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Abstract: Rainfall variability has strong impact on food security, livelihood and socio-economic
activities as farming in West Africa is mainly rain-fed. The annual, seasonal and decadal rainfall
variability over Ghana has been studied and their periodicities analysed using wavelet analysis.
A rainfall time series from 1901–2010 from the Global Precipitation Climatology Center (GPCC) was
used in this analysis. It was observed that high mean annual rainfall totals ranging from 900–1900 mm
are recorded over the entire country. In addition, very high totals between 1500–1900 mm are recorded
at the South-Western part of the country whereas low totals (900–1200 mm) are recorded in the
Savannah and East coast of the country. In general, a decreasing trend was observed for the annual
rainfall over all the agro-ecological zones except for the coastal zone, where a slight increasing trend
of 0.1600 mm per year was seen. The seasonal trend analysis revealed a significant decreasing trend
at 0.01 significance level in all the agro-ecological zones except for the Savannah during the DJF
season indicating an intensification of the Harmattan. The Coastal zone recorded the lowest mean
rainfall values for all seasons with the highest of about 150 mm in MAM. The Forest zone on the other
hand recorded very high rainfall values for all seasons with the maximum of about 200 mm in JJA.
The Transition zone, however, recorded almost quite stable rainfall amount for all seasons except for
DJF. On the decadal time scale, below normal rainfall values were observed between the 1901–1920
and 1980–2010 periods for almost all the agro-ecological zones except for the Savannah which showed
above normal rainfall values within the 1901–1940 period. Indicating that, the decreasing trend
observed in recent years is not solely due to antropogenic factors but have a strong contribution from
a natural climate variability. The wavelet analysis also revealed a strong annual periodicity over all
the agro-ecological zones except for the Coastal and Forest zones where the annual periodicity was
accompanied by 4–8 months signal. The results of both the 5 year moving average and the decadal
anomaly confirm a significant decrease in rainfall amount. This will have negative consequences on
agricultural practices, water resource management and food security.
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1. Introduction

Rainfall variability in West Africa affects food production, livelihood and socio-economic
activities. In Ghana, rainfall modulates all socio-economic activities especially considering the fact
that, agriculture and its products provides employment for over 70% of Ghanaians [1] and accounts
for about 28% of the Gross Domestic Product (GDP) [2].
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The annual rainfall in Ghana varies highly on annual and decadal time scales making it difficult to
identify long term trends [3]. Moreover periods of decreasing rainfall annual totals has been observed
together with a shifting regime from the early 1970s which has shown signs of recovery after the 2000s [4,5].

According to Neilsen et al. [6] rainfall variability has impact on the crop-water-supply-demand
relationship. The dependence of agricultural systems on the highly variable weather conditions
accounts to a greater extent, for the apparent perennial instabilities seen in the output of agricultural
products which threatens food security within the West African subregion.

In the fifth assessment report of the Inter-governmental Panel on Climate Change (IPCC),
an intensification in the frequency of extreme rainfall events during the present century due to climate
variability and change has been predicted [7]. These changes in climatic patterns will have a direct
impact on the onset, duration and cessation of rainfall which affect crop production [8]. Assessing
the impact of rainfall variability in the various agro-ecological zones in Ghana will provide a key
information for adaptation mechanisms to support livelihood and food security.

A number of researches on rainfall variability have been done focusing on specific locations in
Ghana, however very few studies have been conducted on the entire country. Moreover, most of these
studies used data with time scales of 30–60 years which is not suitable for the analysis of decadal
variability. For instance, Adiku et al. [9] used a 22–55 year data and focused on Accra and Tamale.
Yengoh et al. [10], Yamba [11] used a 47 and 48 year data respectively and focused on the transition and
Savannah zones of Ghana. Owusu and Waylen [12] used a 40 year data and concentrated on Wenchi
and Friesen et al. [13] used a 22 year period and concentrated on Northern Ghana. Manzanas et al. [14]
used 14 synoptic stations in Ghana over a period of 49 years to investigate the variability and trends in
rainfall in Ghana. Furthermore, Lacombe et al. [15] used the Re-sampling-Based Mann-Kendall Test to
study the trend in a 45 year rainfall pattern in 16 stations in Ghana. Although Owusu and Klutse [16]
studied the spatial pattern of rainfall over the entire country using CORDEX (Coordinated Regional
Climate Downscaling Experiment) only a 19 year data was used. The current study focuses on the
annual,seasonal and -decadal variability of rainfall over all the agro-ecological zones in Ghana using a
110 year gridded rainfall data from GPCC.

Harmonic and Fourier analysis have been applied to rainfall data to determine the periodicities
in the data [17–20]. The limitation of these methods has been the assumption of stationarity or
linearity which is not always the case with some climate datasets such as rainfall [21]. Therefore in
the investigation of the rainfall variability over Ghana, the current study seeks to analyse the various
frequency components of the non-stationary rainfall time series as well as determine where in time
these frequencies occur. To accomplish this, Wavelet Analysis was used to understand the variability
in the rainfall pattern from the period 1901–2010 and their trends determined using the Mann Kendall
trend test for the various zones in Ghana.

The paper is organised as follows: Section 2 describes the study area and the source of the
data used in the study. Section 3 describes the various methods used in the study. The results and
discussions are presented in Section 4, and finally conclusions in Section 5.

