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Abstract
The spatial and temporal variability of water vapour in the atmosphere influences the earth weather, climate system, 
quality of spatial positioning and radio waves propagation of communications signals amongst others. It is therefore 
imperative to periodically monitor and map the water vapour phenomenon over specific areas of interest across the 
globe. This study therefore investigates the time-series variability of the atmospheric water vapour contents (AWVC) 
over Nigeria from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim (ERA-I) and National 
Centre for Environmental Prediction/National Centre for Atmospheric Research (NCEP/NCAR) reanalysis data. The 2007–
2017 daily/monthly mean data sets of ERA-I and NCEP/NCAR were visualised and extracted with Panoply version 4.8.6 
and MATLAB 2018b for the 37 states capital in Nigeria. The months of minimum and maximum AWVC for all sampled 
locations were determined and compared, and the best fit trend equations for six cities (one city from each of the six 
geopolitical zones) were developed. The monthly means of AWVC over the study area showed spatial heterogeneity 
trend. The latitudinal variations in both ERA-I and NCEP/NCAR data sets showed that AWVC over Nigeria increases as 
latitude decreases towards the equator, and vice versa, irrespective of the month or time of the year. The study showed 
that May–September and November–February of 2007–2017 represent the periods with highest and lowest values of 
AWVC over Nigeria, respectively, which are the expected wet and dry seasons in the study area, and with peak months 
of August and January, respectively. The linear regression of the ERA-I and NCEP/NCAR data sets gave a coefficient of 
correlation of about 96.37%, coefficient of determination (R2) of about 92.9% and a coefficient of efficiency of 87.83%, 
which indicate that ERA-I and NCEP/NCAR data sets have close values and the relationship between them in estimat-
ing AWVC over any selected location is statistically significant and valid. The coefficient of efficiency (E) of about 87.8% 
shows high level of internal efficiency of the ERA-I and NCEP/NCAR data sets used in this study. The best line of fit from 
polynomial models showed a range of the R2 results for the best line-of-fit determination ranging between 78.36% and 
95.75% for ERA-I, and 81.24% and 94.13% for NCEP/NCAR. The models and time-series spatial maps of AWVC produced 
in the study are recommended for use in the empirical estimation of AWVC and validations of other independent water 
vapour retrieval solutions such as GNSS and aerospace radiometry over the study area.
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1 Introduction

The atmospheric water vapour is very important for the 
Earth system and significantly influences many processes 
of the earth’s weather and climate; hence, its variability is 
key to understanding the hydrological cycle [44, 64, 65]. 
Water vapour is the most important natural greenhouse 
gas and the dominant source of infrared opacity in the 
clear-sky atmosphere [52, 61], and its fast-acting feed-
backs constitute a strong amplification mechanism for 
anthropogenic climate change [28, 57], thus also making 
water vapour a key parameter for earth energy budget 
and climate change analysis [57]. It is more effective at 
absorbing the thermal radiation from the Earth’s surface 
than carbon dioxide though its molecule does not stay 
or linger in the atmosphere as long as a carbon dioxide 
molecule does before falling back to the earth as pre-
cipitation [52, 66].

Basically, atmospheric water vapour is formed 
through the processes of transpiration in plants, heat-
induced evaporations from water, ice, surface of streams, 
lakes, rivers and oceans into the atmosphere. In recent 
years, the burnings of petroleum products and natu-
ral gas have become a notable anthropogenic cause 
of water vapour variations in the atmosphere, thereby 
contributing to local climate variability and global warm-
ing. For instance, in the Niger Delta Region of Nigeria, 
gas flaring and burning of all petroleum refineries have 
become notable phenomena capable of modifying the 
local climate of the region. Water vapour varies by vol-
ume in the atmosphere from a trace to about 4%. There-
fore, on average, only about 2–3% of the molecules in 
the air are water vapour molecules [26]. The amount of 
water vapour in the air is small in extremely arid areas 
and in location where the temperatures are very low. A 
10% drop in water vapour, 16 km up, has had an effect 
on global warming between 2000 and 2010 [1]. Amongst 
other greenhouse gases such as carbon dioxide and 
methane, water vapour has a much higher temporal 
and spatial variability [64]. The amount of water vapour 
is highly variable being a function of temperature and of 
atmospheric conditions, and its main effect is measured 
in a broadened band around the  H2O absorption line 
at 22.2 GHz [50]. The attenuation due to water vapour 
exhibits noticeable daily, seasonal and geographical 
variations.

The global average of atmospheric water vapour con-
tents has increased since 1980, but in Nigeria, the aver-
age atmospheric water vapour has been more favour-
ably consistent in the northern part than in the south [9]. 
Though the water vapour lapse rate feedback is believed 
to be robustly represented in climate models, there is 

still high uncertainty on water vapour trends, especially 
at a regional level [11].

1.1  Effects of water vapour on satellite signals

For satellite surveying, remote sensing, navigation and 
communications, existence of atmospheric water vapour 
has random and systematic effects on radio signals at 
various frequencies of transmission, leading to errors in 
positioning, magnitude and phase data sets and signal 
attenuations, amongst others. Microwave signals trans-
mitted by global positioning system (GPS) satellites are 
increasingly used for high-accuracy scientific applications 
including studies of weather, climate, crustal deformation, 
plate tectonics, sea level, ice dynamics and isostasy [59], 
but these signals are often impaired by vapour contents 
in the atmosphere.

The uncondensed water vapour and oxygen can be 
strongly absorptive of radio signals, especially at milli-
metre-wave frequencies and higher frequencies (tens to 
hundreds of GHz), and their attenuation or absorption 
constant is defined in the units of dB/km [30]. Atmospheric 
gases are the major factors that affect signal impairment 
of satellite-to-ground and ground-to-satellite links at fre-
quencies C-band (6/4 GHz), Ku-band (14/12 GHz), Ka-band 
(30/20 GHz) and V-band (50/40 GHz) [6, 7]. According to 
Al-Saegh [8], 

The gases attenuation at fixed 40% RH reached 
higher level at approximately 325 GHz. The relative 
humidity (RH) is directly proportional to the amount 
of signal power attenuation due to the water vapour 
particles in space, and hence the total gases attenu-
ation as shown in Fig. 1b. However, the regions near 
the sea and the equator usually suffer from higher RH 
which indicates increased gases attenuation.

