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Abstract
Tropospheric water vapor is a complex parameter due to its spatial and temporal variability, but it is essential for meteorology andstudy of climate. Faced with high operating costs and traditional low resolutions, Ground-Based Global Navigation Satellite System(GNSS) is increasingly used for tropospheric water vapor retrieval. From databases and several query strings, this study examinesin different ways the evidence-based studies of water vapor retrieval from African Ground-Based GNSS using the PreferredReporting Items for Systematic reviews and Meta-Analyses (PRISMA) protocol and specific criteria. 30 articles of empirical studiespublished between 2000 and June 2024 were analysed in depth vis-a-vis research questions. This Systematic Review (SR) includesa mapping of the selected literature, highlighting the distribution and focus of research efforts across Africa. This SR provides newinsights by consolidating the evidence on the various approaches used with African Ground Stations. Water vapor time seriesobtained from GNSS data show consistency with traditional data sources, particularly for seasonal and diurnal cycles. It alsohighlights the under-exploited potential of GNSS networks in Africa, limited by uneven geographical coverage and a lack ofstandardization of methodologies, despite significant progress in atmospheric studies, as well as it highlights the advancedtechniques that are under-exploredand proposes future research directions, while calling for closer collaboration betweenscientists and decision-makers to improve access to GNSS data, promote network interoperability, and explore methodologicalapproaches adapted to Africa’s specific climatic conditions, in order to maximise the applications of GNSS techniques for watervapor retrieval.
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1 Introduction

The troposphere is the lowest layer of the atmosphere, marking theregion where hydrometeors such as precipitations, hail and snowdevelop, together with meteorological phenomena such as clouds,fronts, cyclogenesis and thunderstorms. It is mainly composedof tropospheric water vapor, a greenhouse gas that is essential formaintaining the Earth’s energy balance and the water cycle, ac-counting for more than 72% of greenhouse gases (Boniface, 2009).The retrieval of water vapor is important for weather forecastingand climate studies (Guerova et al., 2016; Jones et al., 2020) unlikemeteorological parameters such as pressure and temperature, wa-ter vapor fluctuates rapidly in the atmosphere and exhibits greater

complexity, and its high variability is generally associated withextreme weather phenomena, such as thunderstorms. Conven-tional techniques for surveying tropospheric water vapor, such asradiosondes, radiometers and Light Detection and Ranging (LI-DAR), are not widely distributed, have poor temporal resolutionand are generally unaffordable for African countries. Since theearly 1990s, a technique developed by Bevis et al. (1992), initiallyused ground-based Global Positioning System (GPS) for retrievingtropospheric water vapor, such as Integrated Water Vapor (IWV).This approach, known as GPS meteorology, later expanded to incor-porate other Global Navigation Satellite System (GNSS) constella-tions. GNSS is a broader category that includes GPS (United States),GLONASS (Russia), Galileo (European Union), and BeiDou (China).
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GNSS-based meteorology leverages all these satellite navigationsystems for atmospheric studies, providing enhanced coverage anddata diversity. GNSS meteorology leverages all satellite navigationsystems for atmospheric studies, offering enhanced coverage anddata diversity. The slant delays in signals from satellites due to thetroposphere are projected onto the receiver’s Zenith and estimatedin GPS processing as Tropospheric Zenith Delay (ZTD). By observ-ing meteorological parameters, this delay is converted into IWV.The development of methods for correcting the effects of signalpropagation in the atmosphere and the multiplication of Continu-ously Operating Reference Stations (CORS) on Earth have allowedseveral studies to demonstrate the usefulness of GNSS meteorologyin monitoring the troposphere by studying the spatial-temporaldistribution of tropospheric water vapor, such as Bosser and Bock(2021). Several researchers have experimented and also obtainedconvincing results with an accuracy of around 1.8 mm in the real-time reconstruction of Precipitable Water Vapor (PWV), an opera-tional parameter in meteorology (de Haan et al., 2009; Li et al., 2015;Lu et al., 2015) as well as its inclusion in the immediate predictionof precipitation (Benevides et al., 2015).African countries are no different from multiple other locationssuffering from climate disruption, which is currently causing anumber of disasters. In the face of climate change, resilience poli-cies will inevitably involve increasing the variability of weatherand climate observation tools. In Africa, experiments have beenconducted to use GNSS stations to model tropospheric water vaporfor the study of climatic phenomena, including the more specifi-cally regional African Monsoon Multidisciplinary Analysis (AMMA)(Bock et al., 2007b) for the study of the West African Monsoon inEast Africa (Ssenyunzi et al., 2020). Several researchers have usedPrecise Point Positioning (PPP) and Double-Differencing (DD) pro-cessing techniques with different software tools for the estimationof ZTD. PPP is a method capable of processing undifferenced GNSSobservations using precise satellite orbit and clock information toachieve high accuracy, while DD involves computing differences be-tween observations from two receivers and two satellites to mitigatecommon errors such as clock biases (Teunissen and Montenbruck,2017). The low-density number of Ground-Based GNSS in Africacompared to other continents makes studies less dense and leadsto a geographical disparity in them. While some African countries,such as Morocco, have established a network of CORS dedicated tometeorology, the majority rely on national GNSS networks designedfor geodesy, positioning, or geodynamics, as well as InternationalGNSS Service (IGS) stations, which often have data gaps in certainperiods across Africa (Osah et al., 2021). This issue, combined withthe limited availability of Radiosonde (RS) or radiometer data nearGNSS stations, makes IWV studies particularly challenging. Pro-viding a concrete overview of the various experiences in retrievingwater vapor using GNSS in Africa through literature analysis holdsa promise of valuable research results.Traditional literature reviews deal with fairly broad issues, usinga method of selecting documents that is flexible for the researcherbut difficult for peers to reproduce. As a result, the interpretationof the results of the review is very likely to be tainted by the re-searcher’s personal opinion. Originating from the field of medicine,systematic literature reviews start with a precise question, iden-tify all the evidence that meet the predefined eligibility criteriafor a clinical question, and then evaluate and synthesise it usinga rigorous scientific approach (Kitchenham and Brereton, 2013;Nambiema et al., 2021). Systematic Review (SR) helps to informdecision-making by providing scientific evidence, identifying bestpractices and the limitations of primary studies that should notbe replicated, and therefore, avoiding wasted research time andhelping maximise research efficiency.The objective of this paper is to provide a transparent review ofthe literature on evidence-based experiments using African GNSSground-based data, including the involved researchers, the ap-plied methods, methods of validation and comparison used, and