2. Study Area and Data Source

2.1. Study Area

The study area is Ghana which is located between latitude 5◦ N and 11◦ N and longitude 4◦ W
and 2◦ E. It shares a boundary with Togo in the East, Cote d’Ivoire in the West, Burkina Fasso in the
north and Gulf of Guinea in the south. The total area of land in Ghana is 238,540 km2. It extends up
to about 670 km northward from the ocean and about 560 km eastward from Cote d’Ivoire. For the
purpose of weather and climate application, the Ghana Meteorological Agency (GMet) has divided
the country into 4 main agro-ecological zones [8], (see Figure 1). These are the Coastal, the Forest,
the Transition and the Savannah Zones.
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Figure 1. The map showing location of Ghana, its ecological zones, and the GMet rainfall measurement
locations across the country.

In general, rainfall in the region is mostly influenced by the migration of the Inter-Tropical
Discontinuity (ITD). The ITD oscillates south to north and back and so modulates the pressure system
of the West African Monsoon [8,22–26]. The pressure system of the monsoon is controlled by the moisture
laden south westerly winds and the dry continental airmass known as the North East trade winds.

The regions located south of the ITD are dominated by southwesterly winds which blows moist
air from the Gulf of Guinea onto the continent. Whereas the region north of the ITD is influenced
by northeasterly winds known as the Harmattan. The Harmattan brings in dry and dusty winds
from the Sahara between November and March. A single wet season is thus experienced in the
Savannah and Sahel Zones of West Africa between April to October when the ITD moves to its
northernmost position. The southern part of the country on the other hand experiences two wet
seasons: the first one which is the major wet season from March to July and the minor wet season from
September to November [8,14,16,27].

In addition to the oscillation of the ITD, local convective activities which results from the
vegetation type and topography plays a critical role in the rainfall pattern [8,28]. For instance,
strong convective activities due to orographic effects are experienced at the windward side of the
Togo-Akwapim ranges [8]. Other mechanisms like the dynamic stability, the sea surface temperature
(SST), the land surface feedback and transient tropical wave influence the rainfall of the region [29].

2.2. Data Source

Monthly total rainfall data from the Global Precipitation Climatology Centre (GPCC) from
1901–2010 was extracted over Ghana at a resolution 0.5◦ × 0.5◦ (about 117 grid points). It was
validated with GMet data and then used for the study. GPCC data is made up of three datasets;
(i) monitoring product which is based on quality controlled data from 2007 to present; (ii) full monthly
data product from 1901–2010, based on quality controlled data from 67,200 stations around the world
and (iii) the first guess at a resolution of 1◦ × 1◦ which is most up to date but has less analysed stations
starting from 2012.

The GMet data used for the validation is a gridded data [30], collected from a total of 113 stations
including all the synoptic, climatological and agro-meteorological stations in Ghana with less than
10 % data gap and covering the period of 1980–2012 (Figure 1). The data was first reconstructed
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using the Regularized Expectation Maximization (RegEM) algorithm described in Schneider [31]
to estimate all missing data. It was then homogenized using the Quantile Matching Adjustments
(QMadj). The resulting data was then gridded at a resolution of 0.5◦ × 0.5◦ using the Minimum Surface
Curvature (MSC).

3. Methodology

Monthly and annual rainfall totals were used for the analysis of the monthly, annual and decadal
rainfall variability. The data was first validated with the GMet gridded data and the data quality
assessed using the Pearson Correlation coefficient, the Relative Mean Difference (RMD) and the
Relative Root Mean Square Error (RRMSE) described in Amekudzi et al. [32] and Quansah et al. [33].
The trend in the rainfall time series was assessed using a linear regression analysis and Mann Kendal
test used to detect significant trends. Yearly anomalies of the monthly rainfall are also calculated to
eliminate seasonal variation influences in contrast with wavelet analysis. Wavelet analysis was then
performed on the data to detect the rainfall frequencies in each zone.

3.1. The Wavelet Transform

In the wavelet transform, a time series is compared to a mother wavelet function (ψ(η)) and
the variation of their amplitude with time is plotted to extract regions of strong concentration of
power. The mother wavelet is a function that satisfies the admissibility condition. There are different
types of mother wavelets: Paul, Gaussian and Morlet. However in this study, the Morlet wavelet is
used because of its localization in time and frequency and has been widely used for most studies of
climate data [34–36]. The Morlet wavelet is simply a convolution of a complex exponential wave and a
Gaussian envelope:

ψ(η) = π−
1
4 eiw0ηe−

η2
2 (1)

where ψ is the wave value of non-dimensional time η , w0 is the non dimensional frequency of the
mother wavelet (Figure 2).

Figure 2. The Morlet wavelet function.

First the wavenumber w0, which gives the number of oscillations (frequency) within the wavelet
itself is chosen. A dilation parameter s and a translation parameter n are then introduced to vary the
wavelet scale as well as slide in time respectively. The scaled wavelet therefore becomes:

ψ(η) ≈ ψ

[
(n− n′)δt

s

]
(2)

The Wavelet Transform Wn(s) is finally obtained by performing a convolution or an inner product
of the above wavelet function with the original time series xn:

Wn(s) =
N−1

∑
n′=0

xnψ ∗
[
(n− n′)δt

s

]
(3)

where δt is the time interval between the time series and the (∗) denotes a complex conjugate.
A new time series of the projection amplitude versus time is now constructed by sliding the

wavelet along the time series. The wavelet scale is also varied to construct for each scale.
Finally, a two-dimensional image is constructed by plotting the wavelet amplitude and phase.
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3.1.1. Choice of Scales

The next thing after choosing the wavelet function is to determine a set of scales s to be used in
the wavelet transform. For an orthogonal wavelet, an arbitrary discrete set of scales are used. The
scales are written as fractional powers of two:

sj = s02jδj (4)

j = 0, 1, 2, ..., J (5)

where δj is the spacing between successive scales. Therefore the smaller the value, the finer
the resolution.