Water is believed to, amongst other gases, exert sig-
nificant effects on satellite signals through phenomena 
such as refraction (a change in the direction of propaga-
tion of a radio wave due to the variation in refractive index 
of the medium), absorption (a decrease in the amplitude 
of a radio wave caused by an irreversible conversion of 
energy from the radio wave to matter in the propaga-
tion path), scattering (a process in which the energy of a 
radio wave is dispersed due to interaction with elements 
in the medium), diffraction (a change in the direction of 
propagation of a radio wave resulting from the presence 
of an obstacle, a restricted aperture or other objects in 
the medium), multipath (when a transmitted radio wave 
reaching the receiving antenna by two or more propaga-
tion paths), scintillation (rapid variations or fluctuations of 
the amplitude and the phase of a radio wave caused by 
small-scale irregularities in the transmission path/paths 
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with time and fading (the slower variation in the amplitude 
or field strength of a radio wave caused by changes in the 
transmission path(s) with time) [33].

In view of the implications of atmospheric  H2O vapour 
in geodesy and geosciences, atmospheric and radio sci-
ences and meteorology, the global water vapour data 
sensors are now key components of earth observation 
and weather satellites, satellite radar altimetry and radi-
ometry, etc., for the monitoring and prediction of global 
and regional climate processes and dynamics. A variety of 
systems exist for measuring the atmospheric integrated 
water vapour (IWV), e.g. radiosondes [54], microwave radi-
ometry [22], very long baseline interferometry (VLBI) [29] 
and global navigation satellite systems (GNSS) [15]. How-
ever, various methods have their respective peculiarities.

1.2  An overview of satellite radiometer water 
vapour retrieval and data availability

Since 1979, passive radiometers have been working in 
the infrared band, but their observations are of low accu-
racy and limited to clear-sky conditions [16, 19]. These 
have been largely overcome by the multimission satel-
lite altimetry microwave radiometers now used for global 
measurement of water vapour contents. Humidity meas-
urements from downward-looking microwave radiometers 
are independent of the cloud coverage and provide high 
accuracy over the oceans in nonprecipitating atmospheres 
[60]. However, over land and ice surfaces, the accuracy of 
the water vapour estimated from these microwave radi-
ometers is degraded because of assumptions that have to 
be made about surface emissivity [20, 38, 40, 67].

It is therefore expected that if water vapour estimation 
from satellite altimetry microwave radiometer is at the 
level of the tropopause or the atmosphere (~ 10 km above 
the msl), the suspicious effect of land surface emissivity 

and contamination of the radar echoes (waveforms) is mini-
mal and has less or minimal impact on the accuracy of the 
estimation. Previously, on water vapour data, numerical 
weather prediction (NWP) models were originally based on 
radiosonde observations, but today satellite observations 
from infrared and microwave radiometers are also opera-
tionally assimilated into the NWP and reanalysis models 
[10, 37, 39, 48].

Before now, large radiosonde data gaps over the 
oceans, and over some land areas of Africa, limit the ability 
to define the global water vapour distribution. However, 
the birth of newer data sources, such as the data sets from 
infrared and microwave satellite sensors, contributes to 
the enhanced global coverage on daily basis [53]. Exam-
ples of available large-scale water vapour data sets include 
satellite microwave retrievals from the Defense Meteoro-
logical Satellite Program (DMSP) Special Sensor Microwave 
Imager (SSM/I) data over ocean [35].

Television Infrared Observation Satellite (TIROS) Opera-
tional Vertical Sounder (TOVS) infrared retrievals over land 
[55, 68], upper-tropospheric relative humidity from geo-
stationary satellite [30], and a number of data sets using 
special radiosonde measurements for research purposes 
on limited time and space scales. Other data sets include 
model-analysed 4D data-assimilated global humidity fields 
from the European Centre for Medium-Range Weather 
Forecasts (ECMWF) and National Centers for Environmen-
tal Prediction (NCEP) [62]. The ERA-I initiated in 2006 is 
the latest global atmospheric reanalysis produced by the 
ECMWF to provide a bridge between ECMWF’s previous 
reanalysis, ERA-40 (1957–2002) and the next-generation 
extended reanalysis [14, 21]. The reanalysis data sets are 
integrated outputs from multistage and multisensor sat-
ellite observations. Schröder et al. [57] made excellent 
summaries of the main passive microwave satellite sen-
sors (imagers and sounders) used for global water vapour 

Fig. 1  Gases attenuation [8]
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and the existing satellite and reanalysis data records, 
respectively.

1.3  Multisatellite radiometry data sources

Multisatellite data refer to integrated data models or out-
puts from various satellites placed in different orbits and 
elevations; hence, the ERA-I and NCEP data sets used in this 
study are products of multistage and multisensor satel-
lite observations. Some of such multisensor technologies 
include the advanced infrared sounder (AIRS), radiosondes, 
microwave radiometers and other passive microwave 
satellite sensors, VLBI, TIROS-TOVS, Moderate Resolution 
Imaging Spectroradiometer (MODIS), Advanced Space-
borne Thermal Emission and Reflection Radiometer 
(ASTER), GOES-R Series, Meteosat, NOAA-Advanced Very 
High Resolution Radiometer (NOAA-AVHRR), Aqua, Tropi-
cal Rainfall Measuring Mission (TRMM), GPS/GNSS, etc. The 
GNSS-based water vapour data are, however, not usually 
included in ECMWF (ERA-I and ERA5), NCEP and other 
atmospheric reanalysis data models, but could be used 
for data validations at selected local points of interest.

The availability of multisatellite radiometry for the 
observations, retrievals and assimilation of atmospheric 
water vapour content presents unique opportunity for 
atmospheric science and climate change researches in 
developing countries that are not in a position to gener-
ate such data sets for their own use. This is because the 
accurate knowledge of the contents, patterns, spatial and 
temporal variability of water vapour is indispensable for 
the investigations and descriptions of regional weather 
and climate processes, wet refractivity analysis over spatial 
locations, error budget in positioning and navigation and 
estimation of attenuation constants of radio waves prop-
agation of satellite signals over selected communication 
antennae or geodetic observatory, etc. This study there-
fore investigates the time-series variability of atmospheric 
water vapour contents over Nigeria from the ERA-I and 
NCEP/NCAR reanalysis data, with a view to create spatial 
and empirical estimating models for AWVC over selected 
locations and baselines in Nigeria. The objectives of this 
study are to:

1. Map the spatio-temporal variability of AWVC over 37 
capital city locations in Nigeria from ERA-I and NCEP/
NCAR data (2007–2017).

