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Water vapour is often measured by ground and space-
based systems. The ground-based systems (e.g., GNSS, 
sun photometry, radiosonde and microwave radiometry) 
provide in-situ measurement and are mostly limited by 
the sparseness of observation systems across the globe. 
Radiosondes, ground and satellite-based radiometry have 
some limitations but not limited to their expensive na-
ture, calibration error, poor temporal resolution and data 
quality, unlike their GNSS counterpart (Choy et al., 2015). 
The spaced-based systems (such as MODIS, COSMIC/
FORMOSAT-3 and atmospheric infrared sounder (AIRS), 
etc.), which are used to make  observations from satellites 
in space, provide wider coverage as compared to ground 
systems but are limited by their temporal resolutions.

The GNSS over the past and the present time has 
shown great potential in the retrieval of water vapour 
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Abstract. This study research the performance of the ERA5 reanalysis model in estimating and monitoring the variabil-
ity of atmospheric water vapour content over Nigeria. The ERA5 is a fifth-generation reanalysis model recently released 
by the European Centre for Medium-Range Weather Forecasts (ECMWF). The ERA5 model comes with excitingly high 
spatial and temporal resolution when compared to earlier models like the ERA-Interim and ERA-40. However, like the 
previous models, the ERA5 comes with numerous modelling uncertainties arising from data fusion methods and obser-
vation schemes, which often affects its performance at the different regions of the Earth. In this study, ERA5 precipitable 
water vapour (PWV) was validated with GNSS PWV from permanent GNSS stations in Nigeria NIGNET for the period 
of 2012–2013. The performance of ERA5 was investigated at sub-daily, diurnal, and seasonal scales in relation to Köppen-
Geiger climate classification using standard statistical metrics (namely, coefficient of correlation (r), Root mean square er-
ror (RMSE), Reliability index (RI), Mean absolute errors (MAE) and mean bias). The r, RI, RMSE, MAE and mean bias val-
ues at sub-daily, diurnal and seasonal scales were computed as,  (0.8670, 0.882, 0.979), (3.697 mm, 3.400 mm, 7.014 mm), 
(1.015, 1.019, 1.008), (2.769 mm, 2.706 mm, 1.939 mm) and (0.826 mm, 2.033 mm, 1.739 mm), respectively. The results 
indicate the strongest performance of ERA5 at seasonal scale with more than 95% agreement. The pattern of variability of 
ERA5 within the different climate zones of Nigeria showed good consistency with GNSS PWV and Köppen-Geiger climate 
classification. The study recommended the use of ERA5 in the retrieval of historic PWV records and near real-time GNSS 
applications.  
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Introduction

Water vapour is a greenhouse gas and a very important 
atmospheric variable that drives, and affects global hy-
drological and climate processes (Isioye et al., 2015). Pre-
cipitable water vapour (PWV) or total column of water 
vapour (TCWV) are the terms often used by scientists as 
measures of this greenhouse gas. The PWV as adopted in 
this study is the atmospheric water vapour contained in a 
vertical column of the unit area from the Earth’s surface to 
the uppermost part of the atmosphere. The PWV exhibits 
high spatio-temporal variability and due to its complex 
characteristics in both space and time, its measurement 
and modeling often tend to be difficult (Yang et al., 2019). 
The knowledge of the amount and variability of water va-
pour in the atmosphere is very important to climate stud-
ies and monitoring.
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in the atmosphere (Davis et al., 1985; Bevis et al., 1992, 
1994; Gurbuz et  al., 2015; Isioye et  al., 2016) due to its 
high accuracy, all-weather capability, high spatial and tem-
poral resolution. Although the spatial resolution of GNSS 
is a concern in many regions of the world like Africa.  
Ground-based GNSS meteorology can be advantageous in 
numerical weather forecasting and assimilation. Region-
ally and globally, it can be adopted for climate monitoring 
and atmospheric research, and in the validation of satellite 
and numeric products (Ansari et al., 2018).

