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A B S T R A C T   

The study of the diurnal variations of the total water vapor amount in an atmospheric column, also known as 
Precipitable Water Vapor (PWV) or Integrated Water Vapor (IWV), is highly significant in meteorology and 
climatology studies, yet very limited due to insufficient spatial and temporal in situ measurements. Nowadays, 
Global Navigation Satellite System (GNSS) ground receivers are used along with retrieval techniques in order to 
conduct high sample rate PWV estimations. Here, we present the annual and seasonal PWV diurnal cycles 
extracted from the Survey Of Israel Active Permanent Network (SOI-APN) GNSS receivers in the Eastern Med-
iterranean region. The data period spans from 5 to 21 years, ensuring its suitability for studying the PWV annual 
and seasonal mean diurnal variations. We particularly focus on the summer months (JJA), where the Mediter-
ranean Sea Breeze (MSB) plays a dominant role in transporting humidity inland. For most stations, the diurnal 
amplitude in summer is the highest compared to the seasonal mean (4%–21%), followed by spring, autumn and 
winter (2%–4%). The PWV in the coastal stations peaks at 6–7 UTC while the northernmost highland station 
peaks at 8 UTC and the southernmost at 14 UTC indicating frontal MSB propagation from the coastline eastward 
inland combined with northern winds enhancement due to Coriolis force. Moreover, for most stations, the PWV 
peak hour is correlated with the distance from the Mediterranean Sea shore, substantiating the MSB’s role as a 
key driver of the PWV diurnal variability during summer months. The PWV minimum values in the coastal 
stations occurs between 14 UTC and 19 UTC while in the highland stations it varies from 17 to 00 UTC. The 
coastal stations’ PWV amplitude, compared to the daily mean, is around 1 mm while the highland stations 
amplitude is 2–3 mm. In addition, a strong correlation between the PWV diurnal cycle and the atmospheric 
Mixing Layer Height (MLH) diurnal variations is found using ceilometer data, suggesting that the MLH modulates 
the PWV, however this conclusion requires further research. Finally, using harmonic analysis with the PWV 
diurnal variations in summer, reveals that the diurnal and the semidiurnal modes account for ~95% of the sub- 
daily variance in 19 out of 21 GNSS stations   

1. Introduction 

Water vapor (WV) is an important and most abundant greenhouse 
gas in the thermodynamic engine of the troposphere. It is a key 
component in various phenomena ranging from precipitation, cloud 
formation to tropical cyclones and severe thunderstorms. Thus, it is 
important to understand the factors that control the variability of at-
mospheric WV (Soden et al., 2004). Currently, our ability to constantly 

monitor changes in atmospheric WV at a high spatial resolution, 
particularly above the surface, is insufficient since water vapor varies 
considerably in space and time (Trenberth et al., 2005; Chen and Liu, 
2016). 

There are several methods for estimating the WV amount in the at-
mosphere. These include direct humidity measurements via a launched 
radiosonde (Elliott et al., 1991; Miloshevich et al., 2006) or retrieved 
WV profiles from ground-based platforms such as microwave 
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radiometers and sun photometers (Westwater, 1978; Ichoku et al., 2002; 
Pérez-Ramírez et al., 2014). Other techniques involve remote sensing 
satellites observing the emitted infrared (IR) radiation in the WV ab-
sorption bands (Van de Berg et al., 1995; Velden et al., 1997; Leontiev 
and Reuveni, 2017, 2018). The approach we use in this work is to es-
timate the Precipitable Water Vapor (PWV) amount from the tropo-
spheric path delay time of the signal that is transmitted via the Global 
Positioning System (GPS) satellites to ground-based receivers (Bevis 
et al., 1992, 1994). 

1.1. Global Navigation Satellite System (GNSS) meteorology 

Radio signals that are transmitted from a GPS satellite orbiting at an 
altitude of ≈20,200 km are first dispersed in the ionosphere and then 
absorbed in the troposphere resulting in a measurable time delay in the 
ground-based receiver. Since GPS satellites transmit signals at least in 
two frequency bands (e.g., L1 = 1575.42 MHz, L2 = 1227.6 MHz and L5 
= 1176.45 MHz), the path delay from the ionospheric dispersion can be 
accounted for by using ionosphere-free combination and/or models 
(Eueler and Goad, 1991; Reuveni et al., 2015). The remaining delay, that 
is due to tropospheric absorption, is referred as Zenith Total Delay 
(ZTD)1 and is divided into two components, both explained by two 
different absorption processes in the troposphere. The Zenith Hydro-
static Delay (ZHD) is associated with the induced dipole moment of all 
the atmospheric gases except water vapor, and is mainly a function of 
the atmospheric pressure (Davis et al., 1985). The Zenith Wet Delay 
(ZWD) which is associated with the permanent dipole moment of the 
water molecule (Thayer, 1974), can be estimated by subtracting the 
ZHD from the ZTD. 

The received radio signals from the satellite are saved in text files 
called RINEX (Receiver Independent Exchange Format) and can be 
processed by specialized software such as NASA’s JPL GipsyX (Bar- 
Sever, 2016). This processing involves complex inversion algorithms 
(Webb and Zumberge, 1993; Duan et al., 1996) for retrieving the ZTD 
and modelling the ZHD using global empirical mapping functions (Böhm 
et al., 2006b; Reuveni et al., 2012, 2014). Since ZWD is proportional to 
the total amount of water vapor present in a vertical atmospheric col-
umn, we can translate ZWD into PWV2 using a water vapor weighted 
mean temperature (Davis et al., 1985). 

The quality of GNSS derived PWV has been demonstrated through 
comparison to radiosonde measurements, radiometers, sun photometers 
and reanalysis products with RMSE ranging from 1 to 3 mm (Li et al., 
2003; Van Baelen et al., 2005; Wang et al., 2007; Pérez-Ramírez et al., 
2014; Wang et al., 2017). Furthermore, the high temporal resolution (e. 
g., 5 min) of the GNSS derived PWV is suitable for studying the diurnal 
variations of WV distribution in the atmosphere (Dai et al., 2002; Ortiz 
de Galisteo et al., 2011; Kalinnikov and Khutorova, 2017). 

