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ABSTRACT: For improved water resource management and forecasting of risks associated with hydrological processes, it 

is fundamental to improve the knowledge of rainfall as a natural process. Atmospheric water vapour content is one of the 

key variables in precipitation. The distribution and evolution of atmospheric water vapour is critical for the functioning of 

hydrological processes, being one of the essential climate variables as defined in the Global Climate Observing System. 

Improving understanding of atmospheric water vapour content and distribution is essential for climate change studies because 

water vapour is the main greenhouse gas, contributing around 70% of global temperature rise (Solomon et al., 2007). Water 

vapour is also a major component in controlling atmospheric stability, because it is involved actively in the evolution and 

propagation of convective storm systems. Until recently, atmospheric water vapour could not be observed particularly well due 

to the absence of instruments capable of measuring it at high-resolution temporal and spatial scales. However, in recent years the 

increase in the number of permanent GNSS (Global Navigation Satellite System) reference stations worldwide has led to a major 

breakthrough in the monitoring of atmospheric integrated water vapour (IWV), with almost 2000 sites in Europe alone 

contributing near real-time atmospheric delay estimates. The present study focuses on the relationship between variations in IWV 

observed using delays in GNSS signals with meteorological variables such as atmospheric pressure and precipitation, in a long-

term study for the period 2000 – 2012 in the area of Valencia, Spain. Fluctuations in IWV fields correlate well with approaching 

frontal rainfall, and a combined rise in IWV and fall in atmospheric pressure act together as a precursor to heavy precipitation. 

KEY WORDS  integrated water vapour (IWV); Global Navigation Satellite Systems (GNSS); precipitation; meteorology; remote 

sensing; climate trends and variability 

 

 

 

1. Introduction 

The water on planet Earth appears naturally in all three physi- cal 

states: gas (water vapour) in the atmosphere, solid ice and snow, 

and as liquid water in oceans, rivers, lakes and aquifers. Most 

(97.2%) water is saline with the remainder being fresh, dis- 

tributed as groundwater (2.8%), glaciers and ice caps (2.1%), 

lakes and rivers (0.02%) and soil moisture (0.005%); atmo- 

spheric water vapour constitutes only ca 0.001% of the total 

(Raghunath, 2006). 

Atmospheric water vapour has a complex life cycle, which 

includes vertical and horizontal transport, mixing, condensation, 

precipitation and evapotranspiration. The content of water vapour 

is an indicator of the moisture conditions in the troposphere, and 

is an indicator of the volume of water which could (theoretically) 

result from precipitation in unstable conditions. Water vapour 

is currently undersampled in typical meteorological and climate 

observing systems; therefore, obtaining and exploiting additional 

high-quality humidity observations is essential to the advance- 

ment of climate monitoring (Guerova et al., 2013). 

Global Navigation Satellite System (GNSS) technology can 

deliver an accurate estimate of atmospheric integrated water 

 

 

 

vapour (IWV), due to the effect of the neutral atmosphere on 

the signal propagation (mapped to zenith angle) and the val- 

ues of mean atmospheric temperature and ground air pressure 

(Bevis et al., 1992). Thanks to permanent GNSS stations world- 

wide, atmospheric water vapour can be estimated continuously, 

improving forecast skill in the distribution and extent of humid- 

ity fields. GNSS technology has demonstrated its capacity as 

an accurate sensor of atmospheric water vapour for some time, 

with operational assimilation under way at a number of European 

national meteorological institutes (Guerova et al., 2003, 2005; 

Morland and Mätzler, 2007; Morland et al., 2009). However, 

monitoring intense precipitation associated with convection has 

only been demonstrated more recently (Graham et al., 2012; Seco 

et al., 2012; de Haan, 2013). Several studies have established 

the existence of high water vapour content in the atmosphere 

before intense precipitation occurrences in the Mediterranean area 

(Champollion et al., 2004; Cucurull et al., 2004; Brenot et al., 

2006). 

The present case study is an experimental analysis of the spatial 

and temporal variability of IWV associated with the onset of heavy 

precipitation in a region of eastern Spain. In this region, it is 

difficult to forecast precipitation due to high temporal and spatial 

variability, even on a sub-daily and hourly basis. This region has 

recorded some of the highest values in Europe for daily 

concentration of precipitation (the top 25% of wet days contribute 

to 75% of the annual total rainfall). 