Several numerical weather models (NWMs) of differ-
ent generations from the European Centre for Medium-
Range Weather Forecasts (ECMWF) and National Centre 
for Environmental Prediction (NCEP)/National Centre 
for Atmospheric Research (NCAR) have evolved over the 
years. The NWMs are based on prediction models and the 
integration of data from different sources (Ojigi & Opalu-
wa, 2019; Zhang et al., 2019). This, as a result, makes such 
models erroneous due to variation of the models, fusion 
method and observation schemes (Ssenyunzi et al., 2020; 
Yang et al., 2019). The accuracy of the models vary from 
one region to another, thus, there is a need to validate their 
performance over the different region (Ansari et al., 2018; 
Isioye et al., 2017; Ojigi & Opaluwa, 2019; Xiaoming et al., 
2010; Yang et al., 2019). Although, GNSS-based PWV is 
rarely used in NWM reanalysis data models, but most of-
ten used in validations. It is worth mentioning that the 
non-availability of meteorological sensors at some GNSS 
stations affects the accuracy of PWV estimations. In such 
cases, numerical weather prediction (NWP) models are 
used to retrieve empirical tropospheric mapping function 
such as VMF1 (Boehm et  al., 2006) and VMF3 (Land-
skron & Böhm, 2018). Several studies (see, for example 
Jade & Vijayan, 2008) have demonstrated the feasibility 
of using GNSS in PWV estimation to an accuracy of up 
to 2  mm and validated the NCEP based PWV with the 
GNSS based ones.

In Nigeria, the study of  Abimbola et al., (2017) found 
a weak correlation between GNSS PWV of some NIGNET 
stations operated and maintained by the Office of the Sur-
veyor General of the Federation (OSGOF), and the NCEP/
DOE Reanalysis II – the time series of each of the PWV 
sources exhibited an identical pattern. Lack of meteoro-
logical sensors attached to NIGNET and the poor resolu-
tion of NCEP/DOE was attributed to the weak correlation. 
In Ghana, Acheampong et al. (2015) found a correlation 
of more than 60% when PWV from GNSS was compared 
with that from the NCEP/DOE Reanalysis II. The study 
of Isioye et al. (2017) capitalized on the NIGNET to study 
spatio-temporal variability of PWV. Out of the 15 NIG-
NET stations across Nigeria, Isioye et al. (2017) used five 
and recorded a strong interrelation among GNSS, AIRS 
and ERA-Interim based models. In another study by Ojigi 
and Opaluwa (2019) NCEP/DOE and ERAI were com-
pared against each other and more than 90% correlation 
was recorded. 

The release of the fifth generation ECMWF ReAnaly-
sis5 (ERA5) hourly data and spatial resolution of 31 km 

provides the opportunity for monitoring PWV at a tem-
poral scale like never before from any reanalysis model. 
Studies from different parts of the world have shown good 
results for the ERA5. In the tropical region of East Af-
rica, Ssenyunzi et al. (2020) conducted an assessment of 
ERA5 PWV retrieval and validated it with ground-based 
GNSS – about 90% correlation was observed. Yang et al. 
(2019) also conducted an appraisal of ERA5 PWV with 
ground-based GNSS in China; about 95% correlation was 
recorded.      

This study research the potential of the ERA5 in es-
timating PWV over Nigeria for real time GNSS applica-
tions. Thus, GNSS PWV was utilized in the performance 
appraisal of ERA5. The study provides in-depth knowl-
edge of the temporal variability (i.e., sub-daily diurnal, 
and seasonal scales) of PWV due to the unique capability 
of ERA5 over previously validated models in Nigeria. In 
this paper, we first describe the data used for validating 
the ERA5 and methodology (Section 1). The results and 
discussions of the results are in Section 2. Finally, the 
conclusions and recommendations are given in the last 
Section.