J = d−1
j log2

(
Ndt
s0

)
(6)

where s0 is the basic wavelet scale which is chosen such that all the frequencies in our time series are
adequately sampled. Therefore, the s0 is chosen such that the approximate fourier period is 2δt. And J
determines the largest scale. A very small value is chosen for δj based on the width of the wavelet
function. A δj of 0.5 is the largest value required to provide adequate sampling in scale for the morlet
wavelet.

In this study, the parameters of the wavelet scales for the monthly rainfall variability were set as
follows: δt = 1 month, s0 = 2 months since s = 2δt, δj = 0.25 in order to do 4 sub-octaves per octave.
And j1 = 7/δj in order to do 7 powers of 2 with δj sub octaves each.

3.1.2. Cone of Influence

Errors occur at both the beginning and the end of the wavelet power spectrum whenever a finite
length time series is used since the Fourier Transform assumes that the data is cyclic [37]. The time
series is therefore padded with sufficient zeros before applying the wavelet transform in order to
limit the edge effects and speed up the Fourier Transform. However, padding with zeros reduces the
amplitudes near the edges as it approaches larger scales.

The Cone of influence is therefore the portion of the wavelet power spectrum where edge effects
becomes relevant and this is identified in the cross hatched region in the wavelet spectrum. It indicates
the e-folding time for the autocorrelation of wavelet power in scale. The e-folding time is chosen such
that the wavelet power at the edge drops by a factor e−2 to ensure a negligible edge effect.

3.1.3. The Background Spectrum and Significant Levels

Most geophysical series is modeled as either red or white noise. Torrence and Compo [37]
provided a formula for red noise on the distribution of fourier spectrum. This has since been the
foundation of significance test in fourier analysis of climate signals [38].

The simple model is the univariate lag-1 autoregressive (Markov) process. The lag one measures
the persistence of an anomaly from one unit of a time series (month or year) to the next. The true lag-1
is computed as follows:

α =
α1 + α1/2

2
2

(7)

where α1 and α2 are the lag-1 and -2 autocorrelations respectively. Setting lag-2 to zero gives the model
for white noise.

Now assuming a mean power spectrum, the null hypothesis for the wavelet power spectrum is
defined as follows: if a time series is significantly above the mean power spectrum, then it is considered
as a true feature at 95% confidence level.
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3.1.4. Integration of Power and Averaging within a Scale

To provide a simple and robust way of describing the variability of the time series, the wavelet
power is integrated with time to obtain the global wavelet power. And this is given as:

W2
(s) =

1
N

N−1

∑
n=0
|Wn(s)|2 (8)

The Global Wavelet Power provides a consistent and unbiased estimation of the true power
spectrum of the time series. It is therefore very suitable for describing the variability of rainfall in
non-stationary hyetographs.

The fluctuations in wavelet power over the range of scales where the significant frequencies are
detected is then examined using the Scale Average Wavelet Power. This is the average wavelet power
spectrum from scales s1 to s2 as shown:

W2
n =

δjδt
Cδ

j2

∑
j=j1

|Wn(sj)|2

sj
(9)

In the present study, the scale averaged wavelet power is used to present the fluctuations in power
over the most significant frequency band that is obtained from the Global wavelet power spectrum.

4. Results and Discussion

4.1. Validation of GPCC Data with GMet Gridded Data

The GPCC data was first compared with GMet gridded data for the period 1980–2010. It has
been established that, gauge data gives a better representation of the rainfall over the region than
satellite-gauge merge products, satellite derived data and reanalysis products [14]. GMet provides
quite a good amount of gauge data over the country. The data however does not cover time
scales longer enough for an decadal variability study as compared to GPCC data. In the study
by Manzanas et al. [14], GPCC data was found among other guage based products to give the best
correlation with GMet data. That validation was however performed using only fourteen gauges
from meteorological stations in Ghana instead of a gridded data. With the current availability of
GMet gridded data by Aryee [30] which was computed using 113 stations, it has become necessary to
compare the two gridded datasets to ensure the reliability of the GPCC data. The comparison between
GMet gridded data and GPCC data is presented and discussed.

From Figure 3 a good temporal agreement is found between the GPCC and GMet gridded data
for each grid with very few of the regions showing significant disparity. Apart from some regions
along the Volta lake and some parts of the southern forest where GPCC underestimated GMet data,
most of the regions had close rainfall values which fall between 80–120 mm. To confirm this agreement,
the Pearson’s Correlation Coefficient (r), Relative Mean Difference (RMD) and the Relative Root Mean
Squared Error (RRMSE) were computed.

The Pearson’s correlation coefficient was computed between the two datasets for each grid
over the entire country in order to determine the strength of the association between them. A high
correlation coefficient of 0.9 to 1 was obtained almost all over the country except for some small portion
of the upper west region which gave correlation coefficients between 0.7–0.9 (Figure 4). This results
indicate a good agreement in the temporal course of the precipitation with some some few limitations in
the spatial distribution. To obtain the difference between the two datasets, the RMD is also computed.
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Figure 3. Comparison of GPCC and GMet data from 1980-2010. In (a), the Multi-year mean of monthly
rainfall totals (mm) over Ghana from GPCC data; (b) shows the Multi-year mean of monthly rainfall
totals (mm) over Ghana from GMet data.