2. Determine the trend and the periods/months of maxi-
mum and minimum AWVC regime over the study area.

3. Determine the statistical relationship between the spa-
tially co-located AWVC values from ERA-I and NCEP/
NCAR data.

4. Identify the implications of the trend of atmospheric 
water vapour variability on satellite surveying/posi-

tioning and communications, and climate change in 
Nigeria.

1.4  The climate of Nigeria

According to [47, 49], the climate of Nigeria is largely influ-
enced by three major atmospheric phenomena, namely: the 
maritime tropical (mT) air mass, the continental tropical (cT) 
air mass and the equatorial easterlies. The hot, dry conti-
nental air masses originating from the high-pressure sys-
tem above the Sahara Desert give rise to dusty Harmattan 
winds over the Sahel and Savannah Region of West Africa 
from November to February, while in summer, moist equa-
torial air masses originating over the Atlantic Ocean bring 
annual monsoon rains [43].

Pokam et al. [51] observed that the interannual vari-
ability of moisture flux in equatorial central region of 
Africa is contributed mainly by the low-level moisture 
advected from the Atlantic Ocean, underlying its crucial 
role for the regional climate. Over Nigeria, and elsewhere 
in West Africa, precipitation decreases with increase in 
latitudes and hence becomes progressively drier as one 
moves north from the coast [63]. Figure 2a shows the sur-
face area satellite image of the relatively dry Sahel north-
ern and rainforest southern parts of Nigeria, and Fig. 2b 
illustrates the satellite signal attenuation morphology by 
atmospheric gases (e.g. water vapour).

2  Materials and methods

2.1  Data and sources

Two sets of data sets were acquired and used for the time-
series monitoring of water vapour variability over Nige-
ria. Table 1 contains the properties of the ERA-Interim and 
NCEP satellite reanalysis data records. The ERA-I is a global 
atmospheric reanalysis produced by the ECMWF, and the 
data exist either in GRIB or NetCDF format, downloadable 
from ECMWF website. The global fields are available at 
full resolution, both vertically (on model levels) and hori-
zontally, and data retrievals can be optionally restricted 
to a limited area and interpolated to a coarser grid [13]. 
The pair of ERA-I and NCEP data sets were selected for 
this study, considering their spatial grid resolutions, ERA-I 
(0.75°) and NCEP/NCAR (2.5°), when compared to ERA5 
HRES (31 km/0.28125°). Secondly, with the pair of ERA-I 
and NCEP, there is reduced spatial interpolation ratios 
between the two data sets, which is not likely with the 
pair of ERA5 and NCEP data sets.

Reanalysis systems are typically based on advanced 
operational atmospheric general circulation models and 
include data assimilation schemes. The data assimilation 
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merges spatially and temporally discontinuous observa-
tions with model state fields to reinitialise atmospheric 
forecasts and produce spatially and temporally continu-
ous state fields [57]. The vertically integrated variables for 
water vapour from ECMWF are given Eq. (1) [13, 14]:

TCWV = total column water vapour, p is specific humidity 
on model levels, ɳ is pressure of the model levels and g is 
gravitational acceleration.

Information about the current status of ERA-I produc-
tion, availability of data online and near-real-time updates 
of various climate indicators can be found in http://www.
ecmwf .int/resea rch/era. On the other hand, information 

(1)TCWV =
1

g ∫
1

0

g
�p

��
d�

on gridded data from NCEP, National Oceanic and Atmos-
pheric Administration (NOAA) can be found in the follow-
ing website http://www.esrl.noaa.gov/psd/data/gridd ed/
data.ncep.reana lysis .deriv ed.html.

2.2  Methods

Figure 3 shows the flow diagram for the methodology 
adopted for the time-series mapping (TSM) of the AWVC 
over Nigeria. The flow diagram is made up of retrievals of 
NetCDF data, data pre-processing (reading and extracting 
of area of interest (AOI) arrays and the spatial sorting of 
arrays-lat/long), data processing and TSM (import, inter-
polation/resampling, AWVC computations, spatial and 
latitudinal variation mapping) and analysis and modelling 
techniques.

Fig. 2  a Image of Nigeria [23]; b tropospheric signal delays [25]

Table 1  Satellite reanalysis data records used and source(s)

*http://apps.ecmwf .int/datas ets/data/inter im-full-moda/levty pe=sfc/

**http://www.esrl.noaa.gov/psd/data/gridd ed/data.ncep.reana lysis .deriv ed.html

Product technique Data record and file 
type

Parameters/units Spatial/temporal resolu-
tion

Spatial/temporal cover-
age/extent

Source of data

Reanalysis ERA-I
NetCDF-3

Monthly mean TCWV/
kg/m2

(0.75° × 0.75°) grid Global
January 2007–2017
Nigeria (long. 

2.675E−14.675E and 
lat. 13.925N–4.225 N]

*ECMWF

Reanalysis NCEP–NCAR-derived 
products

NetCDF

Monthly mean PW 
contents kg/m2

(2.5° × 2.5°)
grid

Global
January 2007–2017
Nigeria (long. 

2.675E − 14.675E and 
lat. 13.925 N–4.225 N]

**NCEP–NCAR 

http://www.ecmwf.int/research/era
http://www.ecmwf.int/research/era
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.html
http://apps.ecmwf.int/datasets/data/interim-full-moda/levtype%3dsfc/
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.html
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2.3  Data processing and time‑series mapping

The NCEP data in 2.5 × 2.5 decimal degree grid were resa-
mpled to 0.75 × 0.75 decimal degree grid to the equiva-
lent of the spatial resolution of the ECMWF/ERA-I data. The 
kriging interpolation technique was adopted in view of its 
anisotropic and geometric output advantages over other 
techniques. The kriging interpolation algorithm produces 
an unbiased prediction, calculates the spatial distribution 
of uncertainty and allows for the estimation of the errors in 
an interpolation for any particular point [12, 17, 42, 46]. The 
spatio-temporal water vapour and climatological maps of 
the study area (ERA-I and NCEP/NCAR, respectively) were 
produced for the period of 2007–2017.

