).
Because these quantities depend on the atmospheric state above and around the station, they are treated as atmospheric
observationsin the data assimilation system. The three quantities, depending on the state of the atmosphere in the vicinity of
the station, are considered observations. The forward operator for tropospheric gradients follows the efficient formulation
proposed by Zus et al. (2023). At each station location, the north and east gradient components are computed from the

horizontalgradients of atmospheric refractivity using a closed-form expression derived from Davis et al. (1993):

NG = 10_(’szde @)

EG = 10‘6szXdz ®)

Here, x, y, and z represent the Cartesian coordinates and partial derivatives are denoted by the corresponding subscripts. As
for ZTD, the gradient componentsare evaluated by numericalintegration through the atmospheric column.

The tropospheric gradient operatordeveloped by Zus et al. (2023) was implemented in WRFDA version 4.4.1 by Thundatbhil
etal. (2024). Initialdata assimilation experiments over Germany demonstrated that assimilating tropospheric gradients toget her
with ZTD observationsimproves the representation of atmospheric moisture fields. For diagnostic purposes, the open -source
ray-tracing software developed by Zus et al. (2025) was used to compute simulated ZTDs and tropospheric gradients directly

from WRF output, enabling a consistent comparison between model-simulated and observed GNSS products.
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Unlike ZTD, which represents the vertically integrated atmospheric delay, tropospheric gradients are sensitive to the horizon tal
variability of atmospheric refractivity. Consequently, ZTD and tropospheric gradients provide complementary information on

the atmospheric moisture field, making their combined assimilation potentially beneficial for numerical weather prediction.

3. Model setup
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Figure 1 (a) WRF model domain used in this study. Terrain height (m) is shown by the shaded colors, and black dots indicate the
locations of the approximately 250 ground-based GNSS stations assimilated during the experiments. (b) Zoomed view of Taiwan at
1200 UTC on 4 October 2023, showing the IWV (mm) derived from GNSS observations. Black arrows represent the estimated
tropospheric gradient vectors.

In this study, the Weather Research and Forecasting (WRF) model version 4.4.1 was employed with the Advanced Research
WRF (ARW) dynamicalcore (Skamarock etal.,2008). WRF is a widely used mesoscale numericalweather prediction system
for both research and operational forecastingworldwide (Powers et al., 2017).

The WRF model was configured over a single regional domain comprising 400 x 400 horizontalgrid points with a horizontal
grid spacing of 0.05° (approximately 5.6 km), resulting in a domain size of approximately 2220 x 2220 km2, The domain was
centered at26° N and 124° E and covers the western North Pacific, including Taiwan, the Ryukyu Islands, and southeastem

China (Fig. 1a). This setup represents a tropical-to-subtropical environment strongly influenced by monsoon circulation and
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tropical cyclone activity. A horizontalgrid spacing of approximately 5.6 km was selected to balance computational efficiency
with the long simulation period required for the two-month assimilation experiment. This configuration enabled multiple
assimilation experiments to be performed while maintaining sufficient resolution to represent the large-scale moisture
distribution and tropicalcyclone environment. Future work will investigate the impact of GNSS observations using convection -
permitting simulations. A Cylindrical Equidistant (latitude—longitude) map projection was used for the domain configuration.
The model was configured with 50 vertical levels extending from the surface to the model top atapproximately 50 hPa, using
a hybrid terrain-following vertical coordinate with fine resolution in the lower tropospheric levels nearthe surface. The model
time step was set to 20 s, with radiation called every 5 minutes. The simulation started on 1 September 2023 at00 UTC. Initial
and lateral boundary conditions were obtained from the ECMWF operational analysis with a horizontal resolution of
approximately 9 km and updated every 6 h. Figure 1a shows the modeldomain togetherwith the distribution of GNSS stations
used in the assimilation experiments. The inset (Fig. 1b) highlights the dense GNSS network over Taiwan, where IWV and
tropospheric gradients are available during the landfall of Typhoon Koinu.

The physicalparameterizations used in the WRF simulationsare summarized in Table 1. They include the Thompson aerosol -
aware microphysics scheme, RRTMG longwave radiation, Dudhia shortwave radiation, the YSU planetary boundary layer
scheme, the revised MM5 Monin—Obukhov surface layer scheme, the Noah land surface model, and the Grell-Freitas scale-
aware cumulus parameterization. The selected physics options have been widely used for tropical cyclone simulations in the
WRF model and provide a suitable representation of cloud microphysics, boundary-layer processes, land—atmosphere
interactions, and convection. Because the horizontal grid spacing (5.6 km) lies within the gray zone of convection, the scale-

aware Grell-Freitas cumulus parameterization wasemployed to represent unresolved convective processes.