Figure 1. Tropospheric delay as the difference between the optical pathof the electromagnetic wave and the geometric path

the limitations and perspectives identified. Section 2 deals with thefundamentals of water vapor reconstruction using GNSS, Section 3focuses on the research questions that guide the methodology ofthe paper section using the PRISMA protocol, while Section 4 is con-cerned with the results and discussions from the analysed papers.Following a bibliometric analysis, this section presents the reviewand the limitations as well as future research directions. Finally,Section 5 concludes the study.

2 Fundamentals of tropospheric water vapor re-
trievals by GNSS

The electromagnetic wave from the satellite is affected by a non-dispersive delay in the troposphere. The difference between themeasured distance and the satellite-receiver geometric distance(Figure 1) is known as the tropospheric delay. Using mapping func-tions, the slant delay can be projected to Zenith, where it is referredto as the ZTD. In GNSS processing, the ZTD can be determinedthrough PPP or DD techniques. The Saastamoinen model providesan a priori estimate of the Zenith Hydrostatic Delay (ZHD) usingground-based measurements such as pressure, temperature, andhumidity. This model offers reliable results for the ZHD thanks tothe assumption of hydrostatic equilibrium. However, the ZenithWet Delay (ZWD), which is influenced by water vapor, requires re-finement during GNSS processing, as the a priori values from themodel are less precise for this component (Eqs. 1 and 2). The ZTD iscomposed of two parts: the ZHD, which accounts for the hydrostaticdelay, and the ZWD, associated with water vapor (Eq. 5). For thehydrostatic delay, Saastamoinen (1972) model approximates theZHD as a function of ground pressure (P, in hPa), receiver latitude(φ), and receiver altitude above sea level (H, in km), based on theassumption of hydrostatic equilibrium (Eq. 3):
ZTD = 0.002277cos z

[
P + ( 1255

T + 0.05) e – tan2 z
] , (1)

ZTD = ZHD + ZWD, (2)
ZHD = 0.002277 P1 – 0.0026 cos (2φ) – 0.000279H , (3)

where: T – ground temperature in Kelvin; e – partial pressure ofwater vapor; z – zenith angle of the satellite. IWV is obtained bydividing a conversion factor Π from the ZWD (Hogg et al., 1981):
ZWD = ZTD – ZHD, (4)
IWV = ZWD

Π
and PWV = ZWD

ρwΠ
. (5)
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Figure 2. GNSS tomography by discretization

The conversion factor is given in Bevis et al. (1994):
Π = 10–6ρwRw(k′2 + k3

Tm
), (6)

where: Tm is the weighted mean temperature of the atmosphere,
ρw is the density of water, Rw is the specific gas constant for watervapor in J · kg–1 · K–1, k′2 and k3 are constant based on laboratoryestimates calculated (Bevis et al., 1992, 1994). In the presence ofa dense GNSS network, it becomes also possible to move beyondtotal water vapor estimates and apply GNSS tomography, whichenables a detailed analysis of the vertical and horizontal distributionof atmospheric water vapor. By discretizing the atmosphere intoa 3D grid of voxels and using delays such as: total, wet, or SlantIntegrated Water Vapor (SIWV) as input data (see Figure 2). It canbe used to reconstruct a 3D field and its temporal variations in watervapor density (Reverdy, 2008).The SIWVs are formulated by Eq. (7) with: s – integration pathon the GNSS line of sight; e(s) – partial pressure of water vaporalong the path L:

SIWV = 1
ρwRw

∫
L

e (s) ds. (7)
The set of N voxels allows to discretize the integration along thepath L where ∆Li

w is the length of the path crossing voxel i and ρi
wis the water vapor density in voxel i:

SIWV = N∑
i=1

∆Li
wρi

w. (8)

The sum of the SIWV for different lines of sight between the groundreceiver network and the different satellites makes it possible toreconstruct a 3D tomographic image of the water vapor distribution.

3 Materials and methods

3.1 Research questions

This SR aims to shed light on current advances in the use of GNSSsignals in the retrieval of tropospheric water vapor in Africa. Inves-tigations into the research platforms showed that as of 24 May 2024there were no active SRs dealing with the theme based in Africanstations. Vaquero-Martínez and Antón (2021) discussed only oneexperience in Africa, where the authors dealt with in a fairly broadand free manner with the potential of African GNSS Ground-basedfor climate monitoring (Isioye et al., 2015).The formulation of the research questions is essential to helpdescribe, and extract advances and perspectives on a very specifictheme (Mateo, 2020). The following questions were formulated:

Table 1. Summary of inclusion and exclusion criteria
Inclusion criteria Exclusion Criteria

- Original articles, Scientific ar-ticles- Period from 2000 to June 2024- Studies using African stationsand stations on islands close toAfrica

- Conference articles, edited vol-umes, Master’s theses, Phd The-sis, non-peer-reviewed books- Articles published outside theselected period- languages other than English.- Studies not using African sta-tions- Studies based on radio occulta-tion (RO)

i. Which GNSS constellations and GNSS data analysis strategiesare most widely used in the literature in Africa?ii. What are the different tools and complementary data for thetransformation of ZTDs into IWV/PWV as per the relevant litera-ture?iii. What are the validation methods used for the different ap-proaches?iv. What are the different meteorological applications resultingfrom the modelling of GNSS data used in this research?v. What are the current limitations and challenges facing re-searchers in the field of GNSS retrieval of tropospheric water va-por?
3.2 Research strategy