1.2. Humidity in the Eastern Mediterranean 

The main source of humidity in the study area is the Mediterranean 
Sea where the primary transport mechanism on a diurnal time scale is 
the Mediterranean See Breeze (MSB).3 During daytime, a sea breeze is 
created in response to the land-sea differential heating. The resulting 
horizontal pressure gradient drives the cool and humid marine air to-
wards inland. After sunset, the land cools faster than the sea thus 
reversing the pressure gradient force and driving dry air from inland 
towards the sea (i.e., land breeze). Thorough reviews about the land-sea 
breeze mechanism are available in the literature (e.g., Simpson (1994); 

Crosman and Horel (2010)). 
In the summer season (JJA), the MSB is superimposed on the pre-

vailing cool and moist Etesian winds that are associated with the large- 
scale synoptic forcing of the Persian Trough (PT) (Ziv et al., 2004). 
Moreover, in summer, the entire Eastern Mediterranean region is sub-
jected to a semi-permanent subsidence (Rodwell and Hoskins, 1996) 
which is coupled with the PT and enhances the inversion layer in the 
Planetary Boundary Layer (PBL) (Dayan et al., 2002; Ziv and Saaroni, 
2011), thus effectively lowering the Mixing Layer Height (MLH). 

Both the coastal and marine mixing layer heights are important 
factors which allow the MSB to effectively advect humidity. Indeed, 
Shilo et al. (2015) concluded that synoptic situations leading to Etesian 
winds weakening or imposing a reduction in the average height of the 
marine layer, can weaken or even block the MSB from penetrating 
inland. Moreover, even for stable summer conditions when the Persian 
Trough is weak or non-existent, the coastal mixing layer height increases 
as the sea breeze front penetrates inland (Uzan et al., 2016, 2019). 

The goal of the present study is to characterize the PWV diurnal cycle 
climatology across 21 Survey Of Israel GNSS stations in the Eastern 
Mediterranean while focusing on the summer season. 

2. Data and methodology 

The Survey Of Israel Active Permanent Network (SOI-APN) is 
comprised of 22 GNSS ground stations where only 21 of them were 
found suitable for our study. Their names are specified in Table 1 and 
their locations are designated on the map in Fig. 1, along with the lo-
cations of the Israeli Meteorological Service (IMS) automated stations. 
The stations’ locations are conveniently correlated with the region’s 
climate zones effectively representing the coastal area, central ridge 
inland area and the Negev desert. 

The ZWD time series are produced by processing the raw RINEX files 
and are subsequently transformed into PWV time series. We elaborate 
upon the ZWD processing and the GNSS station selection procedure in 
Section 2.1. The conversion of ZWD to PWV and the production of 
annual and seasonal diurnal means is outlined in Section 2.2. The 
diurnal means for JJA months are then subjected to harmonic analysis as 
described in Section 2.3. 

Furthermore, in the spirit of reproducible science, we encourage the 
interested reader to explore the Python repository hosted on GitHub. 
com (https://github.com/ZiskinZiv/PW_from_GPS) that includes the 
procedures used in this analysis. The PWV data in all of the processing 
stages will be available via ftp server by a specific email request. 

2.1. Zenith wet delay processing 

The daily RINEX files from the SOI-APN are periodically uploaded to 
the SOPAC/Garner GPS archive (http://garner.ucsd.edu/). Fig. 1 shows 
the data availability of the SOI-APN and the stations’ position on the 
map. Clearly, there are some gaps in the data availability as well as 
partial data due to station termination. Although these gaps can be filled 
by climatology or even interpolation, it is not the philosophy of this 
work. 

Subsequently, we process the daily RINEX files with NASA’s JPL 
GipsyX (Bar-Sever, 2016) software. The processing involves Precise 
Point Positioning (PPP) which provides us with the station’s precise 
latitude, longitude and altitude (above sea level). We use most of the 
default parameters for the PPP, which include a minimum cutoff 
elevation angle of 7◦, Global Mapping Function (GMF) for the tropo-
spheric model (Böhm et al., 2006a) and ocean loading for all of the 
stations. The full parameter tree used in this work is available at the 
Github.com repository (https://github.com/ZiskinZiv/PW_from_GPS/ 
blob/master/my_trees/ISROcnld/ISROcnld_0.tree). GipsyX employs 
optimization techniques in order to provide better accuracy for the final 
ZWD solution. Thus, with the default parameters, each RINEX file with a 
30 s sample rate is processed and down-sampled to a 5 min ZWD 

1 Sometimes referred to as Zenith Tropospheric Delay.  
2 Synonymous with PW, TPW and IWV (although with different units - see 

Section 2.2).  
3 Except for areas close to the Sea of Galilee and the Red Sea where the MSB 

interacts with the local moisture field. 
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solution. An example of a processed daily ZWD solution of TELA station 
can be seen in Fig. 2. 

Since GipsyX employs a stochastic filtering method for the retrieval 
of the daily ZWD, there is a small difference between the end of one daily 
ZWD solution to the start of the next daily ZWD solution. We resolve this 
small discontinuity by merging three consecutive daily RINEX files into 
one 30 h RINEX file (centered on 12:00 PM from the middle daily RINEX 

file). The overlapping segments of each consecutive 30 h solution are 
averaged and smoothed to obtain a continuous long-term ZWD time 
series (e.g., Figs. 2, 3). For the completion of the long-term ZWD time 
series, we repeat the overlapping segments smoothing procedure for all 
the daily ZWD solutions. Finally, we filter the outliers of the ZWD time 
series by removing data points that are at least twice the Inter-Quartile 
Range (IQR with k = 2). The IQR is defined as the difference between the 

Table 1 
Geographical coordinates, altitude above sea level, distance from the Mediterranean sea shore and location of the GNSS network analysed in this work.  