Table 1 Physical parameterization schemes used in the WRF model configuration.

| Model component I Parameterization scheme |
|Microphysics ||Thompson aerosol-aware double-moment scheme (Thompson etal., 2008) |
|Longwave radiation |Rapid Radiative Transfer Model for GCMs (RRTMG; lacono etal., 2008) |
[Shortwave radiation |[Dudhia scheme (Dudhia, 1989) |
|Planetary boundary layer ||Yonsei University (YSU) scheme (Honget al., 2006) |
|Surface layer |Revised MM5 Monin—Obukhov scheme (Jiménez et al., 2012) |
[Land surface |Noah Land Surface Model (Noah LSM; Chen and Dudhia, 2001) |
|Cumulus parameterization ||GreII—Freitas scale-aware ensemble scheme (Grell and Freitas, 2014) |

3.1 Data

For the assimilation experiments, GNSS tropospheric products from approximately 250 stations were obtained from the
Nevada Geodetic Laboratory (http://geodesy.unr.edu/). The spatial distribution of the stations is shown in Fig. 1a. To account

forsystematic differences between the modeland the observations, station-specific bias corrections were applied to both GNSS




165

170

175

180

https://doi.org/10.5194/egusphere-2026-4285
Preprint. Discussion started: 19 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

ZTD and tropospheric gradients following the methodology of Thundathil et al. (2024). The bias corrections were derived
from two monthsof control simulations and subsequently applied throughout the assimilation experiments.

The observation error assigned to GNSS ZTD observationsin operationalnumericalweather prediction typically ranges from
5to 15 mm. Ina previous study over central Europe, Thundathilet al. (2025) adopted observation errors of 8 mm forZTD and
0.65 mm for tropospheric gradients. Because of the larger spatial and temporal variability of atmospheric moisture over the
tropicaland subtropical western North Pacific, a larger observation error wasadopted for ZTD in this study. Observation errors
for the north and east tropospheric gradient components were estimated from the standard deviation of the observation -minus-
background (O-B) statistics obtained from the control experiment. Since the O-B statistics include contributions from both
observation and background errors, a conservative observation error of 1 mm was applied to both gradient components to
avoid over-constraining the analysis.

To supplement the GNSS observations, a complete set of conventionalobservationswas included throughout the two-month
study period, asdetailed in Table2. A spatialmap of the observationsis shown in Fig. 2.

Table 2 Conventional and GNSS observations assimilated every 3 hours.

| Observation type ||Average number per assimilationcycle|
[synopP I 393
IMETAR I 82|
[Ship || 47|
|Buoy || 41|
|TEMP (radiosondes)” 16|
[AMDAR | 700]
[TAMDAR I 2,150
|GNSS stations || ~250|

Conventional observations primarily constrained the atmospheric temperature, wind, and pressure fields, whereas GNSS
observations provided complementary information on atmospheric moisture distribution via ZTD and tropospheric gradient
measurements. Each GNSS station contributes one ZTD observation and two tropospheric gradient components (north and
east) at every assimilation cycle. All conventionaland GNSS observations were assimilated sequentially using a three -hour
cycling interval throughout the two-month experiment. The three-hour assimilation interval was chosen to match the temporal
availability of conventional observations while allowing high-frequency GNSS observations to constrain the evolving

atmospheric moisture field continuously.
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3.2 DA Framework

Data assimilation was performed using the deterministic three-dimensional variational (3DVAR) data assimilation system
implemented in WRFDA version 4.4.1. The analysisis obtained by minimizing a cost function that balancesthe background

state with the available observations, weighted by their respective error statistics. The 3DVAR cost function equation is given

by
1 1
J&) = > O —x,) "B (x — x,) + > (y —H@)"R ' (y — H(x)) (6)

Here, x denotes the analysis state vector, x, the background (first guess), and y the observation vector. The observation
operator H mapsthe model variables into observation space. The matrices B and R represent the background and observation
error covariance matrices, respectively. Following the standard 3DVAR formulation, observation errors are assumed to be
uncorrelated, and R is therefore specified as a diagonal matrix. A climatological background error covariance matrix was
estimated using the National Meteorological Center (NMC) method (Parrish and Derber, 1992), in which forecast error
statistics are approximated from differences between 24-h and 12-h forecasts. The statistics were derived from forecasts during
September 2023 and subsequently used throughout theassimilation experiments. The CV5 control-variable option wasadopted
because it provides independent control of moisture increments and minimizes cross-correlations between moisture and the
remaining control variables. The corresponding control variables include stream function, unbalanced velocity potential,

unbalanced temperature, pseudo-relative humidity, and unbalanced surface pressure.