To carry out this systematic review in accordance with PRISMArecommendations, the following scientific databases were used:Google Scholar, Science Direct, Scopus, IEEE Xplore, Web of Science,African Journal Online, Cain, and Google.The following keywords were entered in order to find potentialrelevant articles using the search equation, which was adapted ac-cording to the specific features of the databases in order to achieve asufficient completeness rate: “GNSS”, “water vapor”, “Integrated”,“GPS”, “Ground-based”, “tropospheric”, “atmospheric”, “precip-itable”, “GNSS meteorology”, “Africa”, “African countries”, “Trop-ical”.The search, restricted to articles in English, was carried outbetween 2000–26 June 2024.The documents retrieved were manually supplemented by greyliterature, documents from previous downloads, university doc-umentation center databases and personal communication withother researchers. All the articles were reorganized and classified ac-cording to title in order to identify duplicates. Most of the duplicatesare the results of overlaps between data from different databases.In order to avoid reading hundreds of documents, various sortingstages were carried out to retain documents for their relevance inanswering the research question. By analyzing first the titles andthen the abstracts, we were able to create a list of 47 articles selectedfor verification, based on the full texts, those meeting the eligibilitycriteria separated from those that do not. Table 1 synthesizes theinclusion and exclusion criteria applied to the selected studies. Allthe articles selected were the result of experiments and producedIWV or PWV with comparisons with other techniques.The PRISMA flow diagram (Figure 3) summarises the item ex-traction and selection process. Table 2 summarises the list of arti-cles that have been retrieved using the PRISMA Protocol. The ex-traction and analysis of relevant information based on the researchquestions listed above was carried out using MAXQDA (VERBI Soft-ware, 2024) and Excel.
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Table 2a. Basic characteristics of selected articles
Reference Newspaper Number

of
African
Sta-
tions

GNSS
Final
Prod-
ucts

Validation/
Compari-
son

Specific analysis Post-
Processing

PPP/
DD

Tm Period

(Abdelfatahet al., 2022) NRIAG Journalof Astronomyand Geophysics
8 PWV RS Time series –monthly cycle,spatial variationmapping

CSRS-PPP PPP 0.73Ts + 69.68 2014

(BoutioutaandLahcene,2013)

InternationalJournal of Re-mote Sensing
4 PWV RS Time series, Tmcomparison Bernese5.0 PPP Algerian Tmequation0.9658Ts + 14.793

2006–2008

(Abrahaet al., 2015) GPS Solutions 17 IWV ECMWF Spatial andtemporal distri-bution – rainfall
GAMIT DD (Bevis et al., 1994) 2007-2011

(Baldyszet al., 2021) Atmosphere 5 PWV RS Long term vari-ability Bernese PPP (Bevis et al., 1994) 2001–2018
(Bawa et al.,2022) Geodesy andCartography 15 PWV ERA5 Subdaily, Diur-nal and seasonalvariation

NGLGIPSY/OASIS-II
PPP (Bevis et al., 1994) 2012–2013

(Combrinket al., 2004) South AfricanJournal of Sci-ence
10 PWV RS GAMIT DD (Bevis et al., 1994) July 2023

(Swafiyudeenet al., 2021) GeoPlanningJournal of Ge-omatics andPlanning

13 PWV NCEP Spatial-temporal vari-ability
GAMITv10.70 DD (Bevis et al., 1994) 2012–2013

(Bock et al.,2007b) Geophysical Re-search Letters 4 PWV ERA40 Seasonal cycle,inter-annualvariability
IGS (Geand Gendt(2004)procedure)for 8 IGSstations

DD Bevis et al. (1994) 1997–2004 min.1 year

(Bock et al.,2007a) Quarterly Jour-nal of the RoyalMeteorologicalSociety

9 PWV RS/AERONET/SSM/ I/Era40NCEP2

Time se-ries, inter-comparison/variability ofPWV from re-analysis

IGS (Geand Gendt(2004)procedure)for 8 IGSstations

DD Bevis et al. (1994) 1999–2005

(Namaouiet al., 2017) Advances in at-mospheric sci-ences
3 PWV RS/ Era-Interim Time series Bernesev5.0 DD (Bevis et al.,1994; Song andBoutiouta, 2012;Namaoui, 2017)

August2012/21.11–4.12.2012
(Bock et al.,2008) Journal ofGeophysicalResearch

10 PWV RS Time series/rainfall GAMITv10.21v10.32
DD calculated fromtemp and humid-ity profiles fromECMWF

2005–2006

(Abdellaouiet al., 2019) Arabian Journalof Geosciences 6 IWV RS/ ECMWFERA-Interim
Times series/Rainfall/ spatialdistribution/interannual vari-ation

Bernese 5.2 DD ECMWF 2008–2014

(Koulaliet al., 2012) AtmosphericResearch 4 PWV RS/ NCEPand NCEP2(NWP)
Time series/seasonal cycle/rainfall/ gradi-ents too

GAMITv10.32 DD ECMWF 2001–2007

(Mengistu Tsiduet al., 2015) Atmospheric.Measurement.Techniques
8 PWV FTIR/RS/ ERA-Interim/Spatial map-ping

Time series/ Di-urnal cycle GAMITv10.32 DD ECMWF 2007-2011

(Yuan et al.,2023) Earth SystemScience Data 36 IWV RS/ ERA Spatial Mapping NGL Gip-syx Oasis DD ERA5 2020
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Table 2b. Basic characteristics of selected articles (cont.)
Reference Newspaper Number

of
African
Sta-
tions

GNSS
Final
Prod-
ucts

Validation/
Compari-
son

Specific analysis Post-
Processing

PPP/
DD

Tm Period

(Ssenyunziet al., 2020) Advances inSpace Research 13 PWV ERA5 Spatial variationmapping/ Timeseries / seasonalcycle

goGPS PPP ERA5/ (Bevis et al.,1994; Yao et al.,2014)/ MET Sen-sor pressure andtemperature