Figure 4. Pearson’s correlation coefficient (r) between GPCC and GMet data from 1980–2010.
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Relative Mean Difference was also used to determine the magnitude of the variation between
the GPCC data and the GMet gridded data. The results are shown in Figure 5. Low RMD values of
0.00–0.04 were recorded over Ghana except for very small portions of the north and the southwestern
part of the country where values between 0.04–0.05 were recorded. This indicates a minimal variation
between GPCC and GMet gridded data.

Figure 5. Relative Mean Difference between GPCC and GMet data from 1980–2010.

Finally, the RRMSE was computed to confirm the results of the Pearson Correlation and the
RMD. The RRMSE is the Root Mean Squared Error (RMSE) normalized by the arithmetic mean of the
data. The results indicate very low RRMSE values of <0.5 identified in most grids over the country
confirming the good correlation between the GPCC data and the GMet gridded data (Figure 6).

The results of the Pearson Correlation, the RMD and the RRMSE indicate a good agreement
between GPCC data and the GMet gridded data. The data is therefore reliable for use in climate
variability studies over the country hence the choice of GPCC data for this studies. It is therefore
recommended for long time scale (decadal) studies of rainfall variability over Ghana.

4.2. Mean Annual Rainfall Total over Ghana

The mean annual rainfall total over Ghana was computed using GPCC data. It can be observed
that, high annual rainfall totals ranging from 900–1900 mm are recorded over the the entire nation
(Figure 7). Very high annual rainfall totals between 1500–1900 mm are recorded at the south-western
part of the country. Low values between 900–1200 mm are however recorded in the Savannah and
the east coast of the country with lowest values of less than 900 mm found at the far east coast of the
country. An interesting higher rainfall values between 1500 and 1600 mm is seen on the Volta basin
(In red rectangle of Figure 7) indicating its significant influence on the local climate. Coincidentally,
the highest mountain (Afadjato) is also located within this region.
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The result indicate that, the mean annual rainfall totals in Ghana exhibit a strong spatial variability
from the South to North. This interesting spatial variability is due to the South-North oscillation of the
ITD. The predominant South-West Monsoon winds which advects moisture from the Gulf of Guinea
during the rainy season explains the high rainfall values recorded annually at the south-western coast
of the country [39–41]. The east coasts of the country has relatively lower rainfall amount due to local
atmospheric circulation and the upwelling of cold winds [42].

Figure 6. Relative Root Mean Squared Error between GPCC and GMet data from 1980–2010.

Figure 7. Mean annual total rainfall (mm) over Ghana for the period 1901–2010. Location of the Volta
basin indicated by the red rectangle.
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4.3. Annual Rainfall Variability over Ghana

The annual rainfall variability was investigated by using the standardized rainfall anomaly as
described in Manzanas et al. [14] and Wilks [43] instead of the the actual rainfall amounts in order to
understand the variability of the annual rainfall values of each zone about it’s own mean.
Below normal rainfall was observed in almost all the the agro-ecological zones between 1901–1905,
1908–1920, and 1980–2010 while above normal rainfall was found between 1950–1980 in almost all the
agro-ecological zones (Figure 8). To simplify the annual variation, a five year moving average was
computed for all the agro-ecological zones.
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Figure 8. (a–d) Annual rainfall anomaly (bar) with a five year moving average (line) for the
agro-ecological zones of Ghana from 1901–2010.

From the 5 year moving averages, it can be seen in Figure 8 that below normal rainfall dominates
the period 1901–1920 and 1980–2010 for all the agro-ecological zones except for the Savannah Zone
where the period 1901–2010 is dominated by above normal rainfall values. On the other hand the
period between 1920 and 1980 is dominated by above normal rainfall values for all the zones especially
the Transition Zone. The Savannah Zone however shows inconsistent above normal rainfall values for
this period with below normal rains being recorded between 1940–1970.

The effects of the ENSO on the region as indicated by Adiku et al. [9] and Sultan et al. [44] can also
be seen in all the agro-ecological zones around 1972–1973, 1982–1983, 1997–1998 where very strong
El Niño episodes were recorded [45]. The effects of the very strong La Niña episodes of 1973–1974,
1975–1976 and 1988–1989 is also seen mainly in the Coastal and Forest zones. Although the 1997–1998
El Niño was reported to be stronger than the 1982–1983 [45], the effect on the former was not as
pronounced as the latter because of the strong La Niña that followed the former. According to [9]
the impact of ENSO on the region is stronger at the Coastal zones but weakens as one moves inland
due to the interference of other factors that influence the dynamics of the West African Monsoon.
Over Ghana, the variability of the ENSO enhances the north easterlies and reduces the monsoon
flow. The upper easterlies are also weakened leading to dry conditions close to the surface of the
Inter-Tropical Discontinuity (ITD) during the major rainy season and the dry season. A study by
Mawunya et al. [46] revealed that El Niño years are associated with late onsets while La Niña years
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are associated with early onsets. El Niño has therefore usually intensified the dry season resulting in
severe droughts in most regions while La Niña has usually intensified the rainfall amounts [44,47].

The results of the annual variability and the 5 year moving average also indicates a recent decrease
in annual rainfall amount as stated by Paeth and Hense [4], Owusu et al. [5] and Yorke and Omotosho [48].
The recent decrease in rainfall amount since the 70s might have been contributed by the very strong El
Niño episodes mentioned above as well as the strong 1987–1988 and 2009–2010 El Niño [45]. This is
however opposed to the rising trend reported by Manzanas et al. [14] when the National Centers for
Environmental Prediction (NCEP v1) data was used.

4.4. Seasonal Rainfall Variability over Ghana

The seasonal mean rainfall over Ghana was determined and the results are shown in Figure 9.

