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Abstract
Accurately forecasting rainfall trends is vital for the socio-economic development of a nation. Observed daily rainfall data 
from the Ghana Meteorological Agency (GMet) spanning 1980 – 2015 was deployed to study the spatio-temporal rainfall 
trend in the Odaw river basin (ORB) in Accra. Using Mann–Kendall (MK), Sen’s slope and set of homogeneity tests, the 
monthly, annual and decadal rainfall variability based on the indices – rainfall total, daily maximum and rainy/wet day 
count were examined. Principal Component Analysis (PCA) and wavelet (WT) analysis were applied on the monthly time 
series in order to verify the spatio-temporal variability. It was observed that a mean value ranging from 760 to 1200 mm, 
77.1–94.4 mm and 56–90 day count were recorded for Annual Rainfall Total (ART), Annual Daily Maximum (ADM) and 
Annual Rainy Days (ARD) respectively in the ORB. Mann–Kendal test recorded an overall non-significant positive trend in 
the Odaw basin for ART and ARD with an average positive slope of 3.7 mm/year and 0.23 wet days/year and a significant 
positive trend with slope value of 0.55 mm/year for ADM in the basin. On the monthly scale, a significant upward trend 
was observed for the dry seasonal months; December, January and February for the Monthly Rainfall Total (MRT) and 
Monthly Daily Maximum (MDM) rainfall series during the period at all stations. Homogeneity for both annual and monthly 
rainfall time series were observed over the stations in the basin by the Pettitt, Alexandersson’s SNHT and Buishand’s 
tests. PCA revealed that the spatial variability of rainfall in ORB is very diverse with 55.9% of the variability located in the 
middle to highland part while 44.0% of the variation is occurring mostly in the low-lying area at the southeastern part 
of the ORB. The wavelet analysis also revealed a strong annual periodicity at all the selected stations in the basin. The 
outcome of this study provides valuable information to formulate adaptation measures through appropriate strategies 
for managing flood in the study area.
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1 Introduction

Rainfall is described as one of the main climate variables 
which drives the spatio-temporal trends of water availabil-
ity. It is known internationally that over the last ten dec-
ades, climate has changed a great deal. One of the main 
problems confronting the climate change/variability sci-
entists is to ascertain, recognize and quantify the trends in 

rainfall and their consequences on hydrology so as to aid 
in planning adaptation strategies for water resources man-
agement and sustainable development [3, 8]. Variations in 
rainfall patterns plays a significant role in the hydrologi-
cal process and may result in flood or drought in various 
locations which has a direct effect on socio-economic 
activities such as agriculture, water supply, hydropower 
generation, health among others, of any nation [4, 10, 
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14, 18, 29, 36, 45]. Studies have shown that, due to grow-
ing variability in rainfall patterns, people’s ability to plan 
for future flooding has become more difficult [5]. Lack of 
understanding of the spatio-temporal dynamics of rainfall 
has implications for the management of water resources, 
particularly in flood and drought situations of a region. 
The understanding of spatio-temporal rainfall trend of an 
area will serve as a useful informative tool in the effective 
water management.

The extensive studies on the spatio-temporal rainfall 
trend which has been carried out in places such as USA, 
UK, South Africa and the Caribbean indicate the detection 
of positive trend in annual precipitation, whereas negative 
trend of annual precipitation has been shown in some part 
of western Africa [46]. In Ghana, some works on analysis of 
rainfall trends using observed data has been conducted in 
different regions [22, 27, 34], and the results demonstrate 
a general decreasing trend in annual rainfall. Logah et al. 
[27] found a general decline in mean annual rainfall for 
the period 1981–2010 with high rainfalls shifting to the 
South-western corner of the country. Accra showed slight 
increase in the mean annual rainfall for the past three dec-
ades. Nyatuame et al. [34] observed no significant detect-
able effect of climate change on both the of annual rain-
fall and monthly trend in Volta Region of Ghana during 
1981–2011 while Lacombe et al. [26] observed no signifi-
cant changes in annual rainfall for the period 1960–2005.