2013–2016

(Koji et al.,2022) Remote Sens-ing 9 PWV ERA5/ RS Time series/ Sea-sonal and diurnalcycles
GAMITv10.71 DD GPT2w model andECMWF 2013–2020

(Isioye et al.,2017) InternationalJournal of Re-mote Sensing
5 PWV AtmosphericInfraredSounderAIRSand ERA-Interim

daily monthlyseasonally tem-poral scales
GAMIT/GLOBK DD Isioye et al. (2016):0.5245Ts + 132.12 2013–2014

(Jiang et al.,2024) GPS Solutions 8 PWV ERA5 Time series/ spa-tial mapping IGS/ other DD/PPP Relationship PWVfunction of ZTD 2016–2019
(Ding et al.,2022) Remote Sens-ing 3 PWV RS seasonal and in-terannual varia-tion

NGL Gip-syx DD Tm from VMF1gridded NWM data 1994–2020

(Ssenyunziet al., 2021) East AfricanJournal ofScience, Tech-nology andInnovation

13 PWV ERA5 goGPSv1.0beta1 PPP Tm linear modeldeveloped 2013 2014–2016

(Elouardiet al., 2022) Modeling EarthSystems andEnvironment
9 IWV AROMA Time series Bernese 5.2 DD Ts, Ps from Arome 20 Feb–20 March2018

(Acheampongand Obeng,2019)
Journal ofGeodetic Sci-ence

4 PW Era-Eratim/Time series Forecast gLAB PPP Chen and Yao(2015) with Tsfrom Era-Interim
2016–2017

(Wonnacottand Merry,2006)
Survey Review 9 PWV RS/ NWM Time series Bernesev4.2 DD Π = 0.16 March2004

(Acheamponget al., 2015) Journal ofGeodetic Sci-ence
1 PW Era-Interim/NCEP re-analysis

Times series gLAB PPP Π = 0.1629 March2013 –May 2014

(Acheamponget al., 2017) South AfricanJournal of Geo-matics
1 PW JRA Era-InterimNCEP

Time series gLAB CSRSAPPS PPP Π = 0.1629 September–December2014
(Ojegbileet al., 2023) Nigerian Jour-nal of Envi-ronmentalSciences andTechnology

7 PWV ERA5 Spatial variationmapping/ sea-sonal variability
GAPSv6.00 PPP Π (Isioye et al.,2017)/ Ts fromGPT3 empiricalmodel

2011–2016

(Kawo et al.,2023) Climate Dy-namics 9 PWV ERA5/CORDEXRCM
Time series/ Re-lation betweenPWV temper-ature heavyrainfall

GAMITv10.71 DD 2013–2020

(Mlawa A.and SariaE. E, 2023)
Journal of Geo-sciences andGeomatics

1 PWV ERA-Interim Time series gLAB andGAMIT/GLOBK
PPP/DD June2017–June 2018

(Van Malderenet al., 2022) Remote Sens-ing 2 IWV ERA-Interim/GOMESCIA
spatial andtemporal IWVvariability/ sea-sonal cycle/Linear Trends

IGS Tm from ERA-Interim/ Tm (Beviset al., 1994)/ TmSYNOP/ Tm NCEP

1995–2010
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Figure 3. Study selection flow diagram PRISMA version 2020

Figure 4. Evolution of articles by year

4 Results and discussions

4.1 Bibliometric Analysis

Evolution of articles and terminologyBefore 2015, only 7 articles were focused on the retrieval of watervapor from GNSS stations in Africa. This extensive research helpedto find the first experiments carried out on the continent moreprecisely in South Africa by Combrink et al. (2004) with a significantnumber of nine South African stations and one Namibian stationfollowed by the experience of Wonnacott and Merry (2006). Thisshows that South Africa was ahead in the area of GNSS comparedto other African countries. Figure 4 highlights that from 2015 theexperiments have intensified with 24 articles between 2015–mid-2024, which quadruples the former period. There is likely to bemore than one article published in the second half of 2024.An analysis of the 30 articles enabled us to generate a word cloud,which, after removing prepositions and pronouns, shows the mostfrequent words in all the articles and confirms the predominance

of key words such as “PWV” (2588), “GPS” (2266), “data” (1595),“water” (1476), “GNSS” (986), “IWV” (716) (Figure 5a). The lin-guistic importance of the terms is interesting for establishing linksbetween adjacent or similar research works.Figure 5b shows a high concentration of publications in jour-nals in the fields of geolocation and remote sensing, since the ap-proaches used GNSS tools whose basic applications were linked tothese fields. This is followed by a relatively even balance of jour-nals in the fields of “Meteorology, Climate, Atmosphere”, “Geo-sciences, Earth Sciences, Environment” and “Geophysics, Space,Astronomy”. This distribution shows that this research is interdis-ciplinary, covering several aspects of geodesy, atmospheric sciences,meteorology, geophysics and Earth science.
Geographical distribution of study stationsMost of the stations used in water vapor estimation studies are lo-cated in coastal countries. Apart from Ethiopia and Uganda, stationsin countries such as: Kenya, Gabon, Ghana, Algeria, Nigeria, SouthAfrica, Senegal, and Morocco with coastlines on the MediterraneanSea, the Atlantic Ocean or the Indian Ocean were the most com-monly used in the experiments (Figure 6). This is explained by thefact that IGS stations are the most sustainable in terms of data andtheir data feature better conservation. An overview of operationalstations in September 2024 provided by International GNSS Service(IGS) (International GNSS Service, 2024), shows that most of themare located in these countries. From a climatic or meteorologicalpoint of view, coastal climates are of interest to most scientists, butgeographical analysis leads to the conclusion that there is a researchgap to be exploited to study the contribution of GNSS over CentralAfrica. A comparison between Figure 6 and the study of Koome et al.(2019) shows that there are indeed CORS networks in several othercountries that are rarely used in water vapor retrieval in Africa, onlyin Egypt, Tunisia, and Libya. This unused potential follows fromthe fact that their vocation is more focused on Network Real-TimeKinematic (NRTK) than the observation of static data.
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(a) (b)

