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INTRODUCTION

Global Navigation Satellite Systems (GNSS) tomography is a rapidly developing method in meteorology that provides 3D grid-based information about water vapour distribution in the lower troposphere. The standard tomographic solutions are derived by processing signal delays between satellites and ground-based GNSS
receiver networks. As the technigue has advanced, additional observational data sources have been integrated into the process, enhancing its accuracy and applicability. Low Earth orbit (LEO) satellites can provide signal delays similar to those from ground-based networks by tracking GNSS signals. This technigue is known as GNSS
radio occultation (RO) and relies on radio transmissions from GNSS satellites, where signals pass through the atmosphere and undergo refraction. The degree of refraction is influenced by atmospheric temperature and water vapor concentration. With the exponential increase of the LEOs satellites number over the past 30 years,
this technique has been a cornerstone for atmospheric measurements. It is widely used in meteorological offices as a tool for weather forecasting and shows strong potential for improving tomographic applications. The Weather Research and Forecasting (WRF) Model, equipped with its tomographic operator tomoref, facilitates the

integration of tomographic products into meteorological fields. In recent years, several studies have explored available practices for tomographic data assimilation. In this work, we present two variants for assimilating combined RO and tomographic solutions. With further fine-tuning, the presented methodology for assimilating
tomographic products demonstrates significant potential for future testing in meteorological centres.

1. GNSS tomography: Space- and ground-based 2. Tomography: Integration methods 3. Assimilation: TOMOREF operator
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4. Assimilation scheme 5. Results: Asimilation of various tropospheric products

5.1. STUDY CASE 1. RO profiles

5.2. STUDY CASE 2: RO excess phase Bias (g/kg) RMSE (g/kg) Correlation Standard deviation (g/kg)

100 Terrain Height RAIN, mm Terrain Height RAIN, mm
= ? | | | 1 | ' ‘ ! ! '
Ground-based WRF model runs \ o' oo 0 550N |- GPSZTD | 5N [ BASE | 0 GPSZTD
[ ZTD ] (3D Var) 5 3 60 ] < GPSREF
( & B i S5 TOMOREF
> GPSZTD £ 5580 ) - - . - 215 GRO
_E‘ 0 53°N 53°N 4; TOMOREF
G G il _ g
ERAS BASE 1.5.5.5 | [P TomoreF (om0 \\ 0e o oy = F 0 INT
> - GNSS tomography outer model _:_ ggzgg ZIELGPSREF(athrf) — SOU 0 %ﬂ I '$ r |.|c3 10
a priori ( GNSS tomography inner model | -----ooTooooooTooooooooooooooe--—--o N Y1 = n o
- > TOMOREF GNSS station 0.0-1.5 - 5 N on L s ont b LA
3D Ny ‘ 3 4 KNMI mtetteo station 0 20 40 60 80 100 [ 20 ST°N . b - ﬂﬂ TN = L . g’ || 1~ [ | | | | L A | | | |
v NW RS station % of assimilated observations o | , = 1 - 0.00 005 010 015 020 025 030 0.0 0.2 0.4 0.6 0.8 1.0 0.88 0.90 0.92 0.94 0.96 0.98 1.00 0.0 0.2 0.4 0.6 0.8 1.0
(anss tomography e\ - d GPSREF ]/ | 3 ok gﬁ:&t A £ f.f"'-l’!* R Fig 6. QVAPOR: WRF assimilation vs. BASE run (2021-06-23 18:00:00).
! ¥ 0N e oy | o . Min=0Max=24.72 ' Min = 0 Max = 33.89 .
( ) 1 . . . 2 1 Polish hgleleorological Institute ‘ ° In ax * ° :
GROUND-BASED — ! : Fig. 3. Tomographic domain (left) & Percentage number " o L . , . 4o°N T ’ 49°N l | o —
(GRO) : ! of assimilated observations (right). ZTDs are considered h ° b ? * “ 14 1 22t s s e s
: : _________ ! : 0.0° 25 E "E 75 E 100 E . b . h h . % ]c GNSS . 2018 Terrain Height RAIN, mm Terrain Height RAIN, mm Telrrain HEilght : : Rl'l\lN’ mm 6. Conc I USIO ns & OUtIOOk
INTEGRATED : |m——mmm e ———— 1 $ ' 50 ’ pO|nt O Servatlons at t e elg t O Statlon ( - | I [ I I | . I | I I I I ——__
(INT, CS1, CS2) o / - \ 02-02 00:00:00). S5°N 7 GPSREF (AL) N TOMOREF TOMOREF
& Bl y ! ; Verification e " | H fractivity fiel ved f l INTOMO: GRO INTOMO: INT : : i -
, , In the analyzed case, the wet refractivity fields derived from - = = : The integration of ground- and space-based observations at various product levels enables the use of the
[ : : ( RADIOSONDES (RS) ) -~ Z ground.—bz.:lsed and spac.:e-based solutions differ bY up to 2 | - - _ 7 tomographic 3D refractivity field as a complementary data source for numerical weather prediction (NWP)
: : : y 3 . ppm within the voxels intersected by the RO profile. The 53°N - i 53°N |- 53°N |- models, with particular potential to improve forecasts of humidity-related parameters.
Space-based A ( RADAR ) L combination of observations reduces the bias between the F . < = \ =
[ N . } ! '. \ ) 4E 5E 6E TE 0\50 - tomographic solution and meteorological station B E , B B % Challenges:
w WetPr : 7o : oot measurements, achieving improvements of up to 1 ppm at o i 'E ) - 1 oyon
! ' METEO SITES i S T . . . . - L
[ AL , ]__ . S ' 53" N : the locations of the refere.n'ce KNMI §tat|ons. However, e _ - oL : ¢ — o : ‘:.‘ —~ - Limited availability of open-access RO data, despite the growing number of commercial data providers.
\ / » under calm weather conditions, particular WRF model = \’!. - - \" = - . X - - Real-time tomographic processing over larger domains, constrained by the need for precise time-
: £, assimilation runs do not significantly improve forecast R s s e —— S - . :
52° N . _ > ‘-f.. Min = 0 Max = 31.97 ‘-".. Min = 0 Max = 46.95 "-f.. Min = 0 Max = 45.74 synchronization between space- and ground-based observations and by significant computational
s \ parameters. When compared with RS-derived specific 49°N [ ! 49°N ! _ 49°N B ! JarErcs.
idi i 1 i 14°E 18°E 22°E 14°E 18°E 22°E 14°E 18°E 22°E
I — | ] huml.dl.ty observatlor?s, all model runs yield a correlation - Towards 4DVar assimilation (currently based on 3DVar), where operational implementation entails
deseee e ¢ v m g, » = coefficient of approximately 0.99. Fig 5. Radar data vs. Hourly rain [mm/h] (2021-06-24 00:00:00 +6 hr). o0 0 s s s B considerably higher computational costs for a given assimilation window.

Fig. 4. COSMIC RO wet refractivity profiles identified in the domain area on 2018-02-02 at 02:00 UTC.
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