GNSS station name Station ID Latitude [◦N] Longitude [◦E] Altitude [m a.s.l] Distance from shore [km] Location 

Kibutz Kabri KABR 33.02 35.15 103 5 Coastal 
Binyamin Shmuter Memorial site BSHM 32.78 35.02 225 5 Coastal 
Ceasarya CSAR 32.49 34.89 36 0 Coastal 
Tel Aviv TELA 32.07 34.78 58 2 Coastal 
Waste treatment facility, Ashkelon ALON 31.71 34.61 55 3 Coastal 
Kibutz Cerem Shalom SLOMa 31.23 34.28 112 12 Coastal 
Nizana NIZNa 30.88 34.42 274 51 Coastal 
Beit Rimon NZRT 32.78 35.33 411 26 Highland 
Kibbutz Merav MRAV 32.45 35.42 415 49 Highland 
Ariel YOSH 32.10 35.21 714 39 Highland 
Jerusalem JSLM 31.77 35.20 790 50 Highland 
Kibutz Lahav KLHV 31.38 34.87 498 43 Highland 
Yerucham YRCM 30.99 34.93 516 74 Highland 
Mitzpe Ramon RAMO 30.60 34.76 886 95 Highland 
Kibutz el-rom ELRO 33.18 35.77 1083 52 Eastern 
Katzrin KATZ 33.00 35.69 346 51 Eastern 
Metzoki dragot DRAG 31.59 35.39 31 75 Eastern 
Ded-Sea Manufactories DSEA 31.04 35.37 − 360 103 Eastern 
Sapir SPIR 30.61 35.18 12 120 Eastern 
Kibutz Neve Harif NRIF 30.04 35.04 457 162 Eastern 
Eilat ELAT 29.51 34.92 29 208 Eastern  

a Station is located inland, see Fig. 1 for more accurate location. 

Fig. 1. Left: PWV data availability for each of the Survey Of Israel Active Permanent Network (SOI-APN) shown in various colors for distinction. Right: The SOI-APN 
receivers (black squares), ~88 Israeli Meteorological Service (IMS) stations (filled orange circles) and Bet-Dagan radiosonde station (black x) plotted on a height 
filled contour map of the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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75th and 25th percentiles. 
The obtained long-term ZWD time series are then subjected to a 

simple selection criteria. We drop incomplete days if they are missing 
half or more data points and repeat the same criteria for incomplete 
months. The missing days and months that were dropped from the all the 
stations consist of about 1% and 3% respectively. Furthermore, we drop 
HRMN station for having non-physical values (i.e., ZWD < 0) due to 
snow build-up on the antenna during winter. 

Originally, our station database included LHAV station and GILB 
station. On December 2008, LHAV station was moved ~40 m inside 
Kibutz Lahav and was renamed to KLHV. The GILB station was moved 
~3.3 km to the neighbouring Kibutz Merav on September 2012 and was 

therefore renamed to MRAV. Thus, we decided to merge them and keep 
their new names, with the assumption that each set of merged stations 
should represent the same geographical region. The merging is done by 
accounting for the ZWD mean difference due to station elevation. To this 
end, we estimate the empirical ZWD “lapse rate” using the ZWD means 
of all the stations in our network, with the assumption that the drop in 
ZWD with height is approximately linear for low altitudes. Fig. 4 shows 
the ZWD mean of each station’s time series vs. its altitude above sea 
level. The linear trend is calculated using a simple linear regression and 
produces a slope of 4.48 cm/km. Thus, a station within our network, 
located at 1 km above sea level has a mean ZWD of 4.48 cm less than a 
station located at sea level. 

2.2. PWV diurnal cycle production 

PWV is defined as the height of an equivalent column of liquid water 
and can be translated from ZWD using the following formula (Bevis 
et al., 1994): 

PWV = Π×ZWD (1)  

Π is the dimensionless constant of proportionality and is defined as: 

Π =
106

ρwRv

(

k′

2 +
k3
Tm

) (2)  

where ρw is the liquid water density, Rv = 461.52 J (kg K)− 1 is the 
specific gas constant for water vapor and k3 = (3.776 ± 0.004) × 105 K2 

mb− 1 and k2
′ = 22.1 ± 2.2 K mb− 1 are empirical parameters that were 

used in Bevis et al. (1992) and Bevis et al. (1994) respectively. In the 
literature, PWV is sometimes referred to as Integrated Water Vapor 
(IWV) which has units of kg m− 2. From Eq. (1) we see that the IWV is 
simply ρwΠ × ZWD and is numerically equivalent to PWV although with 

Fig. 2. Zenith Wet Delay from GNSS station TELA in 2014-10-14. Note the 
error estimation from the GipsyX software (filled). 

Fig. 3. 20, 6 and 1 days of zenith wet delay in 2004 from the TELA GNSS station for the top, middle and bottom figures respectively. The colored segments represent 
daily solutions while the black dots represent smoothed mean solutions. 
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different units. Thus, 1 kg m− 2 of IWV is equivalent to 1 mm of PWV. 
Tm is the water vapor weighted mean atmospheric temperature as 

defined in Davis et al. (1985): 

Tm =

∫
(Pv/T)dz

∫ (
Pv
/

T2
)
dz

(3)  

where Pv and T are the water vapor partial pressure and air temperature 
respectively and both are functions of z (height above sea level). From 
Eq. (2), if we assume that Tm ~ 102 K, we see that Π is a linear function of 
Tm (k

′

2 << k3
Tm

), and for a typical Tm (288 K) we get a Π value of 1.625. 
Since ZWD is conveniently given in centimeters, 1 cm of ZWD translates 
to a 1.625 mm of PWV. 