1. Data and methodology

1.1. Study area

Nigeria (Figure 1), situated in the Western part of Africa 
is located between latitude 4 °N and 14 °N and longitude 
2 °E and 14 °E. This country is bordered by the Atlantic 
Ocean (to the South), Niger Republic and Chad (to the 
North), Benin Republic (to the West) and Cameroon (to 
the East). It is characterized by high (low precipitation) 
and low (high precipitation) elevations in the Northern 
and Southern part respectively. There are basically two 
seasons: dry season and the rainy season. Base on Köp-
pen-Geiger climatic classification (Kottek et  al., 2006; 
Beck et  al., 2018) Nigeria has 6 climatic classifications 
(Figure 2): Tropical Rainforest (Af) around the extreme 
coast of the Niger Delta (Bayelsa, Rivers and AkwaIbom); 

Figure 1.  Map of Nigeria depicting the GNSS stations used for 
the study (Bawa et al., 2021)
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Tropical Monsoon (Am) around Edo, Enugu, Imo, Abia 
and Cross River; Tropical Savannah (Aw) around North- 
Central and South-West geopolitical zones; Arid Desert 
hot (BWh) around some part of North-East geopolitical 
zone; Arid Steppe hot (BSh) around the North-West geo-
political zone.

1.2. Dataset

Ground-based GNSS tropospheric data spanning 2012–
2013 of NIGNET were processed  by and download-
ed from Nevada Geodetic Laboratory (NGL) (Blewitt 
et  al., 2018). The NGL provides more than 43,000,000 
station-days of tropospheric products (which include: 
water vapour, weighted mean temperature, total zenith 
delay, north and east gradient) at every 5 minutes since 
1994 to present from over 18,000 GNSS stations across 
the globe using GIPSY/OASIS-II software developed 
by the Jet Propulsion Laboratory (JPL). A summary of 
the parameters used in estimating PWV is presented 
in Table 1. Other processing parameters can be found 
via http://geodesy.unr.edu/gps/ngl.acn.txt. A summary 
of the characteristics of the data set used is presented 
in Table 2.

Hourly ERA5 data spanning 2012–2013 were down-
loaded from ECMWF website in NetCDF format. Infor-
mation about ERA5 can be found via https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era5.

Table 1. Parameters used in computing PWV by NGL

Parameter(s) Description

Method Precise point positioning (PPP)
Elevation angle cutoff 7 °
Sampling rate 5 minutes
Wet and dry mapping 
function

Vienna mapping function VMF1 

Integrated water vapor Wet zenith delay using Bevis et al. 
(1994) refractivity coefficients

Table 2. Characteristics of data set used for the study 

Data file and 
type

Spatial and temporal 
resolution

Data source

ERA5 0.25 °×0.25 ° 1 hour ECMWF*
SINEX 
tropospheric 5 minutes NGL**

Notes: ** http://geodesy.unr.edu/gps_timeseries/trop/
* https://www.ecmwf.int/en/forecasts/datasets/reanalysis-data-
sets/era5

1.3. Determination of PWV from GNSS and NWM

To the Geodesist, the atmospheric errors caused by the 
troposphere are a concern but for meteorological studies, 
the tropospheric error is useful for climate studies and 
other related applications. The delay caused by the tropo-
sphere called Zenith Total Delay (ZTD) can be divided 
into two parts: the non-hydrostatic (wet) part (ZWD) 
which is water vapour and temperature dependent and the 
hydrostatic (dry) part (ZHD) which is surface pressure de-
pendent (Gurbuz et al., 2015; Mengistu-Tsidu et al., 2015). 
The ZHD amounts to about 90% of the ZTD. The path 
length taken by satellite signal to the receiver which is also 
termed ZTD can be expressed as Equation (1).

( )6 ZTD 10 ,N s ds−= ∫  (1)

where ( )610 1  N n= −  is the atmospheric refractivity,   n is 
refractive index. A more accurate expression is provided 

in Bevis et al. (1994) as 1 2 3 2
.d v vP P P

N k k k
T T T

= + +

Equation 1 can also be expressed as Equation (2):

ZWD  ZHD  ZTD.+ =  (2)

The ZHD in Equation (2) can be computed using sur-
face meteorological data given in Equation (3) as (Saasta-
moinen, 1972; Davis et al., 1985): 

( )
( )

 2.2779 0.0024
ZHD( , , ) ,

1 0.00266cos(2 0.00028 )s
p

h
h

±
ρ λ =

− λ −
 (3)

where p is the total pressure at the Earth’s surface in mil-
libars, λ  is latitude of antenna and h  is station’s altitude 
above the ellipsoid in kilometres. This is a function of 
latitude. However, ZWD is mostly inaccurately calculated 
due to the dispersed and unpredictable water vapour con-
tent in the atmosphere. The errors budget can reach up 
to several centimetres at the zenith. It can be calculated 
by subtracting ZHD from ZTD, as given in Equation (4).