Figure 9. Seasonal mean rainfall (mm) over Ghana for (a) DJF (b) MAM (c) JJA (d) SON during
the 1901–2010 period.

The December–January–February (DJF) season happens to be the season with the lowest rainfall
amount nationwide. The maximum amount of rainfall expected within this period is about 90 mm
located at the southwestern part of the country (Figure 9a). The remaining parts of the south have
rainfall values ranging from 20–80 mm. The Savannah Zone and the upper parts of the Transition
Zones, however, record the lowest rainfall amount of <20 mm during this season. During this season,
the Azores high pressure system located at about 30◦N of the Atlantic intensifies while the the St Helena
(25◦S South Atlantic) relaxes. This results in the dry North-East trade winds dominating over the
entire country hence pushing the ITD southwards beyond the country. The whole country therefore
experiences the dry and hazy conditions known as Harmattan during this period [8,49,50].

The March–April–May (MAM) season happens to be the rainfall onset period for most parts of
the country. Rainfall values begin to increase from about 60 mm in the north to as high as 200 mm in
the south, especially towards the southwestern part of the country. This is shown in Figure 9b) and
can also be found in [30,51].
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During this period, the Azores high pressure system begins to weaken as the St Helena high
pressure system starts intensifying. The south-west monsoon winds begins to prevail over the
North-East Trade winds. As a result, the ITD rises from its southern position and starts its migration
towards the north. It begins to carry with it moisture which dominates the southern part of the country
[8,52,53].

The June–July–August season happens to be the wettest season all over the nation. Very high
rainfall amounts that ranges from about 90 to over 220 mm are recorded all over the nation. The west
coast continues to be the wettest with rainfall amounts ranging from 160 to over 200 mm. The Savannah
Zone interestingly records high values between 160 and 200 mm during this period. The effect of the
Volta basin on the local climate is significantly seen around Kete Krachi (7.8◦ N and 0.02◦ W) in this
period with rainfall values between 180–200 mm (Figure 9c) [30,51].

Around this period, the strength of the St. Helena High pressure system would have
intensified [53]. Moisture laden South-West Monsoon winds dominates the country and hence pushing
the ITD further north over the country. This results in a continuous and consistent rainfall experienced
all over the country.

The September–October–November season is known as the minor rainy season for the southern
part of Ghana. Rainfall amounts vary between 100 and 180 mm for the southern and the lower portions
of the north. The upper parts of the north and the east coastal regions however experience a relatively
lower rainfall between 40 and 100 mm (Figure 9d). During this season, the St. Helena High pressure
system begins to weaken. The strength of the Monsoon winds therefore begins to weaken. The ITD
begins to return and hence resulting in this minor rainy season [30,51].

4.5. Summary of Seasonal Variation

The summary of the seasonal variation in rainfall is presented in Figure 10. The Coastal Zone
records lowest mean rainfall values for all the seasons with the highest of about 117 mm recorded in
MAM. The Forest Zone on the other hand records very high rainfall values for all the seasons with the
highest of about 174 mm recorded in JJA followed by about 165 mm in MAM. The Transition Zone
however records almost similar rainfall values (varying between 120 and 150 mm) for all the seasons
except for DJF where a lower mean value of about 21 mm is recorded. The Savannah Zone records the
lowest mean rainfall amount of about 6 mm in the DJF season. High mean rainfall amount of about
174 mm is however recorded in this zone during the JJA season which is interestingly the same amount
recorded in the Forest Zone. However, the former has most of its rains from July and August while
the latter has most of its rain contributed by the month of June. This shows the potential for extreme
rainfall events in this Zone during the JJA season.
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Figure 10. Seasonal mean rainfall amounts over the agro-ecological zones of Ghana.
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4.6. Decadal Variability of Rainfall over Ghana

The decadal variability was also studied using the standardized anomaly instead of the actual
rainfall amounts for the same reason as mentioned in Section 4.3.

The results indicate below normal rainfall amounts observed between the 1901–1920 and
1980–2010 periods for all the agro-ecological zones except for the Savannah which shows above
normal rainfall values within the 1901–1940 period (Figure 11). Likewise, above normal rainfall values
are recorded between 1930–1980 for all the agro-ecological zones. The Savannah Zone however shows
a break at around 1950 where a significant lower than normal rainfall value is recorded.
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Figure 11. (a–d) Decadal anomaly of rainfall over the agro-ecological zones of Ghana.

The dry period recorded between 1910 and 1930, the wet period between 1940 and 1980 and
the dry period recorded in recent years indicates a strong annual, seasonal and -decadal variability
exhibited in the region [54–58]. These variabilities have been found to be as a result of global climate
teleconections such as ENSO and NAO and regional climate systems such as the ITD, the monsoon
winds, Sea Surface Temperature (SST) anomalies, sub-tropical high pressure systems, the African
Easterly Jet (AEJ) and the Tropical Easterly Jet (TEJ) [59–62].

Therefore by using a data of a time scale longer than most earlier studies in the region, the results
of the present study indicates that the decreasing trend observed in recent years [4,5,48] which has
usually been attributed to anthropogenic factors such as increase in industrialization [63,64] might
have a contribution from a natural climate variability and not solely due to anthropogenic factors.

4.7. Annual Trend Analysis

In general, a decreasing trend is observed in Figure 12 for the annual rainfall over all the
agro-ecological zones except for the Coastal Zone where a slight rise in trend of 0.1600 mm per
year is seen. The rainfall in the Forest, Transition and Savannah changes at rates of −0.8300, −0.7200,
−1.1500 mm per year respectively. However it is only the trends in the Savannah and the Forest Zones
that were significant at the 0.01 and 0.10 significance levels respectively using the Mann Kendall Trend
test. These decreasing trends might have been caused by a natural variability as observed in Section 4.6
and anthropogenic factors such as deforestation and urbanization which have resulted in Urban Heat
Islands (UHI) and hence increasing the warming in the region [65]. The decreasing trends may pose a
serious threat to agricultural production and food security.
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Figure 12. (a–d) Long-term course of annual rainfall over the agro-ecological zones of Ghana.