ZTD data Gradient data
Conventional WRFDA namelist
Observations Switch
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Figure 3 Schematic illustration of the WRF 3DVAR rapid-update-cycle data assimilation framework used in this study. The
simulations are initialized from the ECMWF operational analysis and employ a 3-hour assimilation cycle throughout the two-month
experiment. Conventional observations are assimilated in all experiments, while GNSS ZTDs and tropospheric gradients are
assimilated according to the WRFDA namelist option use_gpsgraobs. Setting use_gpsgraobs = 0 enables assimilation of ZTD
observations only, whereas use_gpsgraobs = 1 activates the simultaneous assimilation of both ZTDs and tropospheric gradients.
Four experiments are performed: CTRL (conventional observations only), ZTD (CTRL + ZTD), GRA (CTRL + TG), and ZTDGRA
(CTRL+ ZTD + TG).
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Four assimilation experiments were performed (Fig. 3). The CTRL experiment assimilated only conventional observations.
The ZTD experimentadditionally assimilated GNSS ZTDs, whereasthe GRA experiment assimilated only GNSS tropospheric
gradients, along with conventional observations. The ZTDGRA experiment assimilated both GNSS ZTD and tropospheric
gradients simultaneously. Assimilation of tropospheric gradients was enabled through the newly implemented WRFDA
namelist option use_gpsgraobs. Setting “use_gpsgraobs = 0” activates the standard ZTD-only configuration, whereas
“use_gpsgraobs= 1" enablesthe assimilation of both ZTD and tropospheric gradients. Figure 3 illustrates our data assimilation

approach.

The assimilation framework presented here extends the operational capabilities of WRFDA by incorporating GNSS
tropospheric gradients alongside ZTDs. The complementary nature of these two observation types allows both the vertically
integrated atmospheric moisture and its horizontal variability to be constrained within a consistent variational framework. The
two-month cycling experiment and the Typhoon Koinu case study presented in the following sections provide a comprehensive
evaluation of the information content of tropospheric gradients and their potential to improve numerical weather prediction in

a moisture-rich tropical environment.

4 Results
4.1 Typhoon case overviewand GNSS observation coverage

Super Typhoon Koinu developed over the western North Pacific in late September 2023 and intensified while moving
westward toward the northern Philippines and the Luzon Strait. The storm subsequently turned northwestward and approached
the southern coast of Taiwan in early October, reaching super-typhoon intensity before making landfall near the Hengchun
Peninsula. After interacting with the complex terrain of southern Taiwan, the cyclone weakened as it continued westward
toward the southeastern coast of China. The evolution of Koinu during this period provides an ideal opportunity to evaluate
the impact of ground-based GNSS observations on tropical cyclone prediction, particularly during landfall when the storm
moved within the coverage of a dense GNSS network.

The study region is characterized by complex terrain, with mountain ranges exceeding 2000 m over Taiwan and elevated
terrain extending across parts of southeastern China. These topographic features strongly influence atmospheric circulation
and moisture transport duringtyphoon events. Figure 1a showsthe modeldomain, terrain elevation,and the spatialdist ribution
of the GNSS stations used in this study. The network is particularly dense over Taiwan and the Ryukyu Islands, providing
excellent observational coverage along the typhoon track.

The dense GNSS network provides high-frequency atmospheric observations that capture the rapid moisture changes
associated with the approaching typhoon. The highest station density occurs over Taiwan, where the network is sufficiently
dense to resolve mesoscale moisture gradients associated with the storm's outer rainbands and low-level inflow. In contrast,

observationalcoverage over the open ocean is relatively sparse, asexpected for ground-based GNSS observations. As Koinu

10
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approached Taiwan, however, the storm entered a region with substantially improved observational coverage, allowing the
evolving moisture field to be sampled in much greater detail.

The spatial relationship between the GNSS network and the storm track is centralto this study. During landfall, the circulation
of Koinu passed directly overthe densely instrumented region of Taiwan, enablingthe assimilation of a large number of GNSS
ZTDs and tropospheric gradients. Together, these observations constrain both the vertically integrated atmospheric water vapor
content and its horizontal variability, providing a more complete description of the moisture environment surrounding the
storm. This unique observational configuration offers an excellent opportunity to evaluate the contribution of GNSS -derived
atmospheric observations to predicting tropical cyclone structure and track. Before examining the Typhoon Koinu case in
detail, the overall impact of GNSS data assimilation is first evaluated using the two-month assimilation experiment.

4.2 Impact of GNSS assimilation: two-month statistics

2023-10-04_12:00:00 UTC
—_— £ 100 o
ZTD | ZTDGRA | GRA
26°N x 80
> 21D ZTD
S 58% 60%
S 60
24°N B
=4 NG EG NG
t 0 29% 28% ___ 29% 2%3
22°N = NG EG 41D ’
c o 16% 16%
20°N ‘ ‘
118°E 120°E 122°E 124°E 126°E 0

Figure 4 (a) Simulated maximum radar reflectivity (dBZ) at 12:00 UTC on 4 October 2023, illustrating the convective structure of
Super Typhoon Koinu as it approached Taiwan. (b) Percentage reduction in root-mean-square error (RMSE) relative to the CTRL
experiment from the two-month assimilation experiment (1 September—31 October 2023) using observations from approximately
250 GNSS stations. The bars show the RMSE reduction for ZTDs, north gradient (NG), and east gradient (EG) observations for the
ZTD, ZTDGRA, and GRA experiments. The combined assimilation of ZTDs and tropospheric gradients (ZTDGRA) provides the
largest overall improvement, demonstrating the complementary information content of the tropospheric gradients.