ZWD  ZTD –  ZHD.=  (4)

Once ZWD is estimated, PWV can be computed. PWV 
is roughly proportional to ZWD, given by Equation (5):

PWV ZWD.= Π×    (5)

Π  is a proportionality constant that is dimensionless. 
This is given by Equation (6):

( )1 6 1 '
3 210 ,m v vk T k R− − −∏ = + ρ   (6)

Figure 2. Köppen-Geiger climate classification for Nigeria; 
1980–2016 (Beck et al., 2018)

http://geodesy.unr.edu/gps/ngl.acn.txt
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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where '
2k  and 3k  are refractivity constants with values 

22.1±2.2 K/mbar, and 373 900±12 000 K2/mbar respec-
tively. Rv is the specific gas constant for water vapour with 
the value 461.524 Jkg–1K–1 (Bevis et al., 1992). The param-
eter Tm in Equation (6) is the weighted mean temperature 
depending on surface temperature Ts given by Bevis et al. 
(1994).  

  0.72  70.2.m sT T= +   (7)

The PWV can be estimated from vertical profiles of 
a reanalysis model using the relation (Jiang et al., 2016):

PWV .
atmosphere

wsurface

q dp
g

=
ρ∫  (8)

In Equation (8) wρ  is the density of liquid water, p  is 
air pressure, q  is the specific humidity and  g is accelera-
tion due to gravity given by 9.80665 m/s2.

1.4. Methodology

Hourly ERA5 PWV retrieved from ECMWF website was 
sorted accordingly for sub-diurnal estimation. Thereafter, 
GNSS PWV of 5minutes temporal scale were averaged 
into their ERA5 sub-diurnal (1hour) equivalence. Also, 
hourly ERA5 and NGL PWV were averaged into diurnal 
temporal scale. And finally, ERA5 and NGL diurnal data 
were grouped and averaged into seasonal (DJF, MAM, JJA, 
SON) temporal scale. Nearest Neighbour interpolation 
scheme was employed in obtaining corresponding ERA5 
PWV of the NIGNET stations. 

Five statistical metrics were utilized to assess the per-
formance of the two datasets. These include: mean bias 
(MB), mean absolute error (MAE) (Shcherbakov et  al., 
2013), root mean square error (RMSE), reliability index 
(RI) (Leggett & Williams, 1981), correlation coefficient (r). 
Observed value ( )ix  is assigned to the GNSS data from 
NGL whereas the model estimates ( )iy  is assigned to the 
ERA5. N  is the number of observations.  

1

1MB ( );
N

i i
i

x y
N =

= −∑  (9)

1MAE ;
N

i ii
x y

N
=

−
=
∑  (10)

( )21RMSE ;
N

i ix y

N

−
=
∑  (11)

2

1
ln

RI exp ;

N i
i

i

x
y

N

=

  
     =

∑
 (12)

( )( )

( ) ( )

1
1

22 2
1 1

.
ˆ ˆ

ˆ .

N
i ii

N N
i ii i

x x y y
r

x x y y

=

= =

− −
=
 − −  

∑

∑ ∑
 (13)

2. Results and discussions

In this study, PWV estimate from GNSS and ERA5 rea-
nalysis model were investigated at sub-daily, diurnal and 
seasonal scales to ascertain the suitability of the ERA5 in 
predicting and monitoring PWV variations over Nigeria. 
The evaluation was carried out using data from the period 
of 2012–2013.

2.1. Sub-daily variation

Variation in PWV is dependent on latitude, topography, 
seasons and continental air masses resulting from massive 
land and sea breeze convergence (Isioye et al., 2019). Fig-
ures 3 and 4 present heat maps of the variations in PWV 
in 2012 and 2013 over the corresponding NIGNET sta-
tions derived from ERA5 at monthly/seasonal (see vertical 
axis) period and at hourly temporal scale (see horizontal 
axis).