4.8. Seasonal Trend Analysis

4.8.1. Trend Analysis for the DJF Season

From Figure 13 a decreasing trend is observed over all the agro-ecological zones for the DJF season.
The trend is more pronounced in the Coastal (−0.1429 mm per year), Forest (−0.1273 mm per year),
and Transition Zones (−0.1040 mm per year) than in the Savannah Zone (−0.0102 mm per year). All the
trends were shown to be significant in this season at 0.01 significance level using the Mann Kendall
Trend Test except for the Savannah Zone which shows no significant trends at the 0.10, 0.05 and 0.01
significance levels. These findings are consistent with the observed trends from Manzanas et al. [14].
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Figure 13. (a–d) Long-term course of seasonal rainfall over the agro-ecological zones of Ghana for DJF.
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The amount of rainfall that is recorded during the DJF season is significantly decreasing in
almost all the agro-ecological zones. Although no significant decreasing trend is seen in the Savannah
Zone during this season, the mean rainfall amount recorded in the zone is very small (<7 mm).
This result indicates an intensification of the Harmattan season. This might have been caused by global
teleconections such as the ENSO and NAO as well as local factors such as land degradation and bush
burning by farmers since most land preparation is done during this period [51].

4.8.2. Trend Analysis for the MAM Season

From Figure 14, the decreasing trend observed in the DJF season continues to persist for
the Transition (−0.2016 mm per year), Savannah (−0.1181 mm per year) and Forest Zones
(−0.0793 mm per year) for the MAM season but however weaker in the latter. The Coastal Zone
interestingly shows a slight increasing tread of 0.0692 mm per year in this season. Only the trends in
the Transition and Savannah Zones were indicated as significant at the 0.01 significance level.
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Figure 14. (a–d) Long-term course of seasonal rainfall over the agro-ecological zones of Ghana for
MAM.

4.8.3. Trend Analysis for the JJA Season

The JJA season shows interesting trends for different agro-ecological zones (Figure 15). The trend
rises in the Transition Zone (0.2112 mm per year) but almost stays constant in the Coast (0.0510 mm per
year), Forest (−0.0242 mm per year) and Savannah Zones. There is however a slight decreasing trend
(−0.0972 mm per year) in the latter. Only the trend in the Transition Zone was indicated as significant
at the 0.05 significance level. This was however not significant at the 0.01 significance level.

4.8.4. Trend Analysis for the SON Season

The SON season however displays varying trends for the various agro-ecological zones
(Figure 16). There was a decreasing trend in the Transition (−0.1460 mm per year) and Savannah
(−0.1582 mm per year) Zones which were shown to be significant at the 0.05 significance level.
However, only the trend in the Savannah Zone remained significant at the 0.01 significance level.
A little rising trend at the Coast (0.0677 mm per year) and an almost stable trend at the Forest
(−0.0512 mm per year) which were however insignificant at the 0.10 significance level.
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Figure 15. (a–d) Long-term course of seasonal rainfall overthe agro-ecological zones of Ghana for JJA.
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Figure 16. (a–d) Long-term course of seasonal rainfall over the agro-ecological zones of Ghana for
SON.

4.8.5. Summary of Seasonal Trend Analysis

The summary of the seasonal trend analysis is presented in Table 1 where each entry represents
the seasonal trend rate in mm per year of each agro-ecological zone.
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Table 1. Seasonal rainfall trend rate in the four agro-ecological zones (** and * indicates significant
trends at 0.01 and 0.05 significance levels respectively).

Season
Rainfall Trend Rate (mm per Year)

Coast Forest Transition Savannah

DJF −0.1429 ** −0.1273 ** −0.1040 ** −0.0102
MAM 0.0692 −0.0793 −0.2016 ** −0.1181 **

JJA 0.0510 −0.0242 0.2112 * −0.0972
SON 0.0677 −0.0512 −0.1460 * −0.1582 **

Generally, there is a decreasing trend in almost all the agro-ecological zones except for the Coastal
Zone which has dominant increasing trends. These increasing trends are however insignificant using
the Mann Kendall Trend Test at the 0.01 and 0.05 significance levels. The Transition Zone interestingly
shows significant decreasing trends in all the seasons except for JJA. The DJF season (also known as
the Harmattan season) shows a significant decreasing trends at the 0.01 significance level for all but
one of the agro-ecological zones indicating an intensification of the dry season (the Harmattan).

These results also confirm that the rainfall amount is significantly decreasing even in the Transition
Zone which is the food hub of the country. The decreasing trends will have serious consequences on
agricultural production and food security.

4.9. Wavelet Analysis of Rainfall over the Agro-Ecological Zones of Ghana

4.9.1. The Wavelet Analysis for Rainfall at the Coastal Zone of Ghana

The results of the wavelet analysis for the Coastal Zone of Ghana are presented in Figure 17.
In Figure 17b wavelet power (actual oscillations of the individual wavelets at each scale and time) for
the monthly rainfall anomaly at the Coastal Zone (Figure 17a) of Ghana is shown. There is a periodicity
between the 4–8 month scale occurring specifically around the 6th month. Another periodicity (a more
pronounced one) also occurred between the 8–16 month scale, specifically around the 12th month
indicating a strong annual signal. This occurred around 1910, 1914, 1930, 1960–1969, 1970–1975, 1980,
1997–1998. These periods are also reported as wet years since it shows a substantial increase in wavelet
power (also confirmed in Figure 17d). Dry years can also be identified in the periods before 1904,
around 1908, 1916–1920, 1926–1928, 1936–1938, 1944–1945, 1953–1954, 1974–1976, 1992–1993, 2003–2005.
No significant information was obtained for low frequency periods (32–256 months scale).