The simulated radar reflectivity field at 1200 UTC on 4 October 2023 (Fig. 4a) illustrates the convective structure of Super
Typhoon Koinu asit approached Taiwan. The modelreproducesa compact eyewall with reflectivity values exceeding 40 dBZ,
surrounded by well-organized spiral rainbandsextending toward the north and northwest of the storm center. These features
indicate that the model captures the principal dynamical and thermodynamical characteristics of the storm prior to landfall.
The simulation was initialized one month before the typhoon eventas part of the continuous cyclingexperiment, demonstrating
thatthe assimilation framework maintained a realistic large-scale atmospheric state throughout the study period.

The overall performance of the GNSS assimilation experiments is evaluated using two monthsof assimilation statistics from
approximately 250 GNSS stations (Fig. 4b). The results are presented as percentage reductions in root-mean-square error
(RMSE) relative to the CTRL experiment. Assimilating GNSS ZTD observationsreduces the ZTD RMSE by approximately

11
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58%, while also decreasing the RMSE of the north and east tropospheric gradients by about 16%. When both ZTD and
tropospheric gradientsare assimilated simultaneously (ZTDGRA), the ZTD RMSE reduction increases to approximately 60%,
accompanied by reductions of about 29% and 28% for the north and east gradients, respectively. In contrast, the GRA
experiment reduces the ZTD RMSE by approximately 17% and produces substantial reductions of about 29% and 26% for the
north and east gradient components.

An important finding is that assimilating tropospheric gradients alone improves ZTD statistics, demonstrating that gradients
contain independent atmospheric information rather than merely duplicating that in ZTD observations. The additional
improvementachieved in the combined ZTDGRA experiment therefore reflects the complementary nature of the two GNSS
observation types.

Overall, the two-month statistical evaluation demonstrates that GNSS observations consistently improve the atmospheric
analysis. While ZTD observations primarily constrain the vertically integrated atmospheric moisture, tropospheric gradients
provide complementary information on its horizontal variability. Their combined assimilation produces the largest
improvementacrossall evaluated quantities, highlighting the benefit of jointly assimilating both observation types.

The consistency of these improvements over the two months indicates that the positive impact of tropospheric gradient
assimilation is not limited to a single weather event but is robust across a range of meteorological conditions encountered
during the study period. This provides a strong basis for examining the influence of GNSS observationsduring the evolution

of Super Typhoon Koinu, which is analyzed in the following sections.

4.3 Impact of GNSS assimilation on atmospheric moisture analysis

To investigate how GNSS observations modify the moisture environment surrounding Typhoon Koinu, differences in IWV
between the assimilation experiments and the control simulation were analyzed. Because IWV represents the vertically
integrated atmospheric moisture content, it provides an effective measure of how GNSS observations modify the storm’s large -

scale moisture distribution.
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Figure 5 Differences in integrated water vapor (IWV; kg m2) at 12:00 UTC on 4 October 2023 resulting from the assimilation of
GNSS observations during the approach of Super Typhoon Koinu to Taiwan. Panels show (a) ZTD — CTRL, (b) ZTDGRA — CTRL,
(c) GRA — CTRL, and (d) ZTDGRA - ZTD. Warm colors (red) indicate reduced water vapor relative to the reference experiment,
while cool colors (blue) indicate increased water vapor. The black dot denotes the best-track position of the typhoon center. The
ZTD and ZTDGRA experiments produce pronounced moisture adjustments surrounding the cyclone, whereas the ZTDGRA — ZTD
difference isolates the additional impact of assimilating tropospheric gradients, highlighting their contribution to refining the
horizontal moisture distribution around the storm.
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Figure 5 shows that assimilating GNSS observations systematically modifies the moisture distribution surrounding the
typhoon. In the ZTD experiment (Fig. 5a), localized moistening is evident within the southeastern quadrant of the cyclone,
where positive IWV anomaliesof approximately 8—10 kg m™ coincide with the primary low-level inflow and outer rainband
region. At the sametime,a broad region of reduced moisture develops north of the storm along the strong subtropical moisture
gradient extending across approximately 32—35°N. These changes suggest that assimilating ZTD observations primarily

adjuststhe magnitude of the column-integrated moisture field while preserving the overall structure of the cyclone.

The combined ZTDGRA experiment (Fig. 5b) exhibits a similar large-scale pattern but with more coherent and spatially
organized moisture adjustments. The moist anomalies within the southeastern inflow region become more concentrated and
better aligned with the spiral rainbandsidentified in the simulated radarreflectivity (Fig. 4a). In contrast,the drying north of
the cyclone becomes more sharply defined. These results indicate that assimilating tropospheric gradients improves the spatial

organization of the moisture field by providing additionalinformation on its horizontal variability.