Figure 5. a) Word cloud generated from scientific papers; b) Fields of the different publication journals

(a) (b)

Figure 6. a) Countries hosting GNSS stations utilized in water vapor studies selected; b) Studies including stations from these countries
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4.2 Review

Based on the research questions stated in Section 3, an in-depthreview was conducted on the selected articles.
GNSS data analysis and conversions to IWV/PWVBefore 2017, the various research publications exclusively exploitedthe GPS constellation, while (Acheampong et al., 2017) introducedthe use of GNSS signals for their experiments, facilitated by thedevelopment of multi-GNSS receivers in Africa. With regard toGPS/GNSS processing for the production of IWV convertible ZTDs,three types of approach have been applied, which is reflected inthe literature: the software approach, on-line processing platformsand post-processed data retrieval. For the software approach toZTD retrievals, being the most widely featured across all the stud-ies, researchers have used scientific software, mainly Bernese,GAMIT/GLOBK, and the free software goGPS and gLAB with PPPand DD modes, using IGS stations. The online platforms, CSRS,APPS and GAPS were used using the PPP technique. Finally, tropo-spheric delay products from the IGS and Nevada Geodesy Laboratory(NGL) platforms, which produce reliable ZTD through adjustmentsbased on precise orbits and clocks, were used in regional experi-ments combining data from stations in several African countries.Table 2 shows the different processing methodologies presented inthe literature. The most commonly-used time resolutions are 30 sor 300 s.The types of Tm estimation are diverse. Table 2 shows that thelinear relationship of Bevis et al. (1992, 1994) and Tm from EuropeanCentre for Medium-Range Weather Forecasts (ECMWF) models arethe most widely used. In the absence of RS data, local meteorologicaldata and the deficiencies of studies on Ts/Tm correlations in largeregions push the authors to extract the Tm directly from the ECMWFmodels. The bilinear interpolation techniques and the inverse of thedistance are most commonly used. Some authors use a simplifiedrelationship between the ZTD and IWV by approximating the valueof Π which may not be sufficiently robust, given the complexity ofthe climate, especially in tropical areas.The ability of the GNSS technique to compensate for the lackof meteorological data at the station level and the remoteness ofthe sounding balloon launch sites generally lies in the capability ofintegrating data from climate models and techniques for correctingthe differences in altitude between sites.Reviews of the articles show that, overall, the use of preciseIGS products in PPP/DD processing makes it possible to obtainZTDs for monitoring tropospheric water vapor in Africa. Baldyszet al. (2021) found that PWV GNSS time series from PPP processingcan be successfully used in seasonal and interannual variabilitystudies. DD processing is dependent on station choices. The DDrequirements with the lack of IGS stations in some areas in Africa(Figure 7) and their frequent malfunctioning make the use of DD acomplicated procedure. The comparison or validation approach isimportant in a procedure that is so scientifically robust.
Comparison and validationwith other techniquesComparisons of GNSS tropospheric Water Vapor (WV) products withdata from other techniques, as well as the validation of numericalweather prediction (NWP) models are discussed in the publicationsmentioned in this SR.The Atmospheric Infrared Sounder (AIRS) is an instrument in-stalled on board the Aqua satellite of the Earth observation systemin the polar orbit. Isioye et al. (2017) obtained larger deviationsand biases between GNSS-PWV and AIRS sounder compared to theERA-Interim model on a spatial resolution of 0.5◦ and temporalresolution of 6h in Nigeria. The ERA-Interim model is a global at-mospheric reanalysis dataset developed by the ECMWF, followingthe ERA-40 reanalysis, which covers the period 1957–2002 provid-ing long-term climate and weather data for research and modelvalidation. Standard Deviation of Residuals (SDR) and biases be-