2.4  AWVC trend and statistical analysis techniques

Two fitting trend models were tested for predicting the 
AWVC over 37 cities in Nigeria. The models include pol-
ynomial and moving average models. Considering the 
geometry of the monthly mean per station, the criteria for 
selecting best fit model include the best-fit trend line and 
the coefficient of determination (R2). Considering the num-
ber of locations and the geopolitical zones of Nigeria, six 
city locations were randomly selected for the fitting trend 
models in this study. The selected cities include Damaturu 
(north-east), Birnin Kebbi (north-west), Lafia (north-central), 
Oshogbo (south-west), Enugu (south-east) and Port Harcourt 
(south–south).

Polynomial model
A polynomial model is a mathematical formula or 

expression with several algebraic terms. It is given by:

where y (kg/m2) represents the vapour value and x repre-
sents the period of month.

Moving average model is given in the form of Eq. (3).

where Ft = forecast for the coming period, n = number of 
periods averaged and At−1 = actual values of the previous 
period for up to ‘n’ period.

The statistical analysis considered in this study includes 
root-mean-square error (RMSE), mean absolute error 
(MAE), mean absolute relative error (MARE), model effi-
ciency (MEF), correlation coefficient (r), coefficient of 
determination (R2)/adjusted-r, (MaxAE) and the maximum 
absolute relative error (MaxARE). The mean absolute error 
(MAE) measures the absolute deviation of the atmospheric 
water vapour values of ERA-Interim and NCEP/NCAR. In 
Eqs. (2) to (11), the ERA-Interim and NCEP/NCAR data sets 
are assigned predicted (xi) and observed (yi) data, respec-
tively, and n represents the number of observations [20, 
56].

To find out how much of a difference exists between the 
predicted (xi) and observed (yi) values, there is a need to 
calculate the mean absolute error (MAE) of the data [24]. 
The root-mean-square error (RMSE) of the predicted (xi) 
and observed (yi) data sets is the average magnitude of the 
error in the set of observation(s), which can be calculated 
by Eq. (5). RMSE is stated in the same units of the original 
measurements [18]:

The mean absolute relative error (MARE) is the average 
of the absolute deviations between the predicted (xi) and 
observed (yi) values. The MARE can be estimated by (6) 
[34, 58]:

Coefficient of efficiency (CEF) [32, 58] is also referred to 
as model efficiency (MEF) [41, 58], which is a measure of the 
internal efficiency of predicted and observed data, as the 

(2)y = 2x2 + 2x3 + 1

(3)Ft =
At−1 + At−2 + At−3 +⋯ + At−n

n

(4)MAE =

�∑n

i=1
��xi − yi

��
�

n

(5)RMSE =

√√√√1

n

n∑
i=1

(xi − yi)
2

(6)
MARE =

∑n

i=1

�xi−yi�
yi

n

Fig. 3  Flow diagram for the TSM of AWVC over Nigeria
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ratio of the ideal numbers of the data sets over the period 
can be estimated by Eq. (7). The designated predicted and 
observed terms in this study have been defined earlier, 
while x̂ and ŷ are the mean of the designated predicted and 
observed atmospheric water vapour data, respectively:

The correlation coefficient (r) is represented by Eq. (8), 
while the coefficient of determination (R2) or adjusted-r is 
the square of the correlation coefficient and represented by 
Eq. (9):

The maximum absolute error (MaxAE) could be referred 
to as the maximum absolute difference between the 
between the predicted (xi) and observed (yi) values, which 
can be represented by Eq. (10):

(7)MEF = 1 −

∑n

i=1
(xi − yi)

2

∑n

i=1

���(xi − x̂)�� − ��(yi − ŷ)��
�2

(8)r =

∑n

i=1
(xi − x̂)(yi − ŷ)

�∑n

i=1

�
xi − x̂

�2
.
∑n

i=1

�
yi − ŷ

�2�1∕2

(9)R2 =

⎡⎢⎢⎢⎣

∑n

i=1
(xi − x̂)(yi − ŷ)

�∑n

i=1

�
xi − x̂

�2
.
∑n

i=1

�
yi − ŷ

�2�1∕2
⎤⎥⎥⎥⎦

2

(10)MaxAE = Vn
i=1

||xi − yi
||

Therefore, the estimation of the maximum absolute 
relative error (MaxARE) (11) can be inferred from Eq. (3):

Coefficient of efficiency (CEF) also referred to as model 
efficiency (MEF) [41] is a measure of the internal efficiency 
of the predicted and observed data, as the ratio of the 
ideal numbers of the data sets over the period [31, 58]. 
Therefore, the closer the CEF to 1 (or 100%), the higher 
the overall level of internal efficiency of the predicted and 
observed data.

3  Results and discussions

Figures 4a–l and 5a–l show the monthly mean spatial 
maps of AWVC over 37 capital city locations in Nige-
ria (2007–2017) from ERA-I and NCEP/NCAR data sets, 
respectively. The 36 state capitals and Abuja selected for 
the study fall into six geopolitical zones, namely north-
west, north-east, north-central, south-west, south-east and 
south-south, which are considered to have geographical 
contiguity and similar climate.

Figure 6a, b is made up of 37 graphs representing 
each capital city’s monthly mean values of AWVC. The 
geometry of the graphs indicates a peak period between 
the months of July and September. The linear trend of 
each of the locations across the months can be further 
derived or deduced. Figure  7a, b shows the average 

(11)MaxARE =
Vn
i=1

||xi − yi
||

yi

Fig. 4  Monthly mean of ERA-Interim atmospheric water vapour (kg/m2) over 37 city locations in Nigeria for the years 2007–2017
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Fig. 5  Monthly mean of NCEP/NCAR atmospheric water vapour (kg/m2) over 37 city locations in Nigeria (2007–2017)

Fig. 6  Monthly average AWVC (kg/m2) for 37 selected cities in Nigeria

Fig. 7  Monthly mean of variations in atmospheric water vapour content (kg/m2) over Nigeria (2007–2017)
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AWVC variations for months/years (January–December, 
2007–2017), giving a general outlook of the climatology 
of water vapour regime over Nigeria for the entire period 
of study with both ERA-I and NCEP/NCAR data sets. On 
the other hand, Fig. 8a, b depicts the latitudinal varia-
tions of AWVC over Nigeria.