Assimilating tropospheric gradients alone (Fig. 5c) produces smaller changes in the total column moisture than the ZTD
experiment, consistent with the fact that gradients do not directly constrain the IWV content. Nevertheless, the GRA
experiment modifies the spatial distribution of moisture, particularly around the storm periphery, demonstrating that
tropospheric gradients primarily influence the horizontal organization of the atmospheric moisture field ratherthan its overall

magnitude.

The direct contribution of tropospheric gradients is illustrated by the difference between the ZTDGRA and ZTD experiments
(Fig. 5d). Although the magnitude of the IWV differencesis modest, the additional moistening and drying occur in a distinctly
asymmetric pattern around the cyclone, particularly within the southeastern inflow sector and along the outer rainbands.
Additional drying north and northwest of the storm further indicates that tropospheric gradients refine the representation of

horizontal moisture contraststhatare not fully constrained by ZTD observationsalone.

Overall, the GNSS assimilation experiments demonstrate that ZTD and tropospheric gradients play complementary roles in
the moisture analysis. While ZTD observations primarily adjust the totalatmospheric moisture content, tropospheric gradients
refine its horizontal distribution, resulting in a more physically consistent representation of the moisture field surrounding the
cyclone. Because the surrounding moisture environment strongly influences tropical cyclone intensity and motion, these
changes provide a physical basis for the subsequent analyses of moisture asymmetry, environmentalsteering flow, and track

evolution.
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4.4 Contribution of tropospheric gradients to moisture asymmetry representation

156
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Figure 6 (a) Schematic illustrating the methodology used to quantify the azimuthal distribution of IWV around Typhoon Koinu.
IWV values are sampled within an annular region extending from 200 to 500 km from the best-track storm center and averaged
within successive azimuthal sectors measured clockwise from east. This approach isolates the environmental moisture distribution
while minimizing the influence of the typhoon inner core. (b) Azimuthal distribution of IWV anomalies (kg m2) at 12:00 UTC on 4
October 2023 for the CTRL, ZTD, GRA, and ZTDGRA experiments. Assimilating GNSS observations modifies the directional
distribution of atmospheric moisture surrounding the cyclone, while the inclusion of tropospheric gradients produces addition al
changes in the horizontal moisture asymmetry relative to the ZTD-only experiment.

The IWV difference fields shown in Fig. 5 indicate that GNSS assimilation modifies the spatial distribution of atmospheric
moisture surrounding Typhoon Koinu. To further quantify these changes, the azimuthal distribution of IWV anomalies was
analyzed within a radial annulus extending from 200 to 500 km from the storm center (Fig. 6a). This annulus samples the
moisture environment outside the inner core while excluding the nearly axisymmetric eyewall region. For each experiment,
IWV was averaged within successive azimuthal sectors, and the azimuthal mean was removed to isolate the asymmetric

component of the moisture distribution.

Figure 6b shows a pronounced azimuthal moisture asymmetry in all experiments. Positive IWV anomalies dominate the
northern part of the storm environment, reaching approximately 10-12 kg m™, whereas negative anomalies occur
predominantly from the southwest through the southeast, with the strongest drying near the southern sector. The similarity of
this broad patternamongthe experiments indicates thatthe large-scale moisture asymmetry isalready represented in the CTRL
simulation. However, assimilation of the different GNSS products modifies both the magnitude and azimuthal structure of

these anomalies.
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The ZTD experiment produces noticeable changes relative to CTRL. In the eastern and northeastern sectors, the negative
anomalies are reduced, while the positive anomaly around the northern sector is slightly enhanced. Farther west, ZTD
maintains relatively strong positive anomalies between the northwest and west sectors. The largest difference occurs toward
the south, where the ZTD experiment produces the strongest negative IWV anomaly among the four simulations, reaching
approximately —10 kg m™. These changes are consistent with the strong constraint imposed by ZTD observations on the

vertically integrated atmospheric moisture content.

The influence of tropospheric gradients is evident when the GRA and ZTDGRA experiments are compared with CTRL and
ZTD. Assimilating gradients alone modifies the azimuthalmoisture distribution without strongly changing its overall north—
south structure. In particular, GRA reduces the positive anomalies over parts of the northwest and western sectors relative to
CTRL and ZTD and modifies the magnitude of the southern moisture deficit. This behavior is consistent with the nature of
tropospheric gradients, which provide information on directional changes in atmospheric delay and therefore constrain

horizontal moisture variability ratherthan only the totalcolumn moisture amount.