In order to calculate Tm over each GNSS station, we need the surface 
temperature measurements, Ts at each GNSS station, and a method to 
estimate Tm from Ts measurements. The method described in Bevis et al. 
(1992) used radiosonde profiles in order to find the relationship between 
the surface temperature (Ts) and Tm in Northern America (Tm = 0.72Ts +

70.2) using a linear fit. Thus, we use the same procedure in order to find 
this relationship in our study area: 

Tm = 0.69Ts + 82 (4)  

Eq. (4) is found using the data of the IMS Bet-Dagan radiosonde station 
(location is in Fig. 1). For each upper air sounding profile, we calculate 
Tm using Eq. (3) and plot it against the surface temperature Ts. As can be 
seen from Fig. 5, we used 8370 upper air profiles (spanning 11.5 years) 
and obtained an RMSE of 4 K. 

One notable attempt in trying to lower the RMSE by using different 
time selection criteria such as hour of the day (00:00 and 12:00) and 
seasons of the year (e.g., winter), yielded a good exercise in residual 
statistics but ultimately resulted in negligible effect. 

The IMS also maintains and operates ~88 automated stations (see 
Fig. 1) that measure temperature at 10 min interval. However, some 
stations have gaps in their time series and their location is near but not 
exact as the GNSS stations. Thus, we fill the surface temperature gaps 
with mean Day Of Year climatology and mean diurnal climatology for 
each station and we use Ordinary Kriging (OK, https://github.com/Geo 
Stat-Framework/PyKrigePyKrige), (Cressie, 1988) spatial interpolation 
scheme in order to receive the surface temperature at the GNSS stations’ 
locations. 

Since many IMS stations have different heights, we need to account 
for this height difference for a successful interpolation. Thus, we esti-
mate the empirical lapse rate using a simple linear regression and we 
constrain it to be between 5 and 10 ◦C/km. (e.g., see Fig. 6). We then use 
the lapse rate to set each station’s temperature as if it would be in height 

0 above sea level, we interpolate and fix the temperature again to the 
station’s original height. 

Lastly, since our temperature data is sampled at 10 min, we up- 
sample it to 5 min using a simple forward fill rule and translate Ts into 
Tm using Eq. (3), calculate Π using Eq. (2) and produce the PWV time 
series using Eq. (1). 

Upon producing the PWV time series, we choose TELA station, the 
closest GNSS station to Bet-Dagan radiosonde station (see the map at 
Fig. 1) and validate its PWV records twice daily for the years 2014–2019. 
The comparison with radiosonde records yielded a bias of 1.37 mm and 
an RMSE of 2.71 mm and is further discussed in the appendix (A). 

The PWV annual mean diurnal cycle, for each station is produced as 

Fig. 4. The ZWD mean for each station in the SOI-APN vs. its altitude above sea level.  

Fig. 5. A scatter plot of water vapor weighted mean temperature (Tm) vs. 
surface temperature (Ts) of the Bet-Dagan radiosonde station. Ordinary least 
squares linear fit (red) yields the residual distribution with RMSE of 4 K. Bevis 
et al. (1992) model is plotted (purple) for comparison. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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follows. First, we calculate the daily mean of all the data points (288 pts. 
per day) and subtract the daily means from the time series to produce the 
daily anomalies. Subsequently, we select all the daily anomalies that 
reside between each hour of the day (for the entire time series period, i. 
e., ranging from 5 to 21 years of station data) and average them. Simi-
larly, the seasonal diurnal cycle is obtained by selecting the data points 
within each season separately, removing their daily means and aver-
aging for each hour of the day. The seasons are defined as JJA (June to 
August), DJF (December to February), MAM (March to May) and SON 
(September to November). 

2.3. Diurnal cycle harmonic analysis 

Following Dai et al. (2002); Ortiz de Galisteo et al. (2011); Kalinni-
kov and Khutorova (2017), for each station, we used the least squares fit 
for the daily anomalies time series in order to find the first two har-
monics using the following equation: 

Sn(t) = An⋅sin
[
2πfn

(
t − tp,n

) ]
+ εn (5)  

where n = 1, 2 for the diurnal and semidiurnal modes (S1 and S2 
respectively). f1 = 1, f2 = 2 are the frequencies in cycles per day and tp, n 
is the phase term that is reported as the hour (UTC) of the reached peak. 
For S2, we report the phase term as the hour of the first maximum 
reached. ε is the residual for each mode. 

3. Results 

This section includes a description of the annual and seasonal PWV 
diurnal cycles and is followed by a description of the diurnal harmonic 
analysis in summer (JJA). While the time is reported in UTC throughout 
this section, it is worth noting that the local solar time in the study area 
is UTC + 2 (in summer it is UTC + 3 due to daylight saving). 

3.1. Diurnal cycle 

Fig. 7 shows the PWV annual and the seasonal diurnal cycles for 21 
SOI-APN stations in the Eastern Mediterranean. The figure is arranged as 
to best match the stations’ locations on the map. Thus, each column has 
stations arranged from North to South while each row has stations ar-
ranged from West to East. The left column has all the coastal stations 
except for the last two (SLOM and NIZN stations) which are located 

inland. The middle column has all the stations that reside in the central 
highland region while the right column includes the most diverse sta-
tions’ locations, ranging from ELRO and KATZ stations in the Golan 
Heights, DSEA station in the Dead sea to ELAT station near the Red sea. 
Most of the coastal stations have low elevation (≤100 m) except BSHM 
station (225 m) while the highland stations have medium elevation (400 
to 900 m). The diverse group of stations to the East have various ele-
vations ranging from − 361 m in the Dead Sea (DSEA) to 1083 m at 
Elrom (ELRO) located on the Golan highland. 