Based on the Köppen-Geiger climatic classification as 
presented in section 2.1, Figures 3 and 4 show that sta-
tions RUST, FPNO and CLBR located around the Tropical 
Monsoon (Am) region recorded the most the atmospher-
ic water content. This is followed by stations ULAG and 
UNEC located around the Tropical Savannah (see Figures 
1 and 2) which both exhibit similar high atmospheric 
PWV to stations RUST, FPNO and CLBR which are lo-
cated around the Tropical Monsoon (Am) region (see also 
Figures 1 and 2). In Figures 3 and 4, the variation of PWV 
at a particular time of the day is dependent on the season, 
month and year. For example, station RUST in Figure 3, 
for January, recorded a decrease in atmospheric water va-
pour from 0–12 hours (UTC) – the PWV increases from 
12–21 hours (UTC); then another decrease from 21–23 
hours (UTC). This is relatively different from what is at-
tainable for the same station in Figure 4 for year 2013. 
From the Tropical Monsoon to the Tropical Savannah, a 
decrease in atmospheric water vapour content is observed 
over the stations in these regions (Figures 3 and 4). Sta-
tions MDGR, BKFP and HUKP (Figures 1–4) in the arid 
dessert steppe, experience the lowest atmospheric water 
vapour content throughout the year.

Figures 5 and 6 present corresponding PWV over 
the NIGNET stations from NGL. Stations with less than 5 
months data were excluded from the plots – this is a major 
setback of the NIGNET data (data gap) from NGL. Ideally, 
it is expected that Figures 3 and 5, and 4 and 6 portray 
similar pattern. For better understanding of their relation-
ship, the monthly/seasonal variations of the 2 datasets are 
researched. Across the stations as depicted in Figures 3, 4, 
5 and 6 between the two PWV sources, irrespective of the 
time of day, the lowest peak of monthly PWV was recorded 
in January, February and March the months. Although, sta-
tions in the Southern part of the country – mostly tropical 
Rainforest and Monsoon, exhibited relatively high PWV 
during these months vis-à-vis their Northern counterparts. 
It is also observed that PWV reaches its peak in August, 
September and October for the stations located in the 
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Figure 3. Sub-daily variation of ERA5 PWV (kg/m2) over 15 CORS for year 2012, plots are months against time (UTC hours)

Figure 4. Sub-daily variation of ERA5 PWV (kg/m2) over 15 CORS for year 2013, plots are months against time (UTC hours)
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central part of the country (ABUZ, CGGT, OSGF, FUTY 
and GEMB). Stations MDGR, HUKP and BKFP also ex-
hibit similar characteristics (Figures 3–6). This is as against 
stations RECT, FUTA and UNEC which depict varying 
peaks from mid-May to October. Stations CLBR, RUST and 
ULAG located relatively very close to the coast of Nigeria 
exhibited very high PWV between 42–62 kg/m2 (or mm, 
because 1 kg of water corresponds to 1 dm3 of water) from 
February to December – peaks at these stations are mostly 
observed around the month of May at 0–9 hour (UTC) – 
this corroborates the study of Ojigi and Opaluwa (2019).

2.2. Diurnal and seasonal variation

In this section, the daily and seasonal PWV variability 
over Nigeria is investigated. Figure 7 presents the diurnal 
variation of PWV from GNSS and ERA5 over the selected 
stations aggregated from hourly mean of each day. A sea-
sonal trend is observed over the selected sites. It can be 
observed that the ERA5 and GNSS PWV mimic similar 
trend but how well they agree is discussed in section 2.3.

In the present study, it was observed that character-
izing the seasonal variation of PWV from the aggregated 

Figure 5. Sub-daily variation of GNSS PWV (mm) over 15 CORS for year 2012, plots are months against time (UTC hours) 

Figure 6. Sub-daily variation of GNSS PWV (mm) over 15 CORS for year 2013, plots are months against time (UTC)
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monthly mean (Figure 8) produced a more reasonable 
pattern than can be interpreted from the sub-daily plots 
(Figures 3–6).  Figure 8 depicts the PWV values for the 
four seasons experienced in Nigeria: March, April and 
May (MAM); June, July and August (JJA); September, 
October and November (SON); and December, January 
and February (DJF). 