The combined ZTDGRA experiment produces the most distinct redistribution in several sectors. The positive anomaly in the
northern sector is enhanced to approximately 11-12 kg m™, while the positive anomalies from northwest to west are
substantially reduced compared with CTRL and ZTD. In the southern sector, the negative anomaly remains pronounced but is
weaker than in the ZTD-only experiment. Consequently, adding tropospheric gradients to ZTD does not simply amplify the
moisture changes introduced by ZTD assimilation. Instead, it redistributes the moisture anomalies azimuthally, modifying

their magnitude differently depending on direction around the cyclone.

These results complement the spatial IWV difference fields shown in Fig. 5. Together, the two diagnostics indicate thatZTD
observations strongly constrain the column-integrated moisture field, whereas tropospheric gradients provide additional
information on its horizontal organization. The differences between ZTD and ZTDGRA are particularly important in this
context: the addition of gradients modifies both positive and negative anomalies around the cyclone rather than uniformly
increasing their magnitude. This demonstrates the complementary role of tropospheric gradients in representing the

asymmetric moisture environment surrounding Typhoon Koinu.

Such changes in moisture asymmetry may affect the distribution of convection and diabatic heating around the cyclone and,
through their interaction with the storm circulation, contribute to changes in the surrounding environmental flow. The
following section therefore examineswhether the moisture adjustmentsassociated with GNSS assimilation are accompanied

by changesin the environmentalsteering flow.

16



390

395

400

405

https://doi.org/10.5194/egusphere-2026-4285
Preprint. Discussion started: 19 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

4.5 Impact on environmental steering flow

To investigate whether moisture adjustments resulting from GNSS observations influence the large-scale circulation
surrounding Typhoon Koinu, the environmentalsteering flow was evaluated throughout the storm evolution. The steering flow
was defined as the deep-layer mean horizontal wind averaged between 850 and 500 hPa within a radial annulus extending
from 300 to 700 km around the best-track storm center (Section 3). This layer is commonly used in tropical cyclone studies
because it represents the vertically averaged environmental circulation that governs the motion of mature tropical cyclones
while minimizing the influence of boundary-layerfriction and upper-level outflow (Chanand Gray, 1982; Wu and Emanuel,
1995). Likewise, the 300-700 km annulus characterizes the surrounding environmental flow while reducing contamination
from the intense inner-core circulation (Carr and Elsberry, 1995). Wind components from the WRF simulations were first
interpolated to standard pressure levels and then spatially averaged within the selected annulus. The same procedure was
applied to the ERA5 reanalysis, which serves asthe reference for evaluatingthe simulated steering flow. The resulting deep -

layer mean wind provides a widely accepted proxy forthe environmental steering current controlling tropical cyclone motion.
5.0

ZTDGRA

4.0

3.0

Steering-flow speed (m s™)
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Figure 7 Temporal evolution of the environmental steering flow during the passage of Super Typhoon Koinu from 3 October 2023
00:00 UTC to 6 October 2023 00:00 UTC. The steering flow is defined as the deep-layer mean wind averaged between 850 and 500
hPa within a radial annulus extending from 300 to 700 km around the best-track storm center. (a) Steering-flow wind speed (m s
derived from ERA5and from the CTRL, ZTD, GRA, and ZTDGRA experiments. (b) Steering-flow vector error (m s!) relative to
ERAGS for the four WRF experiments. The assimilation of GNSS observations produces small but systematic changes in the
environmental steering flow, with the GRA experiment generally exhibiting the smallest vector errors during the latter part of the
simulation, indicating a modest improvement in the representation of the large-scale circulation governing the typhoon motion.
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The ERAS reference steering flow weakened steadily from approximately 3.7 m s on 3 October to about 1.5m s™ on 5
October as Typhoon Koinu approached and crossed southern Taiwan (Fig. 7a). Following landfall, the environmental flow
strengthened rapidly, exceeding 4 m s by 6 October. This evolution reflects the changing large-scale circulation that controls
the storm's motion before, during, and after land interaction.

All WRF experiments successfully reproduce the overall temporal evolution of the steering flow, including the gradual
weakening before landfalland the subsequent recovery. However, the simulated steering-flow magnitude is generally weaker
than ERAS throughout much of the analysis period, particularly during the weak -steering phase on 4-5 October. Despite this
systematic underestimation, the timing of both the minimum steering flow and the subsequent intensification is well captured.
Differences among the assimilation experiments are relatively small in terms of steering-flow magnitude. Nevertheless, the
GNSS assimilation experiments generally follow the ERA5 evolution more closely thanthe CTRL simulation, indicating that
the additional moisture information contributes to a more realistic representation of the environmentalcirculation surrounding
the cyclone.

The steering-flow vectorerrors relative to ERAS5 are shown in Fig. 7b. Overall, the errors remain below 1 m s throughout the
simulation, demonstratingthat the large-scale environmental circulation isreasonably represented in allexperiments. However,
systematic differences emerged after approximately 4 October 12 UTC, when Typhoon Koinu approached the dense GNSS
network over Taiwan.