Figure 8a indicates two peaks of AWVC over the study 
area, while Fig. 9 shows the separated AWVC peak pat-
terns over Nigeria (combined in Fig. 4a). The stations in 
the north (NW, NE and NC) exhibited unimodal peak in 
the month of August in both data sets, while stations 
in the south (SW, SE and SS) exhibited bimodal peak 
pattern in the months of May and August with ERA-I 
and NCEP/NCAR data, respectively (further outlined in 
Table 2).

Table 2 contains the minimum and maximum monthly 
mean AWVC over all 37 selected capital cities, grouped 
into geopolitical zones in Nigeria with both ERA-I and 
NCEP/NCAR data sets, while Table 3 is the zonal average 
of the minimum and maximum monthly mean values of 
AWVC over Nigeria.

3.1  Data metric performance index

The least square linear regression obtained for the NCEP/
NCAR precipitable water vapour (PWV) and ERA-I total 
column water vapour (TCWV) data sets over Nigeria for 
2007–2017 is shown in Fig. 10. The total data sample (N) 
was 42120, and the linear relationship between the ERA-I 
and NCEP/NCAR data sets is given by Eqs.  12 and 13, 
respectively. Table 4 presents the summary of the result 
of the statistical performance index (error measures) of 
the data sets:

The computed coefficient of correlation (r) of about 
0.964 (~ 96.4%) and the coefficient of determination (R2) 
0.929 (~ 92.9%) indicate that the relationship between the 
two data sets (ERA-I and NCEP/NCAR) for estimating AWVC 
over any selected location in the study area is statistically 
significant and valid.

(12)TCWV = 1.126 × PWV − 3.400

(13)∴PWV =
(TCWV + 3.4)

1.126

Fig. 8  Latitudinal variations in atmospheric water vapour contents over Nigeria

Fig. 9  ERA-I separated AWVC peak patterns over Nigeria
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Table 2  Minimum/maximum 
monthly mean AWVC over 37 
selected locations in Nigeria 
(2007–2017)

NE north-east, NW north-west, NC north-central, SW south-west, SE south-east, SS south–south

Geopolitical zone/city ERA-I NCEP/NCAR 

min_awvc
(kg/m2)

max_awvc
(kg/m2)

Month of
min/max

min_awvc
(kg/m2)

max_awvc
(kg/m2)

Month
of min/max

NE
Yola 15.79371 49.501008 Jan/Aug 14.909 46.18111 Jan/Aug
Bauchi 13.52839 47.185048 Jan/Aug 13.7471 45.72493 Jan/Aug
Maiduguri 12.52404 48.872285 Jan/Aug 12.8954 47.29769 Jan/Aug
Gombe 14.29329 49.449674 Jan/Aug 13.7503 46.37705 Jan/Aug
Jalingo 19.36956 49.630523 Jan/Aug 18.8927 46.40984 Jan/Aug
Damaturu 12.15162 48.501179 Jan/Aug 12.3187 45.82939 Jan/Aug
NW
Dutse 12.43383 48.042188 Jan/Aug 12.5883 44.60418 Jan/Aug
Kano 12.81454 46.106445 Jan/Aug 13.5029 45.21072 Jan/Aug
Katsina 12.59129 46.009284 Jan/Aug 13.4438 44.94065 Jan/Aug
Kaduna 15.35333 45.220784 Jan/Aug 16.5884 46.62931 Jan/Aug
Birnin Kebbi 14.81469 50.889957 Jan/Aug 16.6766 48.81523 Jan/Aug
Sokoto 12.93422 48.894296 Jan/Aug 13.9721 46.88473 Jan/Aug
Gusau 13.62224 47.856184 Jan/Aug 14.7881 46.80198 Jan/Aug
NC
Lokoja 27.56792 51.812972 Jan/Sept 27.818 53.25388 Jan/Aug
Ilorin 21.65518 50.377122 Jan/Aug 25.441 52.48986 Jan/Aug
Lafia 22.19727 50.69544 Jan/Aug 21.9241 49.43433 Jan/Aug
Minna 19.26518 52.15308 Jan/Aug 20.6612 49.83704 Jan/Aug
Jos 16.71646 47.400446 Jan/Aug 17.3361 47.13338 Jan/Aug
Makurdi 25.63675 53.13367 Jan/Aug 25.367 50.71285 Jan/Aug
Abuja 22.89216 51.23266 Jan/Aug 22.5155 50.23443 Jan/Aug
SW
Ikeja 36.56653 54.762395 Jan/May 34.9707 55.08442 Jan/Aug
Abeokuta 34.4337 53.595811 Jan/May 33.5317 54.98046 Jan/Aug
Akure 33.19473 52.77265 Jan/May 32.9027 54.84997 Jan/Aug
Oshogbo 29.91348 50.422181 Jan/May 31.2428 54.79889 Jan/Aug
Ibadan 26.73888 50.029051 Jan/Sept 29.1986 54.03758 Jan/Aug
Ado Ekiti 27.92469 49.620901 Jan/May 29.887 54.26263 Jan/Aug
SS
Port Harcourt 40.14725 55.643176 Jan/May 38.0813 53.9562 Jan/Aug
Calabar 31.36698 52.290557 Jan/May 31.2958 50.42125 Jan/Aug
Uyo 39.78896 55.561116 Jan/May 36.7228 52.79754 Jan/Aug
Asaba 37.92639 56.235149 Jan/May 36.16 54.62572 Jan/Aug
Yenagoa 41.27125 56.299205 Jan/May 38.9496 54.49096 Jan/Aug
Benin City 33.5298 53.834741 Jan/May 33.1672 54.44351 Jan/Aug
SE
Umuahia 36.71783 55.304448 Jan/May 35.5246 53.5983 Jan/Aug
Awka 33.65775 54.818835 Jan/May 33.4111 53.82795 Jan/Aug
Enugu 31.49726 54.287204 Jan/May 31.4186 53.392 Jan/Aug
Abakaliki 31.72115 54.669602 Jan/May 31.1218 51.96945 Jan/Aug
Owerri 36.66827 55.332726 Jan/May 35.747 53.91827 Jan/Aug
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The coefficient of efficiency (E) of about 87.8% shows 
high level of internal efficiency of the predicted (ERA-I) and 
observed data (NCEP/NCAR). Therefore, Eqs. (12) and (13) 
are sufficient for the estimation of AWVC over the study 
area, giving either of the two as input variable.