Regional changes in rainfall can be much bigger, and 
substantial spatio- temporal rainfall trends may occur at 
different locations as a result of spatial variations in the 
rainfall and temperature and the variations in the catch-
ment characteristics [12, 48]. Changes in land use and land 
cover can influence the spatial and temporal variations in 
precipitation and temperature [1, 22]. Spatio-temporal 
characterization of precipitation can also be analyzed by 
monitoring the network of rain gauges in the study area. 
Rain gauges are the most common instruments used to 
quantify the variability of precipitation. In tropical regions, 
rain gauge data scarcity, climate instability, and variable 
spatial accessibility render traditional methods insufficient 
and impractical for designing rain gauge networks [31, 44]. 
The modern method, such as conditioned Latin hypercube 
sampling (cLHS), has led to the capture of spatio-temporal 
precipitation patterns in ungauged areas through multi-
temporal layers of remotely sensed precipitation measure-
ments [13].

Various statistical test approaches are applied to iden-
tify trends in hydro-meteorological datasets grouped as 
parametric and nonparametric tests. Parametric tests 
are more effectual but the data need to be independent 
and normally distributed, which is not often factual for 
hydrological dataset. With the nonparametric tests, inde-
pendently nature of the data is required, but outliers are 

better accepted. The widely used nonparametric tests 
on time series data, Mann–Kendall [25, 30] and Principal 
Component Analysis (PCA), wavelet analysis (WT) was 
adopted for the study. Principal Component Analysis 
(PCA) and wavelet analysis has been applied [11, 39] to 
study respectively the spatiotemporal dynamics of rain-
fall in Upper East Region of Ghana during the period 
1981–2016 and the whole of Ghana, while Othman et al. 
[38] applied PCA on Long-term daily rainfall pattern rec-
ognition in Malaysia.

Homogeneity test on rainfall datasets have been stud-
ied by a lot of researchers globally [15, 17, 23, 24, 28, 37, 42, 
43, 47]. Several factors such as station relocation, changes 
in instruments, formulae used to calculate mean and many 
other factors can affect the quality, accuracy and reliabil-
ity of climate data. The proper statistical testing of data 
quality, consistency, and homogeneity is therefore crucial 
when conducting any climate analysis and hydrological 
research [41]. The Pettitt test, Buishand’s test and Alexan-
dersson’s SNHT test were used in this study to test homo-
geneity in the rainfall time series.

The Odaw river basin located at the middle part of the 
city of Accra and draining about 60% of the city has been 
challenged with urban storm water management for the 
past three decades resulting in what can be described 
as perennial floods. A typical flood disaster occurring in 
recent years with huge impact was the June 3, 2015 flood 
event which hit Accra leading to the explosion of a fuel 
station claiming 152 lives and destroyed lots of properties 
while displacing hundreds of people [5]. Various factors 
have been identified by key stakeholders and through 
research work as the causes of flooding in Accra including 
increasing intensity of rainfall events, poor management 
of surface water resources, uncontrolled urbanisation, resi-
dential development in flood-prone areas, and perceived 
or real impacts of climate variability and change [6]. Con-
cerns about whether the city of Accra is experiencing more 
rainfall, shifts in frequency or rises in rainfall intensity have 
been raised. However, there is no comprehensive research 
on rainfall amounts, rainfall intensity and rainy (wet) days 
changes in the ORB. Understanding the changing pat-
tern of rainfall intensity, duration and frequency (IDF) is of 
great concern and a requirement for the development of 
rainfall Intensity – Duration –Frequency (IDF) curves used 
for design of urban water management infrastructure to 
address flooding.

The key objective of this study therefore, is to inves-
tigate the spatial and temporal trend and variability of 
monthly, annual and decadal rainfall time series. It involves 
the analysis of rainfall variables including rainfall total, 
rainy (wet) days count, and daily maximum rainfall over 
a period 1980–2015 in the Odaw river basin of Accra. The 
outcome of this study will help provide valuable database 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:2141 | https://doi.org/10.1007/s42452-020-03924-3 Research Article

for formulating adaptation measures through appropriate 
strategies for managing flood in the study area.