tween GNSS and ERA-Interim are, respectively, estimated at 4.6mm and -1.2 mm, and the correlation coefficient is 0.8. These re-sults are similar for the case of IWV-GNSS compared to the IWVderived from the AROME model of temporal resolution of 3h inMorocco, respectively, with a standard deviation of 4.3 mm anda negative bias of -0.40. The correlation coefficient obtained byElouardi et al. (2022) is approximately 0.83. On the scale of severalcountries in West Africa, the AMMA experiment has made it possi-ble to find strong consistency between GNSS PWV and the ERA-40and National Centers for Environmental Prediction (NCEP) models(Bock et al., 2007a). The average correlation found is 0.81 and 0.67,respectively, with ERA-40 and NCEP.One common in the selected literature dataset is ERA-Interim.Acheampong et al. (2017); Mengistu Tsidu et al. (2015) found highercorrelations with ERA-Interim – around 0.85 and for local NCEPin Ghana – around 0.729. This confirms previous findings by Bocket al. (2010) that GPS PWV agree better with ERA-Interim PWVsthan with the NCEP1 and NCEP2 re-analyses. However, Mlawa A.and Saria E. E (2023) find that GNSS PWV from GAMIT process-ing generally provides lower values than ERA-Interim PWV in thedry season as opposed to the rainy season, in which GAMIT PWVhas oversampled ERA-Interim PWV by a large margin. Numericalweather models (NWM) are considered less direct than GNSS andRS, as they have undergone various smoothing and interpolationprocesses (Wonnacott and Merry, 2006).The correlation between GPS IWV and IWV ERA-Interim IWVexceeds 0.85 at different time scales at 99.9% significance level inEthiopia (Abraha et al., 2015). More recent studies involved the lat-est generation reanalysis from the ECMWF, ERA5, which presents aspatial resolution of 0.25◦×0.25◦ (31 km) with a temporal resolutionimproved by 1h as compared with ERA-Interim (6h). The compari-son of GNSS PWV with ERA5 PWV showed strong correlations R2
greater than 0.90 with Root Mean Square Error (RMSE) rangingfrom 0.57 mm to 3.78 mm and mean differences between -0.21mm and 3.62 mm in the work of Koji et al. (2022). The RMSEs arereduced when compared with ERA5 compared with ERA-Interim.These results are consistent with those of Bawa et al. (2022); Ojeg-bile et al. (2023) in Nigeria but also with Ssenyunzi et al. (2020)in East Africa. The authors also report that correlations decreaseslightly near the Equator and in humid regions due to limitations ofERA5 in humid regions and to a lack of observations in some areas.However, poor-quality recorded GNSS data can significantlyreduce the correlation between GNSS IWV and that from models,which has been observed by Abdellaoui et al. (2019) with a decreasein the average correlation to 0.66.In the scientific community, RS observations are consideredthe best reference in meteorology to provide essential informationon the state of the atmosphere by measuring vertical profiles oftemperature, humidity, wind and pressure up to 40 km altitude.However, in Bock et al. (2007b); Dirksen et al. (2014); Wang et al.(2002), limitations such as differences between radiosondes fromdifferent manufacturers and generally considered ry bias issues inhumidity data can complicate comparison with other data sources.A day-night shift in observations using Vaisala RS92 probes,alsonoted by Bock and Nuret (2009), manifests itself by an additionaldry bias during the day (12:00) caused by a warming due to solarwarming. Nevertheless, this direct method remains a preferredreference and Moradi et al. (2013) recommend the use of the sametype of probe for long studies, which was the case in 45% of theselected studies of this SR.Combrink et al. (2004); Wonnacott and Merry (2006) reportstrong correlations (>0.89) between GNSS PWV and radiosondes inSouth Africa. In Ethiopia, Koji et al. (2022) observe a similarly highcorrelation (0.98) over 2013–2020, with low bias and RMSE values.These findings align with those of Mengistu Tsidu et al. (2015) forthe same Addis Ababa station (2007–2011), where using observedsurface pressure improved accuracy as compared to GPT-basedpressure, which introduced higher RMSE and bias. Namaoui et al.
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Figure 7. IGS stations (Source: International GNSS Service, November 2024)

(2017) found sufficient matches between the datasets.In comparison with alternative methods: while rare in Africa,Fourier Transform InfraRed (FTIR) data showed high agreementwith GNSS PWV (Mengistu Tsidu et al., 2015), the AMMA projectrevealed tight concordance between GPS PWV and data fromAERONET sun photometers and Special Sensor Microwave/Imager(SSM/I) sensors (Bock et al., 2007a); the GOMESCIA programgroups the IWV data from three European satellites (GOME, SCIA-MACHY, GOME-2) between 1995 and 2015, harmonized to offera monthly global coverage with a resolution of 1◦×1◦. The agree-ments found between the GNSS IWV and GOMESCIA data are strongin Africa and similar to the results for the European stations in theglobal study by Van Malderen et al. (2022). However, the consis-tency remains stronger between GNSS IWV and ERA-Interim thanwith GNSS IWV and COMESCIA.The general trend of biases between GNSS PWV and other tech-niques reveals a larger estimation of the amount of PWV by GNSS,also confirmed for IWV of stations located in coastal and humidclimate zones but also in dry climate zones (Abdellaoui et al., 2019).It is noted that the concordances gradually improved during theperiod covered by this review.
Relationship betweenwater vapor, surfacewaters and altitudeAbraha et al. (2015) observe a negative correlation between watervapor content and altitude in Ethiopia, with low-altitude coastalstations recording higher IWV averages (30–40 kg/m2) than high-altitude stations (15–28 kg/m2) (Figure 8). Similar findings werereported for Egypt by Abdelfatah et al. (2022) using GNSS and RSdata for PWV mapping with spatial interpolation. These findingsalign with the well-established principle that water vapor concen-tration decreases with altitude, as lower atmospheric layers gener-ally contain more moisture. The resulting maps show that PWVsare higher in coastal areas and areas with high vegetation cover.In Nigeria, a similar spatial-temporal study procedure has shownthat, in addition to the agreement between ERA5 PWV and GNSSPWV data in the dry and wet seasons, high PWVs are found in theMangroves close to the Atlantic Ocean.Mengistu Tsidu et al. (2015) conclude that the bias increaseswith altitude relative to ERA and the correlation decreases. Abrahaet al. (2015) observe an overestimation of ECMWF IWV over the low-lands and an underestimation over the highlands for wet periods,and an underestimation over the lowlands, and an overestimationover the highlands for dry periods. Below the Equator the long-term variability of PWV appears to be strongly affected by Atlanticsea surface temperature anomalies (Baldysz et al., 2021).