3.2  Discussions

Figures 4 and 5 show that atmospheric water vapour con-
tents vary spatially and are location dependent. Therefore, 
the choice of investigating the monthly mean for 37 sta-
tions, representing all states capital in Nigeria, including 
the Federal Capital Territory (FCT) is very relevant and 
appropriate. The analysis of monthly means of atmos-
pheric water vapour for the selected locations showed that 
May–September of 2007–2017 represents the period with 
highest values of AWVC over Nigeria. On the other hand, 
November–February represents the period with lowest 
values of atmospheric water vapour contents over Nige-
ria. Relatively, the two periods are the expected peak wet 
and dry seasons in the study area, and this corroborates 
observations by [3], [45], [36], [27] and [49], respectively.

Figures 6a, b and Table 2, show that the locations in the 
southern region of Nigeria (SS, SW and SE) have AWVC at 
lowest and highest in the months of January and May, 
respectively, for the period of 2007–2017, while the loca-
tions in the northern Nigeria (NW, NE and NC) had their 

Table 3  Zonal average of 
the minimum and maximum 
monthly mean values of AWVC 
over Nigeria

Zone ERA-I
[Zonal Mean (kg/m2)

NCEP/NCAR 
[Zonal Mean (kg/m2)]

min_wv max_wv Month min_wv max_wv Month

NW 13.50920 47.57420 Jan/Aug 14.50860 46.26950 Jan/Aug
NE 14.61010 48.85660 Jan/Aug 14.41890 46.30330 Jan/Aug
NC 22.27590 50.97220 Jan/Aug 23.00899 50.44225 Jan/Aug
SW 31.46200 51.86716 Jan/May 31.95558 54.66899 Jan/Aug
SE 34.05245 54.88256 Jan/May 33.44462 53.34119 Jan/Aug
SS 37.33844 54.97732 Jan/May 35.72945 53.45586 Jan/Aug

Fig. 10  Regression between the NCEP/NCAR and ERA-I AWVC over Nigeria (2007–2017)

Table 4  Summary of the result of the statistical performance index 
of the data sets

Metric (statistical criteria) Estimated value

Root-mean-squared error (RMSE) 4.239214
Mean absolute error (MAE) 3.419586
Mean absolute relative error (MARE) 0.102058
Coefficient of correlation (r) 0.963705
Coefficient of determination (R2) 0.928727
Coefficient of efficiency (E) 0.878309
Maximum absolute error 14.17145
Maximum absolute relative error 0.518598
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lowest and highest monthly mean of AWVC mainly in the 
months of January and August, respectively. By compari-
son, all regions in Nigeria exhibited minimum and maxi-
mum values of AWVC in January and August, respectively, 
with the NCEP data, while the ERA-I data set showed a 
bimodal patterns of minimum and maximum values in 
January/August for the Northern region, and January/May 
for the southern region of the country, respectively. The 
bimodal patterns of the ERA-I data set are attributable to 
two factors. The first is that the data sampling resolution of 
0.75° × 0.75° has the higher probability of revealing dispar-
ity in microvariations across the study area, where they do 
exist than the NCEP data set with 2.5° × 2.5° resolution. The 
second factor is that the southern region of Nigeria practi-
cally exhibits slightly different atmospheric water vapour 
regime from that of the Northern region. This is an indica-
tion that the values and timings of precipitation pattern 
in the southern and northern regions of Nigeria may vary. 
For instance, over the years in the southern region, light 
rainfall set in during the month of March and reached its 
peak between May and July, while in the northern region, 
the rains set in by the month of May and reached its peak 
by September. Therefore, these maximum values of AWVC 
recorded in the month of May for the southern region indi-
cate a peak of occurrence of precipitable water vapour 
over the area under the period of investigation. This infor-
mation is important for rainfall prediction, and radio signal 
transmission and measurements within the period over 
the southern region of Nigeria.

Figures 7 and 8 show the average monthly mean of vari-
ations of AWVC (kg/m2) for the entire period of 2007–2017 
and the latitudinal variations (north–south variations) of 
AWVC over Nigeria. These figures present a general out-
look of the climatology of water vapour regime over Nige-
ria during the entire period of study and perhaps indicate 
the probable peak periods for the wet and dry seasons 
in the study area. Due to the high spatial variability of 
atmospheric water vapour contents, a single map of aver-
age monthly mean of atmospheric water vapour contents 
(AWVC) for the entire study area will be overgeneralised 
and misleading and may not be suitable for further analy-
sis. This is because it would have substantially reduced 
or increased the water vapour values from the extreme 
high and low values, which makes them less representa-
tive and accurate when compared to daily/monthly mean 
of selected locations across the country. The choice of 
37 capital city locations in Nigeria including the Federal 
Capital Territory (FCT) for the analysis was predicted on 
this fact. Therefore, Figs. 7 and 8 suffice as data/seasonal 
visualisation tool. Figure 8 in particular reveals the latitu-
dinal variations in AWVC in which the values increase with 
decreasing latitudes from the north towards the coast of 
Nigeria. This is validated by Fig. 9 which shows locations in 

the lower latitude recording higher values of AWVC than 
the northern counterpart all through the years.

From the NCEP/NCAR data analysis, all the 37 sampled 
cities in the study had their lowest and highest monthly 
mean AWVC in the months of January and August, which 
indicates the peak of the dry and wet seasons for the period 
of 2007–2017. On the other hand, the ERA-I showed some 
variations in the peak periods across the six geopolitical 
zones of Nigeria. The NW cities of Dutse, Kano, Katsina, 
Kaduna, Birnin Kebbi, Gusau and Sokoto had their lowest 
and highest monthly mean of atmospheric water vapour 
contents similar to those of the NE. Dutse and Katsina are 
having the least AWVC in both ERA-I and NCEP/NCAR data 
sets.