The global wavelet power spectrum Figure 17c shows the integration of the wavelet power with
time. This shows two significant peaks above the 95% confidence level between the 4–8 and the
8–16 month scale assuming a white noise background spectrum. The global wavelet spectrum is
therefore a simple and robust way to summarize the variability of a time series in a region.

Figure 17d shows the average variance of all scales between the 4–16 months band giving the
average year variance with time. Wetter than normal periods can clearly be seen in the years 1908,
1915, 1940, 1962 and 1997.
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Figure 17. (a) Monthly Rainfall Anomaly in the Coastal Zone for the 1901–2010 period. (b) Wavelet
Power Spectrum for the Coastal Zone. Cross-hatched region is the cone of influence; (c) The global
wavelet power spectrum. The dashed line is the 5% significance level for the global wavelet spectrum;
and (d) Scale-average wavelet power over the 4-16 months band. The dashed line is the 95% confidence.

4.9.2. The Wavelet Analysis for Rainfall at the Forest Zone of Ghana

The results of the wavelet analysis for the Forest Zone of Ghana is presented in Figure 18.
In Figure 18b wavelet power (actual oscillations of the individual wavelets at each scale and time) for
the monthly rainfall anomaly at the Forest Zone (Figure 18a) of Ghana is shown. Similar to the Coastal
Zone, there is a periodicity between the 4–8 month scale occurring specifically around the 6th month in
some years throughout the time series. It is however less pronounced. A more pronounced periodicity
occurs between the 8–16 month scale, just around the 12th month also indicating a strong annual
signal. These periodicities can be seen around 1906, 1908–1910, 1940, 1963–1966, 1972–1974, 1980,
1993 and 2000. These periods are also reported as wet years since it shows a substantial increase in
wavelet power (also confirmed in Figure 18d). Dry years can also be identified around 1912, 1916–1920,
1926, 1934, 1942–1945, 1968, 1994–1995, 2003–2005. No significant information was obtained for low
frequency periods (32–256 months scale).

The global wavelet power spectrum Figure 18c shows the integration of the wavelet power with
time. This also shows two significant peaks above the 95% confidence level between the 4–8 and the
8–16 month scale assuming a white noise background spectrum.

Figure 18d shows the average variance of all scales between the 4–16 months band giving the
average year variance with time. Wetter than normal periods can clearly be seen in the years 1906,
1910–1912, 1934–1935, 1941–1942.
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Figure 18. (a) Monthly Rainfall Anomaly in the Forest Zone for the 1901–2010 period. (b) Wavelet
Power Spectrum for the Forest Zone. Cross-hatched region is the cone of influence. (c) The global
wavelet power spectrum. The dashed line is the 5% significance level for the global wavelet spectrum;
and (d) Scale-average wavelet power over the 4–16 months band. The dashed line is the 95% confidence.

4.9.3. The Wavelet Analysis for Rainfall at the Transition Zone of Ghana

The result of the wavelet analysis for the Transition Zone of Ghana is presented in Figure 19.
In Figure 19b wavelet power for the monthly rainfall anomaly at the Transition Zone (Figure 19a)
of Ghana is shown. Unlike the Coastal and the Forest Zones, a very weak periodicity occurs at
the 4–8 months scale occurring at some few years in the time series. The main periodicity for this
zone is the annual frequency, occurring between the 8–16 month scale. These strong periodicities
(wet years) appears to be more consistent within this annual scale and can be seen around 1907–1910,
1912–1917, 1920, 1922–1933, 1938–1950, 1958–1973, 1975–2009. Very few dry years are seen in this zone
occurring around 1902 and 1956. No significant information was obtained for low frequency periods
(32–256 months scale).

The global wavelet power spectrum Figure 19c shows the integration of the wavelet power
with time. Two significant peaks are seen above the 95% confidence level between the 4–8 and the
8–16 month scale assuming a white noise background spectrum. However as can be confirmed
from the the Wavelet power spectrum, the periodicity between the 4–8 months scale just touches the
significant line.

Figure 19d shows the average variance of all scales between the 4–16 months band giving the
average year variance with time. The scale-average wavelet time series for the Transition Zone shows
no wetter than normal year at the 95% confidence level except for 1916 which indicates an almost
significant wet year.
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Figure 19. (a) Monthly Rainfall Anomaly in the Transition Zone for the 1901–2010 period. (b) Wavelet
Power Spectrum for the Transition Zone. Cross-hatched region is the cone of influence; (c) The global
wavelet power spectrum. The dashed line is the 5% significance level for the global wavelet spectrum;
and (d) Scale-average wavelet power over the 4–16 months band. The dashed line is the 95% confidence.

4.9.4. The Wavelet Analysis for Rainfall at the Savannah Zone of Ghana

The result of the wavelet analysis for the Savannah Zone of Ghana is presented in Figure 20.
In Figure 20b wavelet power for the monthly rainfall anomaly at the Savannah Zone (Figure 20a)
of Ghana is shown. A very strong annual signal is seen between the 8–16 month band. This occurs
consistently throughout the entire time series with periods of very wet years occurring around
1904–1905, 1907–1910, 1916, 1933, 1960, 1984–1986. No dry periods are identified within the Savannah
Zone. Like all the previous agro-ecological zones no significant information was obtained for low
frequency periods (32–256 months scale).