 



 

 

Figure 1. Location of study area in Spain. ALAC, Alicante; ALCO, Alcoi; AYOR, Ayora; BORR, Burriana; DENI, Denia; MALL, Mallorca; MORE, 

Morella; MURC, Murcia; TORR, Torrevieja; UTIE, Utiel; VALE, Valencia; VCIA, Valencia; ZARA, Zaragoza. 

 

2. Materials and methods 

2.1. GNSS and meteorological data 

GNSS IWV estimates were obtained from 13 sites from the Valencia 

region of Spain (Figure 1). Four stations [Alicante (ALAC), Mallorca 

(MALL), Valencia (VALE) and Zaragoza (ZARA)] belong to the 

National Geographical Institute, eight [Alcoi (ALCO), Ayora 

(AYOR), Burriana (BORR), Denia (DENI), Morella (MORE), 

Torrevieja (TORR), Utiel (UTIE) and Valencia (VCIA)] belong to 

the ERVA network of the Valencia Cartographic Institute and the 

station in Murcia (MURC) belongs to the Meristemun network. For 

the case studies in Sections 3.3 and 3.4, data from GNSS stations 

ALAC and VALE were used, because they have the longest available 

time series of data (2000 – 2012). 

Meteorological data, atmospheric pressure and observations of 

precipitation were supplied by the Spanish Meteorology Agency 

(AEMET). The meteorological observing stations are distributed 

throughout the study area and collocated with the GNSS stations, 

with precipitation observations available at an hourly frequency. 

In addition, three GNSS sites situated very close to three 

radiosounding stations (type RS92SGP) were used to verify the 

GNSS IWV estimates. Radiosonde integrated precipitable water 

vapour (RS IWV) observations have a 12 h interval with observations 

at 0000 UTC and 1200UTC. Radiosonde data were available for the 

period 2006 – 2011 at Zaragoza and Murcia and 2001 – 2011 at 

Mallorca.  

 

2.2. Estimation of GNSS IWV 

The effect of the troposphere causes delays in GNSS signal 

propagation, which must be estimated in high-precision geodetic 

applications. The delays to each satellite are mapped to the vertical 

and this parameter is known as zenith total delay (ZTD) (i.e. the total 

signal delay due to the neutral atmosphere at zenith). 

The ZTD can be separated further into a hydrostatic component 

(zenith hydrostatic delay or ZHD) caused by all atmospheric 

components and a nonhydrostatic or ‘wet’ delay (zenith wet delay, 

ZWD), caused primarily by atmospheric water vapour. 

 

ZTD = ZHD + ZWD   (1) 

 

𝑍𝐻𝐷 = 10−6 ∫ 𝑁ℎ𝑦𝑑𝑟𝑜𝑑𝑧  (2) 

 

𝑁ℎ𝑢𝑑𝑟𝑜 =  𝐾1
𝑃

𝑇𝑉
   (3) 

 

where TV is the virtual temperature. 

 

𝑍𝑊𝐷 = 10−6 ∫ 𝑁𝑤𝑒𝑡𝑑𝑧  (4) 

 

𝑁𝑤𝑒𝑡 =  𝐾′2
𝑃𝑊

𝑇
+ 𝐾3

𝑃𝑊

𝑇2   (5) 

Nwet is due to the specific contribution of the dipole moment of 

water vapour molecules at the frecuency of the GNSS signal. 

Of interest in meteorology and climatology is the accurate 

estimation of ZWD, which is a measure of the total amount 

of water vapour in the atmospheric column above a GNSS 

receiver. ZHD is relatively stable and it is directly proportional to 

the ground atmospheric pressure. It can be determined with an 

accuracy that is better than 1% using the Saastamoinen model 

(Saastamoinen, 1972): 

 

𝑍𝐻𝐷 =
𝐾1𝑅𝑑𝑃𝑎

9.784(1−0.0026 cos(2𝜙)−2.8×10−7𝐻𝑎
× 10−3(𝑚𝑚)

      (6) 

Where K1 is 77.6 K h Pa-1 (Bevis et al., 1994), Rd is the specific 

gas constant for dry air (287.0586 J kg K-1), ф is the latitude 
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in degrees and Ha is the surface height above the ellipsoid 

in kilometres.