In the NE cities of Yola, Maiduguri, Bauchi, Damaturu, 
Jalingo and Gombe, the lowest and highest monthly mean 
AWVCs were in the months of January and August, respec-
tively, for the years 2007–2017, with Damaturu having the 
least ERA-I and NCEP/NCAR AWVC values amongst the NE 
cities. A general decreasing trend in rainfall amounts from 
the southern parts of Kaduna and Bauchi to the northern 
parts of Nguru, Maiduguri and Sokoto, and environs within 
the period of 2007 and 2019 were observed and predicted 
by [2]. Also, the estimated trend of AWVC in these loca-
tions and their environs further affirms the observations 
by [2]. A general decreasing trend in rainfall amounts from 
the southern parts of Kaduna and Bauchi to the northern 
parts of Nguru, Maiduguri and Sokoto, and environs within 
the period of 2007 and 2019 were observed and predicted 
by [2], and the estimated trend of AWVC at those loca-
tions and their environs by this study further affirmed the 
observations.

With ERA-I, the NC cities of Ilorin, Lafia, Minna, Makurdi, 
Jos and Abuja had their respective lowest and highest 
monthly mean of AWVC in the months of January and 
August, respectively, while Lokoja had its lowest and 
highest monthly mean of AWVC in January and Septem-
ber, respectively, which is similar only to Ibadan in the SW 
zone. Within the NC zone, Jos had the least mean monthly 
values of ERA-I and NCEP/NCAR AWVC. The Guinean High-
lands and the Jos Plateau in central Nigeria are known to 
receive more precipitation than lowlands of the same 
latitude due to altitudes [2, 32], but this study, however, 
showed Jos, on the Plateau recording the lowest monthly 
average AWVC amongst all other locations in the north-
central zone of Nigeria AWVC from both ERA-I and NCEP/
NCAR, respectively.

The SW cities of Abeokuta, Ikeja, Akure, Ado-Ekiti and 
Oshogbo had their lowest and highest monthly mean of 
AWVC in the months of January and May, respectively. 
Ibadan had the least monthly mean values in both the 
ERA-I and NCEP/NCAR analysis. The lowest and highest 
monthly mean of the ERA-I AWVC in the SS cities of Port 
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Harcourt, Calabar, Uyo, Asaba, Yenagoa and Benin City was 
recorded in the months of January and May, respectively, 
with Calabar recording the least values with ERA-I and 
NCEP/NCAR in the zone. The SE trend is similar to that of 
SS, with Abakaliki having the least ERA-I and NCEP/NCAR 
AWVC in the zone.

On the general average, ERA-I water vapour data analy-
sis over Nigeria showed a north–south dichotomy, with 
the cities in the southern region of Nigeria (SS, SW and SE) 
having AWVC at lowest and highest in the months of Janu-
ary and May, respectively, for the period of 2007–2017. On 
the other hand, the cities in the northern Nigeria (NW, NE 
and NC) had their lowest and highest monthly mean of 
AWVC in both ERA-I and NCEP/NCAR data analysis, mainly 
in the months of January and August, respectively [see 
Figs. 6a, b,9a, b and Tables 2, 3]. These estimated differ-
ences in the water vapour contents between the northern 
and the southern parts of Nigeria corroborate the pattern 
of precipitation climatologies of Nigeria reported by [3] 
and [4], which showed that the precipitation climatologies 
of the northern and southern parts of Nigeria differ appre-
ciably; which corroborates reports by [3], [5] and [63] that 
Nigeria becomes progressively drier as one moves north-
ward from the coast of Nigeria.

Figure 10 shows the linear regression of the ERA-I and 
NCEP/NCAR data sets. The total data sample (N) was 42120, 
and the linear relationship between the ERA-I and NCEP/
NCAR data sets is given by Eqs. (12) and (13), respectively. 
With Eq. 12, given the grid values of NCEP AWVC data, the 
ERA-I estimate can be realised, and vice versa. Table 4 con-
tains the computed error measures as the data metric per-
formance index. The estimates include coefficient of corre-
lation of about 96.37%, coefficient of determination (R2) of 
about 92.9% and a coefficient of efficiency of 87.83%, and 
others. The values indicate that ERA-I and NCEP/NCAR data 
sets have close grid values, and the relationship between 
them in estimating AWVC over any selected location is sta-
tistically significant and valid. The coefficient of efficiency 
(E) of about 87.8% shows high level of internal efficiency 
of the ERA-I and NCEP/NCAR data sets used in this study.

Table 5 presents the best line of fit from polynomial 
models for each of the six geo-political zones of Nigeria. 
For ERA-I, a range of the R2 results for the best line-of-fit 
determination was 78.36–95.75%, and for NCEP/NCAR a 
range of R2 results for the best line-of-fit determination 
was 81.24–94.13%.

3.3  Implications of the water vapour regime 
over Nigeria

The accurate knowledge of water vapour contents, pat-
terns, spatial and temporal variability is indispensable 
for the investigation and description of regional weather 
and climate processes, wet refractivity of water vapour 
analysis over spatial locations and positioning for precise 
navigation and mapping and estimation of attenuation 
constants of radio waves propagation of satellite signals 
over selected communication antennae or geodetic obser-
vatory, etc.

The southern parts of Nigeria have shown consistently 
high AWVC in this study, and this implies high RH over the 
area. According to Al-Saegh [8], the regions near the sea 
and the equator usually suffer from higher RH which indi-
cates increased gases attenuation. Satellite signals would 
continually be predisposed to poor reception in the south 
due to the effects of absorption, refraction, attenuations, 
scintillations, diffraction, fading, multipath, amongst oth-
ers, due to vapour contents lining across the atmospheric 
layers; hence, there may be a need for network and sig-
nal modulation and argumentation systems across the 
region. For satellite television and radio communication, 
the Ku-band will be a major victim. However, clearer satel-
lite signals and higher performance atmospheric window 
with minimal clutters are likely in the northern region of 
Nigeria.

The water vapour contents are expectedly lower in the 
higher latitudes of Northern Nigeria than the lower lati-
tudes of Southern region, which potentially supports more 
precipitations or rains in the south than in the north. This, 
however, has been the regime over the years in Nigeria. 