2  Study area and data used

2.1  Study area

The Odaw river basin is one of the nine sub-basins in Accra 
bounded by three Metropolitan/Municipal Assemblies; 
Accra Metropolitan, Ga (East and West) and Tema Munici-
pal (Fig. 1). It lies within longitudes 0°1′ W and 0°15′ E 
and latitudes 5°30′ N and 5° 50′ N in the dry equatorial 
climatic zone. The total catchment area of the Odaw basin 
is 272.176 km2 and has a length of about 5.41 km. The river 
takes its source from the headwater at Akuapem hills near 
Aburi and meanders its way to the southern direction and 
finally discharges into the sea (Atlantic Ocean) through the 
Korle Lagoon which is main repository of most streams in 
Accra (Fig. 1).

The area falls within the Equatorial climate zone of 
Ghana, which is affected by two major winds; the Atlan-
tic Ocean’s moisture-laden Southwest Monsoon winds, 
responsible for precipitation events, and the Saharan 
desert’s North-east Trade Winds (Harmattan), responsible 
for dry and hazy dry times. It falls within Accra’s geomor-
phic western coastal portion [35]. The area experiences a 
bimodal rainfall pattern annually described as major and 
minor rainy season. The major rainy season begins from 
April to June and the minor rainy season occurs from Sep-
tember to October. The total annual precipitation over the 
two season averages 730 mm. Rainfall duration is usually 
short but intense and this leads to flooding especially 
in areas where drainage channels are blocked ([7]). The 
warmest month in the year is March with an average tem-
perature of 28 °C. At 24.7 °C on the average, August is con-
sidered the coldest month of the year [16]. Relative humid-
ity ranges from 65% in the mid-afternoon to 95% at night 
[19]. Flooding has been a major Water Resources Manage-
ment challenge in the basin both past and present.

The topography is characterized by lowlands and occa-
sional hills. The average elevation is 20 m above sea level 
with elevation ranges from 7 m to 462 m above mean sea 
level (Fig. 1). The slopes are generally gentle, mostly below 
11%, except few places such as McCarthy hills and Kwa-
benya hills, where slopes are above 22% [33].

2.2  Data used

The time series of daily observed rainfall over a period of 
36 years (1980–2015) were obtained from the Ghana Mete-
orological Agency. Three active rain gauge stations, devoid 
of data gaps; Airport, Pokuase, and Aburi were selected for 

the study out of the eight rain gauge stations identified in 
the Odaw basin. While considering more stations would 
be fair, there are constraints due to data gaps and unequal 
time series lengths. Thus the analysis considers a skeleton 
number of stations. The locations of rainfall gauge stations 
are shown in Fig. 1. Aburi is situated in the north part of 
the basin (highlands, more close to the headwaters of the 
basin – altitude of the station: 457.2 m), Pokuase in the 
middle east part of the basin (more close to moderate 
altitudes of the basin – altitude of the station: 50.3 m) and 
Airport is in the southwest part of the basin (more close to 
the lowlands of the basin – altitude of the station: 67.7 m) 
(Table 1).

3  Methodology

The methodology used to investigate the spatio-temporal 
variability of rainfall and its impact in the Odaw river basin 
is summarized in Fig. 2. Monthly, annual and decadal time 
series based on the three rainfall indices – rainfall total, 
daily maximum rainfall and rainy (wet) days were used for 
the analysis. The rainy day counts is defined by GMet as 
number of days with precipitation depth greater or equal 
to 0.85 mm.

The statistical properties such as minimum, maximum, 
mean, standard deviation and coefficient of variability 
were estimated from the annual and monthly rainfall data 
for the period 1980–2015 and analyzed for each station. 
The Mann–Kendall (MK) tests was used to detect the pres-
ence of annual and monthly rainfall trend whilst the Theil 
and Sen’s slope test was used to estimate the magnitude 
of the annual and monthly trend.. The annual and monthly 
rainfall series was also submitted to a homogeneity and 
break point analysis test to check for the significance of 
probable break point using the Pettitt, Alexandersson’s 
SNHT and Buishand’s tests. Wavelet analysis and PCA were 
performed on the data to detect the rainfall frequencies/
periodicity and to capture the spatial and temporal trend 
in annual and monthly rainfall respectively in the Odaw 
river basin. Each statistical test was carried out at 5% level 
of significance.