  

 
 

ZWD is responsible for the majority of short-term variation 

in ZTD due to the heterogeneity of the water vapour content 

in the atmosphere. In the present study, ZTD values were pro- 

cessed using the GAMIT GNSS processing software, setting the 

value of ZTD as a stochastic variation of the Saastamoinen model 

with piecewise linear interpolation of the data within the process- 

ing epoch (Herring et al., 2006). The first calculation provides 

precise co-ordinates for the local stations for each 24 h of mea- 

surements, where tropospheric parameters have been estimated 

with a 2 h resolution (Brenot et al., 2006). The final positions of 

the stations in the ITRF2000 reference frame (Altamimi et al., 

2002) were obtained as part of a global solution using the Kalman 

filter (Herring et al., 2006). Subsequent zenith delays were calcu- 

lated hourly. Baselines greater than 2000 km were used in order to 

decorrelate the tropospheric parameters from vertical posi- tion 

estimations (Tregoning et al., 1998). The GNSS stations that were 

used were Brussels (BRUS), Cagliari (CAGL) and United States 

Naval Observatory (USNO). The Global Mapping Func- tion 

(GMF) was used to map the slants to the zenith and raw RINEX 

format data were used with a sampling rate of 30 s and an 

elevation cut-off angle of 10∘ (Pacione et al., 2001). The vari- 

ations were constrained using a Gauss– Markov process with an a 

priori power density. 

ZTD measurements were produced using a sliding window 

strategy with sessions of 25 h shifted by 12 h. The system uses two 

25 h sliding windows for each day to obtain hourly ZTD values, 

removing the first six and last seven values from each sliding 

window. The system uses only the 12 central values from each 

window, to avoid the edge effect of the Gauss– Markov process 

(Jin et al., 2007). 

Furthermore, if the weighted mean atmospheric temperature 
(Tm) is calculated then ZWD can be converted easily to IWV, 

according to Bevis et al. (1994): 

 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
 
 
 
 

 

 
 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

𝐼𝑊𝑉 =
10−6

𝑅𝑤(𝐾′
2+

𝐾3
𝑇𝑚

)
𝑍𝑊𝐷    (7) 

 

where Rw is the specific gas constant of water vapour  

(461.495 J kg−1 K−1), K ′ = 70.4 ± 2.2 K hPa−1 (Bevis et al., 
1994) and K3 = 3.739 ± 0.012 105 K hPa−1 (Bevis et al., 1994). 

 

 
 

 

 

3. Results and discussion 

3.1. GNSS IWV and RS IWV analysis 

In order to perform a processing strategy verification check, three 

radiosonde time series (RS IWV) were compared against GNSS 

(GNSS IWV) estimates at Zaragoza and Murcia, for a period of 6 

years between 2006 and 2011, and at the station in Mallorca,

 

 

 
 
 

 
 

 
 
 
 
 
 

for a period of 11 years between 2001 and 2011. 

Figure 2 shows the correlation between the GNSS IWV and 

RS IWV values, where R2 = 0.87 and the Pearson corre- lation co-

efficient (PCC) = 0.93 for Zaragoza, R2 = 0.89 and PCC = 0.94 

for Murcia, and R2 = 0.89 and PCC = 0.95 for Mallorca were 

obtained. These results demonstrate the quality of the GNSS 

processing strategy and the capacity of the GNSS to measure 

atmospheric water vapour content accurately (Seco et al., 2012). 

 

3.2. Time series GNSS IWV 

The study of the climate system is, to a large extent, the study 

of the statistics of weather (Zwiers and Von Storch, 2004). For 

Figure 2. Comparison of radiosounding system and Global Naviga- 

tion Satellite System integrated water vapour (GNSS IWV) values for 

Zaragoza (a), Murcia (b) and Mallorca, Spain (c). PWRS, precipitable 

water obtained with radiosonde; PWGPS, precipitable water obtained 

with GPS. 

 

climate applications, time series of IWV longer than a few decades 

are required (Gradinarsky et al., 2002). The Global Cli- mate 

Observing System states that any climatological reference period 

must be 30 years; GNSS networks now have a temporal coverage 

of 15 – 20 years and for this reason GNSS IWV cannot yet be used 

as a climatological reference. 