During this period, all GNSS assimilation experiments generally reduce the steering-flow error relative to the CTRL
simulation. The GRA experiment exhibits the smallest vector errors during much of the landfalland post-landfall period, while
the ZTD experimentalso shows noticeable improvements. The combined ZTDGRA experiment performssimilarly to the other
GNSS experiments but does not consistently produce the lowest steering-flow error. This behaviorsuggests that tropospheric
gradients primarily improve the horizontalorganization of the environmental moisture field, leading to subtle but measurable
improvementsin the surrounding steering circulation.

Although the differences in steering-flow error are modest, they are consistent with the results presented in Sections 4.3 and
4.4, where assimilating tropospheric gradients modified the spatial and azimuthal distributions of atmospheric moisture by
providing additional constraints on horizontal moisture variability. These findings indicate that the influence of GNSS
observations on tropical cyclone motion is largely indirect: improvements in moisture analysis modify diabatic heating and
the surrounding environmental circulation, which subsequently affect the steering flow that controls storm motion.

The following section examines whether these improvements in the environmental steering flow translate into enhanced

forecastsof the typhoon track.
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4.6 Impact on typhoon track and intensity prediction
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Figure 8 Evaluation of the impact of GNSS data assimilation on the prediction of Super Typhoon Koinu (2023). (a) Simulated
typhoon tracks from the CTRL, ZTD, GRA, and ZTDGRA experiments compared with the Joint Typhoon Warning Center (JTWC)
best track, shown in white. The experiment tracks use the same colors as those identified in the legend in panel (c). (b) Temporal
evolution of the track error, defined as the great-circle distance between the simulated storm center and the JTWC best-track
position. Mean track errors over the simulation period are indicated in the inset. (c) Temporal evolution of the minimum sea-level
pressure (MSLP) for the four experiments compared with the JTWC best-track MSLP. Assimilation of GNSS observations improves
the prediction of the typhoon track, particularly after its interaction with Taiwan. The GRA experiment yields the lowest mean
track error, while the combined assimilation of ZTDs and tropospheric gradients (ZTDGRA) provides the best overall
representation of the observed MSLP evolution.

The impact of GNSS observations on the simulation of Typhoon Koinu was evaluated by comparingthe predicted storm track
and minimum sea-level pressure (MSLP) with the Joint Typhoon Warning Center (JTWC) best-track data. The typhoon center
in each WRF simulation was identified as the location of the minimum sea-level pressure within a +3° latitude—longitude
search region around the observed storm position. Track error was subsequently calculated asthe great-circle distance between

the simulated and observed storm centers at each analysistime.
Figure 8a comparesthe simulated storm tracks from the CTRL, ZTD, GRA, and ZTDGRA experiments with the JTWC best

track. All experiments successfully reproduce the overall northwestward movement of Typhoon Koinu toward southern

Taiwan and its subsequent westward motion after landfall. During the early stages of the simulation (3—4 October), differences
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amongthe experimentsare relatively small, indicating that the large-scale steering circulation is already reasonably represented

by the model and the assimilated conventional observations.

More pronounced differences emerge as the typhoon approaches and crosses Taiwan. During landfall, the cyclone passes
directly overthe region containingthe highest density of GNSS stations (Fig. 1a), where both ZTDs and tropospheric gradients
provide detailed information on the atmospheric moisture field. Following landfall, the GNSS assimilation experimentsshow
a clear correction of the simulated storm trajectory relative to the CTRL experiment, producing tracks that remain closer to the
observed best track. This improvementis particularly evident after5 October, when the CTRL experiment exhibits a greater
southward displacement, whereas the GNSS experiments more closely reproduce the observed westward motion toward

southeastern China.

The temporal evolution of the track error is shown in Fig. 8b. During the first 36 hours, all experiments maintain relatively
small errors, ranging from approximately 50 to 65 km. Around 5 October 00 UTC, the track error increases in all simulations,
coinciding with the period when the environmental steering flow reaches its minimum strength (Section 4.5). Under these
weak steering conditions, small differences in the environmental moisture distribution and associated diabatic processes can
produce noticeable changes in cyclone motion. After this period, the GNSS assimilation experiments recover more rapidly
than the CTRL simulation. The GRA experiment achieves the smallest mean track error over the analysis period (51 km),
followed by the ZTD experiment (57 km) and the combined ZTDGRA experiment (60 km), compared with 64 km for the
CTRL experiment. Although the differences are modest, they consistently indicate that assimilating GNSS observations

improves the prediction of cyclone motion.