The global wavelet power spectrum Figure 20c shows the integration of the wavelet power with
time. Unlike the other agro-ecological zones, only one main significant peak is identified in this zone
above the 95% confidence level assuming a white noise background spectrum. And it occurs around
the 8–16 month band. Indicating that the variability of rainfall frequency at the Savannah Zone is
mainly on the annual scale.

Figure 20d shows the average variance of all scales between the 4–16 months band giving the
average year variance with time. Wetter than normal periods identified at the 95% confidence level
can clearly be seen at 1908–1909 and 1916.
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Figure 20. (a) Monthly Rainfall Anomaly in the Savannah Zone for the 1901–2010 period. (b) Wavelet
Power Spectrum for the Savannah Zone. Cross-hatched region is the cone of influence. (c) The global
wavelet power spectrum. The dashed line is the 5% significance level for the global wavelet spectrum;
and (d) Scale-average wavelet power over the 8-16 months band. The dashed line is the 95% confidence.

4.9.5. Summary of the Results of the Wavelet Analysis

Rainfall variability over the all agro-ecological zones of Ghana indicates a strong annual
(periodicity of 12 months) signal. However in the Coastal and Forest Zones, this strong annual frequency
is accompanied by a 4–8 months signal. This can be supported by the bimodal nature of the rainfall pattern
in these zones as mentioned by Amekudzi et al. [8], Nicholson and Grist [24], Aryee [30], Mensah [51]
as well as the results of the analysis of the seasonal variability in Figure 10. These show that, rainfall
frequencies recorded around MAM will be followed by another one within 4–8 months (SON).

The annual rainfall frequency identified in all the agro-ecological zones is almost constant
throughout the entire time period for the Savannah Zone, followed by the Transition Zone. The Forest
and Coastal Zones however show distinct wet and dry periods within the time series especially the
Coastal Zone.

A continuous wet period is seen throughout the entire time series for the Savannah Zone within
the annual scale with virtually no dry period, this is followed by the Transition Zone. The Forest and
Coastal Zones however show significant dry periods within the annual scale with the Forest Zone
showing more consistent dry periods. It should however be noted that, the dry periods in each zone
as identified in the wavelet plots are relative and corresponds to rainfall values less than the mean
values of 93.0167, 131.8282, 108.0629 and 92.0133 mm for Coastal, Forest, Transition and Savannah
Zones respectively.

5. Conclusions

The annual, seasonal and decadal rainfall variability over Ghana has been studied and their
periodicities analysed using wavelet analysis. A rainfall time series from 1901-2010 from GPCC has
been used in this analysis.

A good agreement has been found between GMet gridded data and GPCC data with Pearson
correlation coefficients of 0.9–1, very low RMD values of 0.00–0.04, and low RRMSE values of <0.5
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obtained in most grids over the country. GPCC data was found to be reliable for a longer time scale
(decadal) studies of rainfall variability over West Africa.

It was also observed that, high cumulative rainfall amounts ranging from 900 to 1900 mm are
recorded over the entire nation per year with very high rainfall amounts between 1500 to 1900 mm
recorded at the south-western part of the country and low rainfall amounts (900–1200 mm) recorded
in the Savannah Zone and east coast of the country.

In general a decreasing trend was observed for the annual rainfall over all the agro-ecological
zones except for the Coastal Zone where a slight increasing trend of 0.1600 mm per year was seen.
This decreasing trends will have serious consequences on agricultural production and food security.
The results of the seasonal trend analysis also reveals a significant decreasing trend at 99% confidence
level in all the agro-ecological zones except for the Savannah Zone during the DJF season indicating
an intensification of the Harmattan. The Coastal Zone records lowest mean rainfall values for all
the seasons with the highest of about 150 mm recorded in MAM. The Forest Zone on the other hand
records very high rainfall values for all the seasons with the highest of about 200 mm recorded in
JJA followed by about 170 mm in MAM. The Transition Zone however records almost similar rainfall
values (varying between 120 and 170 mm) for all the seasons except for DJF where a lower mean
rainfall value of about 50 mm is recorded. The Savannah Zone records the lowest mean rainfall amount
of about 6 mm in the DJF season whiles its highest rainfall amount of 173.99 mm is recorded in the JJA
season. This value is interestingly slightly higher than that recorded in the Forest (173.52 mm) during
this same season. However, the former has most of its rains from July and August while the latter has
most of its rain contributed by the month of June.

On the decadal time scale, below normal rainfall values are observed between the 1901–1920
and 1980–2010 periods for all the agro-ecological zones except for the Savannah which shows above
normal rainfall values within the 1901–1940 period. Likewise, above normal rainfall values is recorded
between 1930–1980 for all the agro-ecological zones. These variabilities have confirmed the effects of
strong El Niño and La Niña episodes on the region. Moreover, by using a longer time scale the study
proposes that, the decreasing trend observed in recent years is not solely due to antropogenic factors
but have a strong contribution from a natural climate variability.

The wavelet analysis has also revealed a strong annual periodicity over all the agro-ecological
zones except for the Coastal and Forest Zones where the annual periodicity is accompanied by a 4–8
months signal. The results of both the 5 year moving average and the decadal anomaly indicates that
rainfall amount is significantly decreasing even in the Transition Zone which is the food hub of the
country. This will have negative consequences on agricultural practice, water resource management
and food security.
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