As well as identifying trends, it is also possible to identify 

atmospheric variability (diurnal, seasonal and annual cycles) and 
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Figure 3. Homogeneous integrated water vapour (IWV) time series for Alicante (2000 – 2011) and Valencia, Spain (2001 – 2011). 

 

uncertainty estimates. Figure 3 shows the evolution of IWV for the 

GNSS stations at Alicante (ALAC) and Valencia (VALE) for an 

11 year period, from 2001 and 2011. A clear annual cyclical signal 

can be seen in the data obtained from several Spanish GNSS 

stations, where minimum values are obtained in the winter months 

and maximum values occur in summer, as expected (Bennouna et 

al., 2013). 

Alicante and Valencia are regions which exhibit some of the 

highest values of IWV in Europe due to the contribution of 

large amounts of moisture from the Mediterranean Sea (Vedel 

et al., 2004; Riesco et al., 2013). It was observed that the water 

vapour increased steadily from February to July, but decreased 

more sharply from summer to winter. This behaviour illustrates 

the local hydrological cycle in which the atmosphere is slowly 

loading water vapour (evaporation) during spring, which is dis- 

charged as precipitation in autumn and winter. 

 

3.3. Identification of a potential IWV– pressure– precipitation 

relationship 

The case study in the present paper examines the perceived rela- 

tionship between precipitation and water vapour. The relation- 

ship was assessed using an IWV time series from GNSS against 

atmospheric pressure (Patm) for a period of 11 years (2001 – 2011) 

for the VALE GNSS station at Valencia. The scatter plots in 

Figure 4 show the monthly relationship of IWV with Patm. The 

light gray background data illustrate the total annual distribution 

of IWV/Patm, the dark gray data represent the monthly data and 

the black plots identify the combinations of values IWV/Patm that 

caused rainfall (rainfall occurred only under certain conditions of 

IWV/Patm). The circles indicate where the rainfall was >50% of 

the monthly total. The centre of the circle is defined by the aver- 

age IWV/Patm co-ordinates of the black plots. The radius of the 

circle shows the percentage of precipitation contained within it. In 

this case, it shows a rate of 50%, so the content inside the circle is 

half the volume of precipitation produced in the corresponding 

month. 

It can be seen by comparison of the monthly spread versus 

the annual spread that the relationship of IWV/Patm does change 

throughout the year ,with data for each month distributed pre- 

dominantly in specific zones. In winter, the data are concentrated 

near the y-axis, in spring and autumn the data are more evenly 

spread in a circular fashion with a smaller spread, whereas in the 

 

summer months the data are in closer alignment to the x-axis. It 

can be seen that the mean spread moves along the x-axis to higher 

IWV values in summer and lower values in winter, as would be 

expected. It may also be noted that the precipitation data are con- 

centrated in specific zones of the IWV/Patm data for each month, 

typically on the high IWV boundary. 

During the winter months (December, January and February), 

the scatter plot is narrower and more elongated along the y-axis, 

indicating that during this period the amount of atmospheric water 

vapour was low and relatively stable, whereas the atmo- spheric 

pressure was much more variable, ranging from 980 to 1030 hPa. 

In March, coinciding with the beginning of spring, the scatter 

plot begins to move slightly to the right of the graph and has 

a smaller spread, with pressure values ranging from 990 to 

1020 hPa. This trend is accentuated in April and May with all 

combinations of IWV/Patm clustered in the centre of the graph 

in a more evenly circular distribution. Therefore, it seems that 

IWV values gradually increase and pressure begins to vary less in 

spring. 

In June, the beginning of summer in the region, the centre of the 

scatter plot continues to move toward the area of higher IWV with 

lower y-axis spread indicating more barotropic conditions. During 

the months of July, August and September, the scatter plot adopts 

an elongated shape along the x-axis, with peak IWV values of up 

to ∼50 mm and very stable atmospheric conditions, with Patm 

values ranging from 1000 to 1015 hPa. In September, the scatter 

plot follows the same pattern as that of the summer  months but 

increases slightly in size, indicating greater baroclinic conditions. 

During autumn, an especially atmospherically baroclinic sea- 

son, the data begin to disperse and to move towards the y-axis with 

lower IWV values. Finally, the spread for November and 

December returns to the specific distribution of winter, but with 

greater IWV spread than for January and February. 