For each station, the lowest amplitude occurs in winter (DJF) and is 
around 0.5 mm, while the highest amplitude is in summer (JJA) with 
values ranging from 1 mm in the coastal stations and 2–3 mm in the 
highland stations. These amplitudes are consistent with previous studies 
in other regions (Dai et al., 2002; Ortiz de Galisteo et al., 2011; Ryu 
et al., 2015). The coastal stations peak at around 6–7 UTC in JJA, 7–8 
UTC in MAM & SON and 8–9 UTC for DJF while the minimum value is 
reached between 14 and 18 UTC. For the highland stations in summer, 
the peak is reached at a propagating rate starting from 8 UTC at the 
northernmost highland station (NZRT station) and ending at 14 UTC for 
the southernmost highland station (RAMO station). During spring 
(MAM) and autumn (SON), the peak is shifted 1–2 h forward from the 
peak reached in summer, while for winter, for some stations, the peak is 
reached at 6 UTC. The minimum follows the same propagation and 
ranges from 18 to 0 UTC. Further east, during summer, stations ELRO 
and KATZ reach peak values around 10 UTC with the same 1–2 h sea-
sonal shift as the highland stations, and the minimum is reached at 2 
UTC for ELRO station and 18 UTC for KATZ station. At the Dragot station 
(DRAG) in summer months the amplitude is ~3–6 times higher than its 
other seasonal amplitudes peaking at 12 UTC and the minimum is 
reached at 21 UTC. Stations SPIR, NRIF and ELAT show the same peak 
propagation as the highland stations ranging from 16 to 21 UTC in 
summer with the minimum reached varies between 10 and 13 UTC. 
Lastly, DSEA, in summer, peaks at 5 UTC and the minimum is reached at 
11 UTC. 

Table 2 shows the ratios of the maximal amplitude of the annual or 
seasonal diurnal cycles to the annual or seasonal means for each station 
respectively. The annual means for each station were calculated by 
averaging all the data points while the seasonal means were obtained by 
averaging the data points within each season. This ratio can measure the 
relative strength of the diurnal cycle for a specific season or for the entire 
year. For the coastal stations, the annual ratio is around 3.5% where in 
JJA it is around 5% and in DJF it is around 2%. For the highland stations, 

Fig. 6. Temperature vs. altitude for 10 PM in 2013-10-19 for all automated 10 min IMS stations. The lapse rate is calculated using ordinary least squares linear fit and 
is between 5 and 10 ◦C/km. 
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Fig. 7. The PWV annual and seasonal diurnal cycles of the SOI-APN stations. The panels are ordered as to best match the stations’ locations on the map, so that left 
panels are close to the Mediterranean coast, mid-panels further inland and right panels deeper inland (Fig. 1). Green squares, red triangles, blue x’s and orange +’s 
represent JJA, SON, DJF and MAM months respectively. Purple diamonds indicate the annual cycle. Each station ID is specified in the upper left corner of each panel 
followed by its height above sea level (meters) in parenthesis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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the annual ratio ranges from 4.4% to 11.4% where again in JJA it is the 
highest with values ranging from 10 to 21% while in DJF all the values 
are around 3%. For the Eastern stations, the annual values vary between 
3.5% to 11% where the summer months (JJA) have the highest values 
(4–20%) and the winter months (DJF) the lowest (around 3%). 

3.2. Diurnal harmonic analysis 

The harmonic analysis was employed on the PWV diurnal cycle in 
JJA since the summer in the Eastern Mediterranean has a semi- 

permanent synoptic situation that other seasons lack, as they experi-
ence transient weather systems which have different flow 
characteristics. 

Table 3 describes the amplitude in mm, peak hour in UTC and 
variance explained by the diurnal and semi-diurnal cycles in summer (S1 
and S2 defined above). Furthermore, Fig. 8 shows S1 and S2, their sum 
and the mean diurnal cycle in JJA. The total variance explained by S1 
and S2 is greater than 95% for all the stations except SPIR (73.5%) and 
NIZN (13.3%). We should emphasize that NIZN is the only station that 
we were unable to reconstruct using S1 and S2, and it is also the station 
with the least amount of data available (see Fig. 1). All of these results 
(except NIZN and SPIR stations) are consistent with Dai et al. (2002); 
Ortiz de Galisteo et al. (2011); Kalinnikov and Khutorova (2017). 

For the coastal stations, the S1 amplitude is around 1 mm while S2 is 
around 0.3 mm. Moreover, as we travel from north to south on the 
coastal stations, the S1 peak hour propagates to earlier times from 8 UTC 
to 3 UTC while the S2 peak hour lags from S1 peak hour by 1–5 h and the 
explained variance of S2 increases from 3.2% to 31.8%. This behaviour 
ensures that the peak hour of the mean diurnal cycle for the coastal 
stations in JJA stays approximately at 6–7 UTC. 

For the highland stations further east, the S1 amplitude is around 2 
mm while S2 is around 0.6 mm. As opposed to the coastal stations’ 
behaviour, as we move southwards on the highland stations, the S1 peak 
hour propagates to later times from 7 UTC to 13 UTC and the S2 peak 
hour lags from the S1 peak hour by 1–2 h while the explained variance of 
S2 stays around 7%. 

For the Eastern stations, ELRO and KATZ stations behave in the same 
manner as the highland stations. By going south from SPIR station to 
ELAT station, the S1 amplitude increases while the S2 explained vari-
ance decreases from 53.1% to 9.8% with its amplitude fixed at 0.5–0.6 
mm. The combined effect causes the peak hour in the mean diurnal cycle 
to propagate southwards from 16 UTC at SPIR station to 21 UTC at ELAT 
station. Finally, DSEA station has S1 and S2 amplitudes at 0.7 and 0.5 
mm respectively with almost the same peak hour (4–5 UTC) and the 
explained variance is 62.1% for S1 and 33.3% for S2. 

4. Discussion 

Generally, the main transport mechanisms which drive PWV vari-
ability are large scale atmospheric changes such as high- and low- 
pressure systems (i.e., synoptic forcing) along with local winds with 

Table 2 
The ratio of the PWV maximal diurnal amplitude and the annual/seasonal mean.  