These observations are consistent with the expected distribu-tion of water vapor, driven by altitude and proximity to water bodiesor vegetation.
GNSSmeteorology in variability studiesDue to its rapid expansion in Africa and its ability to make ob-servations over long periods independently of weather conditions,Ground-Based GNSS are used to study climate variability. The lowspatial and temporal resolution of radiosonde observations limitstheir uses in climate studies. Boutiouta and Lahcene (2013) notethat GPS PWV can be used as references in recovering radiosondehumidity errors and biases. There is a consensus that saturation ofwater vapor in the atmosphere does not necessarily imply precipi-tation, but that precipitation is the result of a high concentration ofwater vapor (Abdellaoui et al., 2019; Abraha et al., 2015).However, there are discrepancies as to the existence of a cor-relation between water vapor and precipitation. Koji et al. (2022)state that although high integrated water vapor content is observedduring periods of heavy precipitation, no remarkable correlationis observed between precipitation and water vapor. Meanwhile,Ssenyunzi et al. (2020) relies on the existence of a temporal auto-correlation between the two sets according to Holloway and Neelin(2010) and its results to assert that PWV variations can be used topredict precipitation. According to Abdellaoui et al. (2019), there isa spatiotemporal correlation between variations in GNSS-derivedIWV and rainfall. The relevant analysis of PWV time series along-side rainfall histograms indicates that GNSS-PWV increases severalhours before precipitation begins, peaks shortly before rainfall, andthen decreases a few hours after the precipitation ends, which con-firms the results of the study by Koulali et al. (2012): the minimumPWV occurs after the maximum precipitation. The experiment es-tablished negative correlations between GPS PWV and precipitationincluding the maximum value in absolute value. Their study carriedout in Morocco identified a positive correlation between daily varia-tions of PWV and monthly average precipitationm which confirmsthat heavy precipitation is related to large fluctuations in PWV dueto the passage of weather systems, such as: mesoscale convectivesystems, fronts, and cyclones.In equatorial stations, Bock et al. (2007b) observed a double peakof PWV in April-May and October-November, corresponding to thepassage of the Intertropical Convergence Zone (ITCZ) and influ-enced by the El Niño Southern Oscillation. Like Bock et al. (2007b);Abraha et al. (2015) also find peaks in inter-annual variability dur-ing dry seasons for all stations and offer a similar explanation: thepresence of these peaks could be due to interferences between dry
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(a) (b)

Figure 8. a) Yearly averaged IWV values for 2010 as a function of altitude; b) Yearly averaged IWV content values for 2010 on topography map (Source:Abraha et al. (2015))

and humid air and by rainy episodes during dry months.A consensus is emerging in the work of Bawa et al. (2022) andother authors that seasonal variability is a function of geographiclatitude and climatic zone. From GPS IWV, a very high diurnal cyclewas observed at stations located in an area with high evapotran-spiration and in areas with very high temperature (Abraha et al.,2015). Peak times differ across locations in Africa. This is explainedby local breeze factors and oceanic and continental processes (Bocket al., 2007b).The research highlights the importance of monitoring water va-por variability from GNSS stations located in Africa combined withother techniques. This would allow for a better understanding of theimpacts on global circulations and climate change in mid-latitudes.Seasonal variations in PWV in West Africa have helped characterizethe African Monsoon System, which greatly impacts precipitation(Bock et al., 2008). Combinations of ECMWF and GNSS data are rec-ommended as they agree on long time scales. However, Bock et al.(2010); Mengistu Tsidu et al. (2015) report that the reanalysis dataexhibit a time shift on the PWV peaks, which could compromisetheir combinations in studies of diurnal cycles. Bock et al. (2007b)previously found that the PWV ERA40’s representation of the diur-nal cycle was not accurate. This is related to the weaknesses of thewater cycle in global circulation models.In East Africa, GNSS PWVs are consistent in seasonal variabilitystudies. Time series of PWVs obtained in the 3 climatic zones ofEthiopia with low temperature variations. This division based onthe rainfall cycle, linked to the north-south movements of the ITCZis consistent with the seasonal variations of GNSS PWV (Koji et al.,2022). The presence of a diurnal cycle has been demonstrated inEthiopia (Koji et al., 2022; Mengistu Tsidu et al., 2015), howeverthere is a disparity in the amplitudes of the diurnal cycles betweenthe stations. Stations close to water bodies and dense vegetationpresent strong amplitudes influenced by surface evaporation. Thesubdaily variations of the RMSE observed between GNSS and ERA5data appear weaker than the diurnal variations, suggesting an in-creased stability on short time scales. This observation is consistentwith the results of Bawa et al. (2022), which also noted similar dif-ferences in the daily variations.The linear trends between GNSS IWV and ERA-Interim are posi-tive and concordant for the African stations (R2~0.66) of the study(Van Malderen et al., 2022). The average amplitude of the decadaltrend is around 0.26 mm. Autoregression models have been shownto be effective for PW prediction (Acheampong and Obeng, 2019).

The authors conclude from their results that GNSS data offer agreat opportunity to study multi-scale interactions in particular(Baldysz et al., 2021; Bock et al., 2007a, 2008), which is of particularinterest in the study of atmospheric processes.
4.3 Limitations and possible future research directions

Research perspectives emerge from the analysis of key articles:water vapor quantity estimates from GNSS offer low-cost moni-toring with high temporal resolution but lack vertical resolution(Boutiouta and Lahcene, 2013). In Africa, some of the selected stud-ies present disparities in the periods of GNSS observations whichcan introduce temporal biases linked to the seasons but also com-promise the robustness of the analyses of long-term trends.Limitations of the techniques developed with African groundstations in the retrieval of atmospheric water vapor raised in therelevant literature include: the lack of detailed information on thevertical profile and the validity of the information on a spatial radiuscentered on the antenna, which necessitates densifying GNSS net-works in order to experiment with 3D Tomography, although thereare some studies of retrievals from a single station (Barriot et al.,2021; Bi et al., 2006). For island areas where the implementation ofdense networks is complex, tomography with a single GNSS groundstation could be tested. Further research is recommended to detectthreshold effects at the spatial-temporal scale that suggest thatabove an IWV level precipitation will be triggered (Abdellaoui et al.,2019).According to Koji et al. (2022) the low distribution of GNSS sta-tions in mountainous areas, such as the Great Ethiopian Rift, aswell as the lack of observed meteorological and climatic data remainlimitations of the analysis of certain areas. The authors recommendthe addition of meteorological sensors at the level of GNSS stationswhich would facilitate the conversion of ZTD into IWV but also themultiplication of GNSS stations. A resolution of 1◦ in the horizontalplane (about 110 km) of the GNSS network for monitoring atmo-spheric water vapor has been considered in Ghana (Acheamponget al., 2015). The potential of CORS stations for water vapor ob-servations in Africa remains largely underexploited. To maximisethe use of CORS stations in Africa, it is essential to exploit not onlyReal-Time Kinematic (RTK) data but also recorded static data andto promote the exchange of the latter, which would allow for bet-ter integration into water vapor analysis and other atmosphericapplications.
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Figure 9. Diurnal variation of PWV derived from GNSS and ERA5 during the period 2012–2013 (units are in mm or kg/m2) (Bawa et al., 2022)