3.1  Trend detection analysis

3.1.1  Mann–Kendall test (MK)

The Mann–Kendall test is a non-parametric test frequently 
used for the detection of significant trends in hydrological 
data series [25, 30]. The MK test statistics S for a series  X1, 
 X2,… Xn is defined as:
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(1)S =

n−1∑
i=1

n∑
j=i+1

sgn
(
Xj − Xi

)
where  Xi is ranked from I = 1, 2,… n-1, Xj is ranked from 
j = I + 1, and n is the length of the data set

Fig. 1  Location of the Odaw 
River Basin and gauge stations 
with DEM in Accra
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Positive (negative) signs of the test statistics S indicate 
upward (downward) trend in the data. For the sample size 
n > = 8, variance of the Mann–Kendall statistics is given by:

 where ei is the number of ties present up to sample i.
The standardized MK test statistics  (Zmk) can be estimated 

with the equation:

(2)Sgn
�
Xj − Xi

�
=

⎧
⎪⎨⎪⎩

1…… .if Xj − Xi > 0

0…… .if Xj − Xi = 0

− 1…… .if Xj − Xi < 0

(3)

Var(S) =

�
n ( n − 1)(2n + 5) −

∑g

i=1
ei
�
ei − 1

��
2ei + 5

� �
18

(4)Zmk =

⎧
⎪⎨⎪⎩

S−1√
Var(S)

………… if S > 0

0…… if S = 0
S+1√
Var (S)

………… if S < 0

⎫⎪⎬⎪⎭

Table 1  List of Abbreviation

ADM Annual Daily Maximum
ARD Annual Rainy Days
ART Annual Rainfall Total
AMA Accra Metropolitan Assembly
GMet Ghana Meteorological Agency
HSD Hydrological Service Department
IDF Intensity – Duration – Frequency
IDM Inverse Distance Method
IDW Inverse Distance Weighting
MDM Monthly Daily Maximum
MRD Monthly Rainy Days
MRT Monthly Rainfall Total
MWRWH Ministry of Water Resources, Works and Housing
NADMO National Disaster Management Organization
ORB Odaw River Basin

Fig. 2  Flowchart for Spatio-
temporal rainfall trend, PCA 
and Wavelet analysis in ORB
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Zmk follows a standard normal distribution; thus, a posi-
tive value implies an upward trend while a negative value 
means a downward trend. If the value of Zmk is greater than 
 Za/2, where alpha is significant level, then it is considered a 
significant trend and the null hypothesis is rejected.

3.1.2  Theil Sen’s slope

This is a nonparametric method that assumes a linear 
trend in the time series data and an uncorrelated data. This 
method is robust to missing data and outliers in the data 
series. It quantifies the median (50th percentile) concentra-
tion changes linearly with time and is used to determine the 
magnitude of the trend line. The slope of the trend line in the 
sample of N pairs of data can be estimated by:

where Xj and Xi are the data values at times j and i (j > i) 
respectively.

The median of these N values of Q is Sen’s estimator of 
slope which is calculated as

A positive value of β indicates an increasing trend and 
a negative value indicates a decreasing trend in the time 
series.

The β sign reflects data trend direction, while its value 
indicates the steepness of the trend. Obtaining the confi-
dence interval of β at specific probability helps to determine 
whether the median slope is statistically different than zero. 
The confidence interval about the median slope can be com-
puted as follows:

where Var(S) is

Z1 − α/2 is obtained from the standard normal distribution 
table. The lower and upper limits of confidence interval, M1 
and M2 are computed as;

(5)Q =
Xj − Xi

j − i

(6)� = Q
(
N + 1

2

)
if N is odd

(7)� =

(
Q
(
N

2

)
+

Q(N + 2)

2

)
if N is even

(8)C� = Z1−�∕2

√
Var(S)

(9)

Var(S) =

�
n ( n − 1)(2n + 5) −

∑g

i=1
ei
�
ei − 1

��
2ei + 5

� �
18

(10)M1 =

(
N − C�

2

)

Theil-Sen estimator is used to calculate the trend 
slopes.