Station Location Annual 
[%] 

JJA 
[%] 

SON 
[%] 

DJF 
[%] 

MAM 
[%] 

KABR Coastal 4.2 5.7 3.7 2.8 5.0 
BSHM Coastal 3.8 6.1 3.0 2.7 4.5 
CSAR Coastal 3.4 5.4 3.1 2.4 3.6 
TELA Coastal 2.7 4.9 2.4 2.2 2.7 
ALON Coastal 2.9 5.2 2.7 2.5 2.9 
SLOMa Coastal 3.2 5.5 2.6 1.7 3.9 
NIZNa Coastal 1.9 4.6 2.2 1.8 2.2 

Mean 
value 

Coastal 3.2 5.3 2.8 2.3 3.5 

NZRT Highland 6.4 10.5 5.7 3.0 6.9 
MRAV Highland 7.7 14.8 5.8 3.0 7.3 
YOSH Highland 10.1 17.9 9.7 3.7 9.2 
JSLM Highland 11.4 21.8 10.6 3.6 9.4 
KLHV Highland 7.8 14.4 7.0 3.4 6.9 
YRCM Highland 4.4 9.8 3.9 2.5 3.9 
RAMO Highland 6.6 13.6 5.5 3.8 5.7 

Mean 
value 

Highland 7.8 14.7 6.9 3.3 7.0 

ELRO Eastern 10.9 19.6 10.1 4.3 9.7 
KATZ Eastern 5.9 10.3 4.6 2.8 5.7 
DRAG Eastern 5.1 13.2 3.4 2.5 4.4 
DSEA Eastern 4.0 5.2 4.6 2.9 5.9 
SPIR Eastern 3.5 4.1 3.7 2.9 4.8 
NRIF Eastern 4.5 8.3 4.1 2.4 4.7 
ELAT Eastern 6.4 10.4 5.4 2.7 6.7 

Mean 
value 

Eastern 5.8 10.2 5.1 2.9 6.0  

a Station is located inland, see Fig. 1 for more accurate location. 

Table 3 
The diurnal and semidiurnal harmonic analysis parameters for the JJA months. A, P and V are the amplitude, peak hour and the explained variance respectively. VT is 
the total variance explained by S1 and S2.  

Station Location A1 [mm] A2 [mm] P1 [UTC] P2 [UTC] V1 [%] V2 [%] VT [%] 

KABR Coastal 1.1 0.2 8 9 96.5 3.2 99.7 
BSHM Coastal 0.9 0.2 7 7 93.5 4.7 98.2 
CSAR Coastal 1.0 0.2 6 7 94.0 5.2 99.2 
TELA Coastal 0.8 0.2 5 6 90.4 8.4 98.7 
ALON Coastal 0.9 0.3 4 6 87.5 11.3 98.8 
SLOMa Coastal 0.7 0.5 3 8 63.6 31.8 95.3 
NIZNa Coastal 0.3 0.0 5 7 9.4 4.0 13.3 
NZRT Highland 1.5 0.4 7 9 93.0 6.6 99.5 
MRAV Highland 2.0 0.6 8 9 91.7 7.9 99.7 
YOSH Highland 2.0 0.6 10 11 91.1 8.4 99.5 
JSLM Highland 2.3 0.6 11 11 92.5 7.1 99.6 
KLHV Highland 1.7 0.5 10 11 91.7 7.2 98.9 
YRCM Highland 1.1 0.3 12 12 90.7 6.3 97.0 
RAMO Highland 1.4 0.3 13 1 96.0 3.5 99.5 
ELRO Eastern 1.7 0.6 11 10 89.5 10.1 99.6 
KATZ Eastern 1.6 0.6 9 10 88.2 11.4 99.6 
DRAG Eastern 2.5 0.3 10 1 97.7 1.7 99.5 
DSEA Eastern 0.7 0.5 4 5 62.1 33.3 95.4 
SPIR Eastern 0.4 0.5 0 4 20.4 53.1 73.5 
NRIF Eastern 1.0 0.5 20 6 76.5 22.5 98.9 
ELAT Eastern 1.8 0.6 0 7 89.5 9.8 99.3  

a Station is located inland, see Fig. 1 for more accurate location. 
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Fig. 8. The PWV diurnal and semidiurnal modes in JJA months (solid blue and red dashed), their sum (solid black) and the mean diurnal cycle in JJA months (black 
circles). The panel layout is the same as in Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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varying degree of humidity (Kassomenos and McGregor, 2006; Wu et al., 
2003). Since we average our PWV time series over a large number of 
days in order to remove any inter-daily synoptic forcing variations 
impacting on the PWV diurnal cycle, we expect to remain with the mean 
dominant synoptic situation for each season (Jakobson et al., 2009). 
However, for DJF, SON and MAM months the Eastern Mediterranean 
region typically experiences a mixture of different synoptic situations 
which create considerable variability in the daily humidity values. On 
the other hand, the summer in the Eastern Mediterranean (JJA months) 
has the most persistent and stable synoptic forcing associated with the 
Persian Troughs and their accompanying subtropical Highs (Alpert 
et al., 2004) than any other season. Consequently, we focus our dis-
cussion here on the PWV diurnal cycle in the summer JJA months. 

4.1. PWV diurnal cycle in JJA months 

The first major feature in Fig. 7 is that the PWV diurnal amplitude in 
JJA is the highest, followed by MAM, SON and DJF. A straightforward 
explanation can be derived from Clausisus-Clapeyron’s equation, stating 
that warm air can hold more water vapor before condensing to form 
clouds of liquid droplets compared with an equivalent colder air parcel. 
However, we would expect the PWV to peak at approximately the same 
time as when the temperature peaks, at around 11–12 UTC. This is 
clearly not the case for the coastal stations which peak at 6–7 UTC. 
Nevertheless, the large diurnal temperature differential in JJA months 
allows for a stronger MSB cycle. 

Secondly, for most stations, the peak which is reached during day-
time is higher than the night-time minimum. This is consistent with the 
weak dry land breeze that needs to overcome the western Etesian winds 
due to the synoptic forcing. And, primarily, with the higher daily un-
stable mixed-layer boundary height as compared to lower and stable 
nocturnal boundary-layers (as discussed further below). 