As presented in Figure 8, the seasons MAM and DJF 
are characterized by dry seasons, while JJA and SON are 
characterized by wet seasons. The MAM and DJF exhibit 
low PWV, but the MAM season has high PWV when 
compared to the DJF season. Toward the Northern part 
of the country, the MAM season exhibit low PWV, while 
the Southern part of the country exhibits a relatively high 
PWV compared to their Northern counterpart. Figure 8a 
and 8b also show very high PWV (both in the North-
ern and Southern part of the country in the JJA season. 
The JJA for the 2 data sets exhibited the highest PWV 

amongst the 4 seasons. The wet season is at its peak in 
these months. The PWV is between 34 to 62 kg/m2 (mm) 
from the Southern to the Northern part of the country. 
The SON season is the season that marks the beginning of 
decrease in PWV across the country. On the contrary, this 
season marks the end of the rainy season in the South-
ern region, it’s a season characterized by little rainfall and 
enormous amount of thunderstorm. It is indicative that 
PWV is season dependent. This corroborates the observa-
tions of Ansari et al. (2018), Isioye et al. (2017), Ssenyunzi 
et al. (2020).

2.3. Statistical validation

Figures 9 and 10 respectively present the sub-daily and 
diurnal performance metrics of ERA5 against NGL PWV 
for each station under research.  This would give a better 
insight on how well ERA5 performs in the sub-daily and 

Figure 7. Diurnal variation of PWV derived from GNSS and ERA5 during the period 2012–2013. Units are in mm or kg/m2 

Figure 8. Seasonal means: a – GNSS PWV (mm); b – ERA5 PWV (kg/m2) for MAM, JJA, SON, and DJF from 2011–2013

(a)

(b)
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diurnal scale. In the present study, r explains how much 
variability can be found between ERA5 and GNSS. The 
correlation coefficient (r) of GNSS PWV and ERA5 at sub-
daily scale are illustrated at the top left of Figures 9 and 
10. In Figure 9, the r mimics no clear pattern but stations 
FPNO (0.677) and FUTA (0.694) had r values of less than 
70% with station RUST having the worst r value of 0.395 
(less than 40%).

An improvement is noticed in Figure 10, which is the 
mean aggregate of hourly PWV from GNSS and ERA5. 
Exceptions to this improvement is noticed at stations 
FUTY, HUKP, MDGR and RECT. The r values for these 
stations decreased from 0.974 to 0.959 for station FUTY, 
0.986 to 0.935 for station HUKP, 0.872 to 0.779 for station 
MDGR and 0.941 to 0.924 for station RECT for the sub-
daily and diurnal scale respectively.

Average r values for the sub-daily trend were computed 
as 0.867, while average r values for the diurnal trend were 
computed 0.882. This implies that at diurnal scale, ERA5 has 
the tendency of better predicting the PWV over Nigeria.

RI measures how much two models differ from each 
other. Values close to 1 indicate close match. The mean 
RI values at individual stations in Figure 9 between ERA5 
and GNSS PWV (at sub-daily scale) are in the range 1.005 
to 1.038 with an overall value of 1.015. Similarly, the mean 
RI values at individual stations in Figure 10 between ERA5 
and GNSS PWV (at diurnal scale) are in the range 1.003 
to 1.062 with an overall value of 1.019. We can observe 
that the overall values for both sub-daily and diurnal scale 
are relatively equal-this shows how promising is ERA5 in 
retrieving PWV at hourly temporal scale.

RMSE is a measure of average square. It defines how 
close two models are. It ranges from 0 to infinity. Zero 
values are optimum. The RMSE values are in the range 
2.825 to 4.804 mm (at sub-daily scale) with average value 
of 3.697 mm (Figure 9). At the diurnal scale (Figure 10), 
RMSE values are in the range 1.689 to 5.373 mm, with 
average value of 3.400 mm.

MAE on the other hand measures the absolute devia-
tion between two compared entities. Similar to the RMSE, 

Figure 9. Statistical plot of sub-daily agreement of PWV from ERA5 and GNSS from 2012–2013

Figure 10. Statistical plot of diurnal agreement of PWV from ERA5 and GNSS from 2012–2013
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values near zero indicate coincidence between observed 
and forecasted model. The MAE values are in the range 
1.983 to 4.000 mm (at sub-daily scale) with average value 
of 2.770 mm. At the diurnal scale, MAE values are in the 
range 1.754 to 4.127 mm, with average value of 2.706 mm.