These charts use GNSS IWV in combination with atmospheric 

pressure observations to illustrate the range and variability in 

atmospheric conditions in Valencia. If precipitation data are added 

to the plots, it can be seen that at a fixed pressure level rainfall 

generally occurred at the highest value of IWV. It is worth noting 

that these circles are predominantly located just below the average 

Patm for the month and where values of IWV are high (in relation 

to the Patm), indicating that where there is lower Patm 
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Figure 4. Monthly Global Navigation Satellite System integrated water vapour (GNSS IWV) versus atmospheric pressure (Patm) plots (dark gray 

data) for Valencia, Spain (2000 – 2011). The light gray background indicates the annual total and data for when precipitation occurred are indicated 

in black. Circles indicate 50% monthly observed rain. 

 

 

  



  

Table 1. Episodes of heavy rain (2001 – 2011, Valencia, Spain). 
 

Date Accumulated rainfall (mm) Duration (h) Δ(IWV) before Δ(Patm) before Δ(IWV) after Δ(Patm) after 

5 September 2001 32.3 1 +14 −12 −12 0 

6 September 2001 14.5 1 +4 −14 −6 +8 

9 October 2001 18.9 1 +9 −4 −4 +28 

2 September 2002 56.1 2 +8 +1 −8 +4 

6 September 2003 24.8 2 +2 −20 −10 −6 

2 September 2004 92.2 3 +9 +26 −6 +8 

3 September 2004 46.6 1 +6 −4 −6 +33 

21 October 2004 19.6 1 +4 −13 −2 +23 

17 September 2005 15.2 1 +3 +12 −5 +20 

18 October 2006 29.4 1 −4 −14 −5 −2 

14 September 2007 54.3 6 +7 +20 −6 +27 

21 September 2007 49.0 4 +8 −13 −9 −7 

12 October 2007 178.2 11 +11 −4 −10 +26 

17 September 2010 30.2 1 +8 +44 −10 +11 

9 October 2010 20.8 1 +6 −18 −16 −42 

12 October 2010 17.9 1 +8 −10 −5 +20 

23 September 2011 29.5 1 +13 −3 −9 −4 

21 October 2011 19.6 1 +5 −1 −3 +11 

Setting for three parameters: time window; IWV, integrated water vapour; Patm , atmospheric pressure. 

 

and relatively high IWV, heavy rainfall may occur. It is worth 

noting also that precipitation occurs across a wide range of Patm 

levels, but only where IWV is high, indicating that rainfall is 

highly correlated with atmospheric water vapour content and less 

so to atmospheric pressure, at least in the area of study. Maximum 

rainfall intensity occurs in September and October, when the 

values of IWV are higher, not when Patm values are lowest. 

 

3.4. Severe rainfall events 

The two main characteristics that define rainfall in the region are 

(1) its variability (Haase et al., 2003) and (2) episodes of severe 

rainfall. 

In the present analysis, rainfall in the city of Valencia in the 

study period (2001 – 2011) was evaluated. The average annual 

precipitation in Valencia is 420 mm, and the majority of the 

rainfall occurs in September and October. During the study period, 

there were 18 episodes registered (Table 1) (11 cases in September 

and seven in October) that the AEMET classified as heavy rainfall. 

Figures 5(a) and (b) show the time evolution of IWV in mm 

(line) and atmospheric pressure in hectopascals (line) along with 

the amount of rainfall (bar) registered in each rainy episode, where 

the accumulated rainfall data are hourly values (mm). The 

horizontal axis defines the time interval (hourly). The left vertical 

axis indicates the amount in mm of rain and IWV. The right 

vertical axis indicates the atmospheric pressure in hPa. 

A preliminary warning system was considered for this study 

(Table 1, Figures 5(a) and (b)). A setting for three parameters was 

used. The first parameter is the time window before and after the 

highest rain accumulation of an event. In this case, a 6 h time 

window was chosen. The second parameter is the rise of IWV 

during the time window, and the third parameter the rise or fall of 

pressure. All cases show a clear increase in IWV, a few hours 

before the onset of precipitation. In addition, the maximum value 

of IWV occurs almost simultaneously with the peak intensity 

of rain. 