Table 5  Polynomial trend fitting models for some cities in the geopolitical zones of Nigeria

y (kg/m2) represents the vapour value and x represents the period/month

City/zone Model R2 Model R2

ERA-I NCEP/NCAR 

Damaturu (NE) y = − 1.0852x2 + 15.064x − 11.67 0.7836 y = − 0.9649x2 + 13.621x − 9.3235 0.8124
Oshogbo (SW) y = − 0.6763x2 + 9.0096x + 21.937 0.9445 y = − 0.6056x2 + 8.5215x + 20.865 0.8951
Lafia (NC) y = − 0.9856x2 + 13.248x + 7.2087 0.9575 y = − 0.7752x2 + 10.826x + 8.6152 0.9413
Birnin Kebbi (NW) y = − 1.2211x2 + 16.794x − 9.9597 0.8695 y = − 0.9349x2 + 13.056x − 1.3104 0.91
Enugu (SE) y = − 0.7354x2 + 9.8735x + 22.592 0.9359 y = − 0.5809x2 + 8.2556x + 21.487 0.9273
P/H (SS) y = − 0.6763x2 + 9.0096x + 21.937 0.9445 y = − 0.4121x2 + 6.0249x + 30.572 0.9327
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The general spatial trend can best be explained by polyno-
mial or moving average models, but there are no evidences 
of sustained decrease or increase of vapour values or pat-
tern over an area with respect to the temporal resolution. 
In other words, the water vapour values over a station from 
previous years or months may be higher or lower than the 
present and vice versa.

Also, the climate change impact of the sustained high 
content of atmospheric water vapour in the south is a 
potential increase in temperature and flooding in the 
region, while in the north, the usual low-average pre-
cipitation may prevail and further exacerbate drought 
and dryness. It was observed by [5] that air temperature 
values are generally lower in the northern part of Nigeria 
during dry season when compared with the wet season, 
while [1] observed that the amount of water vapour in the 
air is small in extremely arid areas and in location where 
the temperatures are very low. Therefore, inferences from 
these literatures, combined with the AWVC variability and 
trend obtained in this study, have shown that low atmos-
pheric water vapour contents go with low air tempera-
ture and low precipitation during the dry season in the 
northern part of Nigeria and vice versa in the wet season. 
Also, the estimated atmospheric water vapour contents 
over the southern region of Nigeria were averagely high, 
implying corresponding high air temperature and high 
precipitation when compared to the northern part.

4  Conclusions

The study investigated the spatial variability of the atmos-
pheric water vapour contents (AWVC) over 37 capital 
city locations in Nigeria using the European Centre for 
Medium-Range Weather Forecasts (ECMWF) ERA-Interim 
(ERA-I) and National Centres for Environmental Prediction/
National Centre for Atmospheric Research (NCEP/NCAR) 
reanalysis data for the period of 2007–2017. The study 
confirmed the spatial heterogeneity of AWVC over Nigeria, 
which showed decrease in atmospheric water vapour from 
south to north and vice versa. The Jos Plateau region in 
central Nigeria known to receives more precipitation than 
lowlands of the same latitude due to altitudes showed the 
lowest monthly average AWVC amongst all other locations 
in the north-central zone of Nigeria from both ERA-I and 
NCEP/NCAR data analysis for 2007–2017.

The AWVC regime over the stations in the southern 
region of Nigeria (SS, SW and SE) exhibited bimodal pat-
terns with the ERA-I data, recording lowest and highest 
values in the months of January and May, respectively, 
while the stations in the northern region (NW, NE and NC) 
recorded their lowest and highest monthly mean of AWVC 
in the months of January and August, respectively for the 

period of study. The NCEP data set, however, showed uni-
modal patterns of lowest and highest monthly mean of 
AWVC in the months of January and August for all stations 
across the country. It is therefore important to note that 
the bimodal patterns of AWCV exhibited by stations with 
the ERA-I data set are attributable to two factors. The first 
is the higher spatial data sampling resolution of 0.75° × 
0.75° of ERA-I as against the 2.5° × 2.5° resolution of the 
NCEP, while the second is the slightly different AWVC and 
wetness regime in the southern region from that of the 
northern region of Nigeria. This shows that the values and 
timings of precipitation pattern between the southern and 
northern regions of Nigeria may vary from time to time.

The overall analysis of the climatology of the monthly 
means of atmospheric water vapour for selected locations 
across Nigeria showed that May–September of 2007–2017 
represents the period with highest values of AWVC over 
Nigeria. The implication of this is that satellite signal 
attenuations due to the presence of water vapour will 
be highest within the period. On the other hand, Novem-
ber–February represents the period with lowest values of 
atmospheric water vapour contents over Nigeria, which is 
expected to be a period of less signal attenuation across 
Nigeria. The periods could be classified as the peak wet 
and dry seasons, respectively, for the study area.

The average zonal analysis indicates that Damaturu 
(NE), Dutse/Katsina (NW), Jos (NC), Ibadan (SW), Abakaliki 
(SE) and Calabar (SS) have the least monthly mean AWVC 
values in both the ERA-I and NCEP/NCAR analyses. By com-
parison, the NW had the least average AWVC within the 
period of study, followed by NE, NC, SW, SE and SS in that 
order. In summary, the records of respective minimum and 
maximum AWVC over nearly all the 37 state capital cities in 
Nigeria between 2007 and 2017 in the months of January 
and August, respectively, in this study confirm the peak of 
dry and wet seasons.

The models and spatial maps of AWVC produced from 
both ERA-I and NCEP/NCAR data sets in this study are 
recommended for use for the empirical estimation of 
AWVC and validations of other independent water vapour 
retrieval solutions such as global navigation satellite sys-
tem (GNSS) and aerospace radiometry over the study 
area. However, it has been observed by other studies that 
ERA-I had some uncertainties in some regions such as the 
Antarctica and North Africa. West Africa is, however, not 
amongst the regions of ERA-I uncertainties; hence, it pro-
vides a viable source of filling GPS/GNSS integrated water 
vapour data gaps or breaks in data collection, and stations 
discontinuities or nonexistence in Nigeria and other parts 
of West Africa for relevant applications. Based on the bet-
ter spatial resolutions of ERA-I data set and the results as 
compared to NCEP/NCAR data set in this study, the ERA-I 
is recommended to be used as the first priority data set for 
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investigating AWVC over the study area. Alternatively, the 
ERA5 HRES data covering the period from 1979 and with 
high spatial resolution of about 31 km are recommended 
for GNSS high-density network-based vapour retrieval vali-
dations and climatological studies over Nigeria.
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