On a general note, bias defines the level at which PWV 
from ERA5 and GNSS are over or underestimated. It rang-
es from –1 to 1 and optimum values are at 0. At sub-daily 
scale, bias values are in the range –1.540 to 3.943  mm 
with average value of 0.826 mm. At the diurnal scale, the 
observed range is –0.139 to 4.127 with average value of 
2.033 mm.

Table 3. Seasonal statistics of ERA5 and NGL PWV

Season r MAE RMSE RI Bias

DJF 0.996 1.421 3.048 1.006 1.319
MAM 0.993 1.308 2.328 1.002 0.614
JJA 0.966 1.823 5.724 1.004 1.823
SON 0.963 3.205 16.955 1.020 3.200
Mean 0.980 1.939 7.014 1.008 1.739

Table 3 shows the seasonal statistics of PWV from the 
two data sources. With r values of up to 99%, it is obvi-
ous that ERA5 predicts very well the PWV of the season 
DJF. This is followed by the MAM season. The JJA and 
SON seasons had r values of 0.966 and 0.963 respectively. 
Similarly, the seasons of DJF and MAM recorded the low-
est MAE, RMSE, RI and bias. Whilst the seasons of JJA 
and SON recorded the highest MAE, RMSE, RI and bias. 
Possible reason for this slight difference is that ERA5 per-
forms poorly in humid regions (Ssenyunzi et  al., 2020); 
therefore, the seasons of JJA and SON are quite humid 
compared to the seasons of DJF and MAM.

The performance indices, for the sub-daily and diurnal 
scale are summarized as (see also Figure 11):

1. Overall r, RI, RMSE, MAE and bias values for the 
sub-daily scale were computed as  0.867, 1.015, 
3.697 mm, 2.769 mm and 0.826 mm respectively;

2. The overall r, RI, RMSE, MAE and bias values for 
the diurnal scale were computed as 0.882, 1.019, 
3.400 mm, 2.706 mm and 2.033 mm respectively;

3.  Finally, r, RI, RMSE, MAE and bias values for 
the seasonal scale were computed as 0.979, 1.008, 
7.014 mm, 1.939 mm and 1.739 mm respectively.

Conclusions

We investigated the performance of PWV over Nigeria 
from recent hourly ERA5 reanalysis data and ground-
based GNSS PWV estimates from NGL, with a view to as-
certain the performance of the new fifth generation ERA5 
in estimating PWV over Nigeria, which has improved spa-
tial and temporal resolution. The PWV from the reanalysis 
data were investigated against the GNSS data sets based on 
sub-daily, diurnal and seasonal scale. 

Stations located around the Af exhibit high PWV. The 
BWh and BSh experience the lowest atmospheric water 
vapour content. These are all dependent on the time of the 
day, season, month and year.

We have also classified PWV estimates based on the 
data into MAM, JJA, SON, and DJF, with a view to study 
the seasonal relationship of PWV in Nigeria. The JJA 
season is characterized as having highest PWV amongst 
the four seasons. Though, the seasonal variability is a 
function of geographic latitude and Köppen-Geiger cli-
mate classification of Nigeria. However, possible reason 
for large differences in performance indices for some sta-
tions is due to the limitations of the ECMWF in humid 
regions and large height difference in reducing PWV 
(Ssenyunzi et al., 2020). From Figure 11, it appears that 
at seasonal scale, ERA5 better predicts the atmospheric 
PWV. This is followed by the diurnal and then the sub-
daily estimate.

Mostly, GNSS stations are collocated with meteoro-
logical sensors so as to enable real time PWV estimation. 
On the contrary, the NIGNET stations lack meteorologi-
cal sensors; this makes it difficult for real time meteoro-
logical applications. Therefore, this study is an indication 
that ERA5 can support real time applications of PWV 
retrieval without contaminating sub-daily cycles. For his-
torical PWV retrieval at GNSS stations without collocat-
ed meteorological sensors, ERA5 can be an alternative.
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