Figure 10. Aggregated performance indices. Five statistical metrics wereutilized to assess the performance of the two GNSS and ERA5datasets: mean absolute error (MAE), root mean square er-ror (RMSE), reliability index (RI), correlation coefficient (r)(Bawa et al., 2022)

Decadal trends from African land stations are poorly studied,largely due to the lack of sufficiently long and uninterrupted data.38 years would be needed to detect the decadal trend, accordingto Weatherhead et al. (1998). For example, stations set up by theAMMA Project no longer exist or have not been replaced. To esti-mate trends, it is essential that GNSS IWV time series are obtainedusing uniform parameters, in order to ensure data homogeneityover long periods. Additional resources will be needed for the in-clusion of accurate meteorological data and the development ofpowerful calculation tools in the water vapor reconstruction proce-dure. Isioye et al. (2017) proposes the combination of ERA-Interimand GNSS data to calibrate each other. However, the recent studyof Bawa et al. (2022) as well as the comparison results raised inFigures 9 and 10 indicate the usefulness of the extraction of ERA5data for the reconstruction of water vapor by GNSS in the absenceof meteorological sensors linked to African GNSS stations. Futureresearch should place a more significant emphasis on improving
Tm modeling in tropical Africa. Additionally, developing robust lin-ear Tm/Ts relationships is crucial, given the disparity of conversionmethods between ZTD and water vapor.RS are limited in the ability to study large-scale interactions,particularly in the tropics, where the main mode of variability isthe diurnal cycle (Baranowski et al., 2019). It would be importantto favor GNSS for the study of diurnal cycles in addition to RS.

In recent years, Africa has been faced with catastrophic floods,causing thousands of deaths, millions of displacements and consid-erable socio-economic losses (WHO, 2024). This shows the urgentneed to strengthen nowcasting capabilities in Africa. However, theintegration of GNSS products from ground stations into nowcastingis complex and has been dealt with insufficiently in the literature. Itwould be important to draw inspiration from near-real-time pilotprojects (Hadas et al., 2016; Wu et al., 2023; Li et al., 2015, 2021).The analysis of the databases showed the untapped potential of theassociation with on-board GNSS data for spatial-temporal moni-toring of water vapor in African maritime and coastal areas. Recentadvances, as described in (Boniface et al., 2012; Bosser and Bock,2021; Panetier et al., 2023) open the way to a promising synergy be-tween on-board GNSS antennas and their terrestrial counterparts.This combination would allow a more complete understanding ofthe regional climate, the study of storms and feed reanalysis modelsand local systems.The integration of multi-GNSS signals and advancements inreal-time GNSS tropospheric retrievals. Hadas et al. (2016); Li et al.(2021); Wu et al. (2023) notice valuable scientific prospects for en-hancing nowcasting capabilities. The development of GNSS process-ing techniques requires an evaluation of the performance of PPP-AR(PPP with Ambiguity Resolution) compared to traditional PPP, par-ticularly in the African context. The adoption of the VMF3 model,which offers superior spatial resolution, coupled with the assimi-lation of complementary sensor datasets and the implementationof cooperative artificial intelligence frameworks, holds significantpotential for capturing fine-scale variations in atmospheric watervapor.

5 Conclusion

This systematic review provides relevant insights into current re-search on tropospheric water vapor retrieval from Ground-BasedGNSS in the African continent and its applications, which help op-timize research and ensure the success of initiatives and futureresearch. The study examined various methods of incorporatingGNSS data into tropospheric water vapor estimation studies to im-prove atmospheric research processes, climate modeling effortsand nowcasting. GNSS data offer improved accuracy and temporalresolution compared to traditional approaches, making it an essen-
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tial low-cost tool for water vapor monitoring in Africa. The Africanterritory is poorly covered by other measurement techniques, suchas RS, responsible for gaps in data availability. It has been proven inthis SR that WV time series better reflect diurnal cycles and give suf-ficient agreements with RS and Reanalysis models especially ERA5.It is observed that the agreements between GNSS and RS, Reanaly-sis and satellite data sets in seasonal and annual cycles improvedprogressively during the period covered by this review.Although significant progress has been made in research withAfrican stations, several directions remain to be explored. Despitetheir potential, the use of GNSS networks in Africa remains lim-ited by uneven geographical coverage and a lack of standardiza-tion of methodologies. In addition, indirect techniques requirea synergy between precise local meteorological observations andin-depth processing for a wide range of applications. Lack of thissynergy is worrying because many African countries urgently needto strengthen their capacities to monitor and analyze atmosphericparameters for applications ranging from meteorology and clima-tology to the impacts of climate change. To optimize the use ofGNSS data, it is essential that scientists, policy makers, and re-search organizations cooperate to improve access to data, promotethe interoperability of GNSS networks and basic meteorologicalsensors and develop methodological approaches adapted to Africanclimatic specificities. This study provides several suggestions in-cluding the use of ERA5 for the extraction of meteorological param-eters in the absence of associating sensors with GNSS receivers.Although traditional PPP techniques obtain satisfying results, it isalso recommended to experiment with the use of emerging dataanalysis strategies, such as PPP-AR and PPP-IAR but also the useof the VMF3 model. Convincing experiences in the assimilation ofGNSS IWV data into NWP models, the implementation of 3D GNSSTomography as well as the combination of African ground stationswith GNSS shipbornes are insufficient to densify the applicationsof GNSS water vapor retrieval techniques.
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