Third, for the highland stations, we notice a propagation of the PWV 
diurnal peak hour amplitude as we move from north to south. As the 
MSB travels inland it changes direction from a mean direction of west to 
west-north due to the Coriolis effect (Neumann, 1977; Alpert et al., 
1984). Furthermore, Naor et al. (2017) studied the MSB penetration to 
the Jordan Valley Rift (JRF) and found that the distance to the 

Mediterranean Sea shore, among other topographical features, dictated 
the timing of the MSB arrival. Thus, Fig. 9 shows the PWV peak hour of 
each station in JJA months versus its distance to the Mediterranean Sea 
shore. Clearly, there is a linear trend, i.e., it takes time for the MSB to 
travel the distance from the coast and reach each station. Nevertheless, 
we must take care with this trend since after sunset (orange line) the 
MSB gradually weakens and stops while the linear trend continues. This 
suggests the existence of different humidity transport mechanism 
involved for the south-eastern stations as shown theoretically by 
Rotunno (1983). Moreover, for the Dead Sea (DSEA) station, the peak 
hour does not correlate with the distance to shore probably since it re-
sides in a location with its own unique micro-climate as well as another 
local supply of humidity (Kunin et al., 2019). 

The strongest features of Fig. 7 in JJA months are the relatively low 
amplitude and early peak hour of the coastal stations as opposed to the 
highland stations. The early peak is consistent with the MSB explanation 
since the see breeze front reaches the coastal stations at approximately 
the same time (Alpert and Rabinovich-Hadar, 2003). The low PWV 
amplitude for the coastal stations is consistent if we consider the Mixing 
Layer Hight (MLH) as a modulating factor for the PWV diurnal cycle. 
Uzan et al. (2016, 2019) demonstrated this fact by the use of ceilometers 
to measure the mixing layer height for two stations near the Israeli coast. 
Using the data measured from the same case-study, Fig. 10 shows the 
diurnal evolution of mixing layer height and PWV for the TELA and 
JSLM GNSS stations for two Augusts (in 2015 and 2016). We can see that 
the diurnal evolution of the mixing layer height correlates with the 
PWV, where in the Tel-Aviv (TELA) station we see that the mixing layer 
height is higher in the morning and lower in the evening and in the 
Jerusalem (JSLM) station the mixing layer height peaks roughly at noon 
where it overlaps the PWV peak. Moreover, the difference between 
maximum and minimum values in Tel-Aviv is approximately 2 mm 
while for Jerusalem it is around 6 mm giving a ratio of 1/3 which is 
consistent with Fig. 7. The mixing layer height max-min difference has 
roughly the same ratio as the PWV (200 m in TELA and 750 m in JSLM). 
Therefore, we suggest that the mixing layer height modulates the 
diurnal PWV, at least in summer over the Eastern Mediterranean. The 
low mixing layer height along the coast inhibits the effectiveness of the 
MSB to advect humidity hence the low PWV diurnal amplitude. The 

Fig. 9. The peak hour of the diurnal PWV cycle in JJA months for each station vs. the station’s distance to the Mediterranean Sea shore. The error bars are of 1-h and 
represent the peak hour’s uncertainty. The orange horizontal line represents the mean JJA months sunset time (UTC). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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higher mixing layer height in the highlands however, allows the MSB to 
be more pronounced and subsequently increasing the PWV diurnal 
amplitude. This result suggests that a careful investigation of the cor-
relation between the MLH and the PWV on a diurnal time scale is 
needed. For example, what is the sensitivity of this correlation to 
topography? how can we exploit this correlation if it is confirmed via 
other active sensing devices? (e.g., partition the PWV into two compo-
nents). Another possible application of this connection is to is to suggest 
a potential correction to the diurnal MLH value on a global scale where 
PWV is readily available from multiple GNSS stations. However, this 
correlation needs to be first substantiated empirically by other active 
sensing devices. 

Finally, evaporation and evapotranspiration can be considered as 
sources for the PWV diurnal cycle while condensation and precipitation 
are considered as sinks. Although precipitation during the summer 
months in the Eastern Mediterranean is rare to non-existent due to the 
stable synoptic forcing, nocturnal condensation of humidity and the 
subsequent evaporation in the morning (a few hours after sunrise) at the 
coastal stations does take place and should explain some of the PWV 
diurnal variability. However, separating these processes’ contribution to 
the diurnal PWV from the MSB arriving approximately at the same time 
proves difficult. 

4.2. Harmonic analysis in JJA months 

Dai et al. (2002) employed an harmonic analysis on the PWV diurnal 
variations derived from 54 GPS stations in North America with a data 
period span of 1–2 years. They found out that it is sufficient to take into 
account only the first two modes (S1 and S2) since they explain more 
than 95% of the mean sub-daily variance in summer, where the diurnal 
mode is the dominant mode followed by the much weaker semidiurnal 
mode. These results are further substantiated by the work of Ortiz de 
Galisteo et al. (2011) who analysed the PWV diurnal harmonics derived 
from 10 GPS stations in Spain with a data period of 7 years and was able 
to explain more than 97% of the variance with the first two modes in 
summer. Finally, Kalinnikov and Khutorova (2017) analysed the PWV 
diurnal harmonics derived from 16 GPS stations in the Volga–Ural re-
gion of Russia with a data period of 2 years and showed that the first two 
harmonics explain more than 90% of the variance for all the stations in 
summer. With the addition of our results, the successful explanation of 
the mean diurnal PWV variations with the first two harmonic modes, at 
least in summer, implies physical processes that have the periods of 24 
and 12 h. However, what physical process can we deduce from the 

semidiurnal mode existence? Cook (2012) suggested that the semi-
diurnal harmonic of the excess insolation accounts for the long wave 
cooling at night-time (Fig. 3 at Cook (2012)), thus any linear response 
driven by the diurnal insolation cycle contains similar harmonics. They 
demonstrated this behaviour with the mean diurnal temperature, wind 
and pressure cycles. Hence, we must conclude that this behaviour can be 
applied also to the diurnal PWV. 