According to Table 1, in all cases except one, IWV increased in 

the range of 2 – 14 mm, 6 h before precipitation, with an average 

rise of 7.4 mm. A further decrease was seen of between 2 and 

16 mm after the rainfall, with an average drop of 7.4 mm. The 

results show that, before the storm occurs, there is an up to 25% 

average increase in IWV values at GNSS stations. 

However, the behaviour of atmospheric pressure shows a 

great deal of variability and many torrential rainfall events have 

occurred accompanied by higher than typical atmospheric pres- 

sure levels. Thus, the key element in this type of rainfall is the 

atmospheric water vapour, acting as a ‘rainfall release factor’. This 

indicator operates in the same way for all examples in this study. 

The most severe rainfall occurred on 11 – 12 October 2007, 

causing a great deal of flooding and disruption to the region 

around Valencia (Figure 6). Rainfall data are hourly accumulated 

values in mm (bar), with an accumulated total of 178 mm being 

recorded within a 14 h period. That day the maximum intensity of 

the whole period was registered, with 47 mm in 1 h. 

It can be observed from Figure 6 that prior to the episode 

of severe rainfall, there was an increase in IWV coupled with 

a decrease in pressure. A few hours prior to the start of the 

rain, IWV was stable with values typically ca 25 kg m−2. Sub- 

sequently, a quick rise in IWV occurs, leading to the onset of the 

rain. The Mediterranean Sea, still warm in October, is a source of 

moisture content that continually recharges the atmospheric water 

vapour. 

Other studies indicate that there is a strong spatial and temporal 

correlation between the variations of IWV and the passage of a 

storm (Choy et al., 2013) and rainfall occurs mostly during high 

values of IWV (Guoping and Deng, 2013). An increase in IWV 

alone does not define when precipitation will occur; however, an 

increase in IWV followed by a sharp decrease in atmospheric 

pressure does seem to correlate with heavy precipitation. More 

study is required in this area to identify the correlation categor- 

ically, but potentially it is the basis for a future severe weather 

warning system. 

 

 

4. Conclusions 

Water vapour is a key ingredient of the global hydrological cycle 

and plays an important role in many atmospheric processes con- 

tributing to the weather and climate. The advantage of using 

ground-based Global Navigation Satellite System atmospheric 
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Figure 5. Heavy rainfall in Valencia, Spain (a) 2001 – 2004 and (b) 2005 – 2011 

  



 

(b) 

 

 
 

Figure 5. Continued. 

 

integrated water vapour (GNSS IWV) is that it is capable of 

providing continuous observations with high temporal resolu- tion 

over a large geographical area. The existence for nearly 20 

years of homogeneous observations from permanent GNSS 

stations worldwide has high potential for monitoring trends and 

variability in atmospheric water vapour, both on short timescales 

for severe weather and also for climate trend identification and 

characterization. 

The graphical representation of the combination of variables 

IWV/Patm (atmospheric pressure) provides a unique cluster of 

points for this climatic region (Figure 4). The rainfall events 

occur only on the right side of the graph, in the area of the highest 

 

  



  

 

 

Figure 6. Time evolution of integrated water vapour (IWV) and atmospheric pressure along with the amount of rainfall registered in Valencia, Spain, 

11 – 12 October, 2007. 

 

values of IWV, which shows that the rainfall is highly related to 

the content of atmospheric water vapour. 

In winter, there is a greater dispersion of rainfall cases regard- 
ing the relationship with IWV/Patm compared to spring and sum- 

mer, when rainfall occurs in a more concentrated form, reach- 

ing the maximum grouping in early autumn. Maximum intensity 

rainfall occurs in September and October when IWV values are at 

their highest. Changes in the positions of the centres of the circles 

move from a minimum value of 15.97 mm in January to a 

maximum value of 41.56 mm in September, in relation to the IWV 

co-ordinate. Pressure co-ordinates are irregular: they are 

positioned at the minimum co-ordinate (1001.23 hPa) in April and 

at the maximum co-ordinate (1009.18 hPa) in December. 

There is a strong spatial and temporal correlation between 

the variations of IWV and the passage of a storm and rainfall 

occurred mostly during high values of IWV. The results show that 

large transfers of air and water vapour occur from the 

Mediterranean Sea to the coast, with an up to 25% increase in IWV 

values at GNSS stations. Heavy rain is associated with a 

continuous accumulation of IWV, which is the key element in 

severe rainfall events in the area of study. 
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