Figure 8c comparesthe simulated minimum sea-level pressure with the observed evolution of intensity. All experiments
reproduce the gradual weakening of Typhoon Koinu following landfall, including the rapid increase in central pressure
associated with the disruption of the cyclone circulation over Taiwan. To quantify the forecast skill, the simulated MSLP was
evaluated using the Pearson correlation coefficient, mean absolute error (MAE), and root-mean-square error (RMSE). All
experiments show strong temporal agreement with the observations, with correlation coefficients ranging from 0.88 to 0.93.
The GRA experiment exhibits the highest correlation with the observed pressure evolution (r = 0.932), indicating the most
realistic representation of the temporalintensity changes. The combined ZTDGRA experiment provides the smallest absolute
pressure errors, yielding an MAE of 5.56 hPa and an RMSE of 7.06 hPa,compared with 7.83 hPa and 8.99 hPa, respectively,
for the CTRL experiment. These results indicate that assimilating both ZTDs and tropospheric gradients produces the most

accurate overallrepresentation of cyclone intensity.

The improvementsin both track and intensity are consistent with the analyses presented in the preceding sections. Assimilation

of GNSS observations modifies the horizontal moisture distribution surrounding the cyclone (Section 4.3), leading to a more
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realistic representation of the azimuthal moisture asymmetry (Section 4.4). These moisture adjustments are accompanied by
small but consistent improvements in the environmental steering flow (Section 4.5), particularly as the steering current
weakens near landfall. Together, these changes contribute to a more accurate simulation of both the cyclone trajectory and the
evolution of its intensity. Although the improvements are moderate for this individual case, they demonstrate that GNSS
tropospheric gradients provide complementary information to ZTDs, enhancing the representation of the storm environment

and ultimately improving tropical cyclone prediction.

5. Conclusion

This study investigated the impact of assimilating GNSS ZTDs and tropospheric gradients on the simulation of Super Typhoon
Koinu (2023) using the WRF 3DVAR data assimilation system. Four experiments were conducted: a control experiment
assimilating conventional observations (CTRL), experiments assimilating either ZTDs (ZTD) or tropospheric gradients
(GRA), and a combined experiment assimilating both observation types (ZTDGRA). In addition to the typhoon case study, a
two-month assimilation experiment using observations from approximately 250 GNSS stations was conducted to assess the
overall impact of these observationsacross a wide range of meteorological conditions.

The two-month statistical evaluation demonstrates that GNSS observations substantially improve the atmospheric analysis.
Assimilation of ZTD observations reduced the ZTD root-mean-square error (RMSE) by approximately 58 %, while the
combined assimilation of ZTDs and tropospheric gradients increased the improvement to about60 %. Importantly, assimilating
tropospheric gradients alone reduced the ZTD RMSE by approximately 17 %, demonstrating that gradients contain
independent atmospheric information that complements the vertically integrated moisture information provided by ZTDs.
Together with previous studies conducted over Europe (Thundathiletal., 2024, 2025), these results confirm that the additional
information contained in tropospheric gradients remains beneficialeven in the highly moist tropicalenvironment of the western
North Pacific.

During Typhoon Koinu, GNSS observations modified the moisture distribution surrounding the cyclone. While ZTD
observations primarily adjusted the totalatmospheric moisture content, tropospheric gradients improved the representation of
the horizontal moisture structure, leading to distinct modifications of the azimuthal moisture asymmetry around the storm.
Because these asymmetries influence convective organization and diabatic heating, the improved moisture analysisalso led to
small but consistentimprovementsin the environmentalsteering flow and, consequently, in the simulated typhoon track. The
most noticeable improvements occurred after landfall over Taiwan, where the dense GNSS network provided enhanced
observationalcoverage of the cyclone environment. The combined ZTDGRA experiment also produced the lowest sea-level
pressure errors, indicating thatassimilating both observation types improves not only the surrounding moisture field but also
the representation of cyclone intensity.

Although the improvements in steering flow and track prediction are moderate, they are physically consistent with the

improved representation of atmospheric moisture demonstrated throughout the analysis. Rather than acting directly on the
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wind field, GNSS observations influence the thermodynamic structure of the storm environment, which in turn affects the
environmentalcirculation that governs cyclone motion. This provides a physically coherent pathway linking GNSS moisture
observationsto improvementsin tropical cyclone prediction.

The present study is limited to a single tropical cyclone; additional case studies are required to establish the robustness and
statistical significance of the results across different storm characteristics and environmental conditions. Future work shou Id
also investigate convection-permitting simulations, where the higher spatial resolution is expected to exploit better the fine-
scale horizontal moisture information provided by tropospheric gradients. Extending the assimilation of GNSS tropospheric
products to next-generation modeling systems, such as the Model for Prediction Across Scales (MPAS), will further enable
evaluation of their impact on regional and global weather prediction.

Overall, this study demonstrates that GNSS tropospheric gradients provide complem entary atmospheric information beyond
conventionalzenith totaldelay observations. Their assimilation improves the representation of horizontal moisture variability,
enhancesthe analysis of the tropical cyclone environment, and contributesto more accura te simulations of cyclone track and
intensity. As dense GNSS networks continue to expand worldwide, tropospheric gradients have strong potentialto become a

valuable component of future operationalnumerical weather prediction systems.
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