Looking at the middle column (highlands) in Fig. 8, we see that the 
second peak of the semidiurnal mode is from 21:00 to 00:00, thus 
somewhat offsetting the night-time departure from the diurnal mode. 
However, for the coastal stations, this offsetting occurs earlier, 
approximately 2–3 h after sunset. The amplitude of the semidiurnal 
mode increases southwards with the coastal stations and roughly de-
creases southwards with the highland stations. All this variability sug-
gests a different nocturnal PWV response for each station that is likely to 
be dependant on the local topography, that dictates the wind regime (e. 
g., katabatic and anabatic winds). 

We should emphasize that Jin et al. (2008) showed the existence of 
the diurnal and semidiurnal modes in tropospheric ZTD derived from 
GPS signals on a global scale. Their results were consistent with classical 
atmospheric tide theory (Chapman and Lindzen, 1970), mainly due to 
the hydrostatic component (ZHD) in the ZTD term which is highly 
sensible to atmospheric pressure. However, PWV is extracted by sub-
tracting the ZHD from the ZTD thus eliminating the pressure de-
pendency. Therefore, the role of atmospheric tides in the PWV spatio- 
temporal distribution remains uncertain and requires further 
investigation. 

5. Conclusions 

Our aim in this work is to produce and analyse the annual and sea-
sonal mean diurnal PWV climatology in the Eastern Mediterranean re-
gion. To this end, we processed and analysed the 5-min averaged PWV 
time series using the ZWD derived from 21 SOI-APN of ground receivers 
with data periods of 5 to 21 years. The main findings of this work are as 
follows: 

• The combination of GNSS ground receiver network’s data and pro-
cessing software such as GipsyX allows for a successful recovery of 
diurnal PWV variations and enables the production of the PWV 
diurnal climatology of the Eastern Mediterranean region. Further-
more, this tool can be utilized to explore the long-term PWV varia-
tions of this region. 

Fig. 10. A comparison between the GNSS-PWV diurnal mean cycles (blue squares) and Mixing Layer Height (MLH - from ceilometers, red circles) for the TELA (left) 
and JSLM (right) stations for Augusts 2015 and 2016. The filled area represents the STD for each set of measurements. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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• The diurnal amplitude in summer is the highest compared to the 
seasonal mean for most stations followed by spring and autumn, 
while the weakest diurnal amplitude is in winter. Generally, the 
diurnal amplitude in the highlands is higher than in the eastern 
stations followed by the coastal areas which have the weakest 
diurnal amplitude compared to the mean.  

• In summer, for all the stations except the Dead Sea (DSEA), the peak 
hour of the diurnal cycle correlates with the distance of the station to 
the Mediterranean Sea shore, suggesting that the Mediterranean Sea 
Breeze (MSB) is a key driver of humidity on the diurnal time scale.  

• The PWV diurnal cycle is correlated with the Mixing Layer Height 
(MLH) diurnal variations during summer, suggesting that the 
boundary layer height is modulating the PWV in this region, how-
ever, further research is needed to establish this finding.  

• The summer PWV diurnal variations were subjected to harmonic 
analysis which revealed that the diurnal and semidiurnal modes (S1 
and S2) explain ~95% of the sub-daily variance in 19 out of 21 of the 
stations inside our network. For most stations, the diurnal mode has 
the largest amplitude followed by the weaker semidiurnal mode. 
Finally, whether the PWV diurnal variations contain the signature of 
atmospheric tides is unclear and requires further investigation. 
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Appendix A. Bet-Dagan radiosonde PWV validation 

For the validation of the GNSS derived PWV with the radiosonde derived PWV, we chose the closest GNSS station (TELA) to Bet-Dagan radiosonde 
station (see the map at Fig. 1) and compared the two PWV time series. The Bet-Dagan radiosonde derived PWV is calculated using the following 
equation: 

PWV =

∫

(ρ⋅Q)dz (A1)  

where ρ and Q are the air density and specific humidity at height z respectively. Because of the low sampling rate of the data in Bet-Dagan (X2 daily) as 
opposed to the TELA GNSS station (5 min), one must choose how to address a comparison between the two stations. We chose to average the PWV from 
TELA station during the times of the radiosonde launch and the maximum possible height achieved by it. The mean time of the flight of the radiosonde 
is about an hour and a half, during which the PWV from TELA station does not change considerably (not shown). 

Fig. A1 shows the comparison of the PWV of Bet-Dagan station and that of TELA GNSS station. While there is small bias, there is quite a skew in the 
residual distribution. To investigate this abnormality, we plotted Bet-Dagan’s PWV time series ontop of the TELA PWV time series, as you can see in 
Fig. A2. We see that the residuals are seasonal in nature and after August 2013 are constrained between ~ − 5 to 5 mm. What happened in August 
2013? Luckily for us, we were given the original physical reports of the soundings and were able to determine that the main sounding equipment was 
changed exactly at this date. Alas, the seasonality of the residuals, tough constrained, still makes us believe that there are more calibration/systematic 
errors in the radiosonde retrievals to be discovered and addressed properly. 

If we compare the PWV between Bet-Dagan and TELA station for the years after the sounding equipment was replaced (i.e., 2014–2019), as can be 
seen in Fig. A3, we get a drop in the RMSE, and the disappearance of the skew that plagued us earlier with a sleight increase in bias. It is clear from 
Fig. A2 that the positive residuals prior to August 2013 contributed to the small bias and the more realistic bias is probably should be taken after 
August 2013. 
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Fig. A1. A scatter plot of the PWV from TELA GNSS station vs. the PWV from Bet-dagan radiosonde station in 2007–2019. A 45-degree line is plotted (red) for 
comparison. Note the skew in the residual distribution with an RMSE of 4.37 mm and a small bias. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. A2. Top: PWV from Bet-Dagan radiosonde station (blue circles) and from TELA GNSS station (orange x’s) in 2007–2019. Bottom: residuals. Note the residuals 
become constrained from 08 to 2013 probably due to a radiosonde equipment change. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)  
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Fig. A3. A scatter plot of the PWV from TELA GNSS station vs. the PWV from Bet-Dagan radiosonde station in 2014–2019. A 45 degree line is plotted (red) for 
comparison. Note the relatively large bias and small RMSE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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