3.2  Homogeneity test and break point analysis

Three absolute homogeneity tests were applied to detect 
discontinuities caused by non-climatic causes: Pettit ‘s test 
(Pettitt, 1979), Standard Normal Homogeneity Test (SNHT) 
(Alexandersson, 1986), and Buishand’s (Buishand, 1982).

3.2.1  Pettitt test

This test is a non-parametric test which does not require 
any assumption of normality. The test is based on the rank-
ing order of the Yi values. The statistic is given as follows:

The break is detected near the year m given that

If Xm is less than the critical value, the number series is con-
sidered uniform.

3.2.2  Alexandersson’s SNHT test

Alexanderson (1986) describes a statistic T(k) to compare 
the mean of the first k years of the time series record with 
that of the last n-k years:

where

If a break is located at the year K, then T(k) reaches 
a maximum near the year k = K. The test statistics  T0 is 
defined as:

The null hypothesis will be rejected if  T0 is above a cer-
tain level, which is dependent on the sample size.

(11)M2 =

(
N + C�

2

)

(13)

Xd = 2

d∑
i=1

ri − d(n + 1) d = 1, 2, 3, 4…………… n

(14)Xm = max
1≤d≤n

||Xd||
)

(15)T (k) = kz
2

1
+ (n − k)z

2

2
k = 1,……… n

(16)

z1 =
1

k

k∑
i=1

(
Yi − Y

)
∕s and z2 =

1

n − k

n∑
i=k+1

(
Yi − Y

)
∕ s

(17)T0 = max
i≤k<n

T (k)
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3.2.3  Cumulative deviation (Buishand’s test)

Tests for homogeneity are based on the adjusted partial 
sums or cumulative deviations from the mean, which are 
expressed as:

Rescaled adjusted partial sums (Sk**) are obtained by 
dividing Sk* by the sample standard deviation (Dx).

Homogeneity tests are based on the rescaled adjusted 
partial sums. Sensitivity to the departures from homoge-
neity is defined by the following statistic:

High values of Q and R are indication for non-homogene-
ity in the time series. If Q/Sqrt(n) is greater than the critical 
value, the number series is not uniform.

The criteria by Wijngaard et al. [47] and Ahmad and 
Deni [2] were adopted for the overall homogeneity classifi-
cation depending on the number of tests rejecting the null 
hypothesis. The following classification are distinguished:

‘Very Useful Homogeneous Time Series’ – three tests 
reject the null hypothesis at 5% level.
‘Useful Homogeneous Time Series’ – one test reject the 
null hypothesis at 5% level.
‘Doubtful Non-homogenous Time series’ – two tests 
reject the null hypothesis at 5% level ‘Suspected Non-
homogenous Time Series’ – three tests fail to reject the 
null hypothesis at 5% level.

(18)S∗
k
=

k∑
i=1

(
xt − x

)
, k = 1, 2, .… , n

(19)S∗∗
k

=
S∗
k

Dx

, k = 1, 2, .… , n

(20)D2

x
=

1

n

n∑
t=1

(
xt − x

)2

(21)Q = max
0≤k≤n

|||S
∗∗
k

|||

(22)R = max
0≤k≤n

|||S
∗∗
k

||| − min
0≤k≤n

||S∗∗K ||

3.3  Principal component analysis (CA)

Principal Component Analysis (PCA) is a multivariate sta-
tistical analysis that seeks to simplify a complex collec-
tion of interrelationships by creating one or more new 
variables in relation to those that enable the overall spa-
tial relationship to be analyzed more conveniently. By 
isolating a number of components with respect to newly 
identified axes, each of which corresponds to a variable, 
PCA tries to explain the total variance in a data set [20, 
21]. The eigenvectors referred to as empirical orthogo-
nal functions (EOF) describe the spatial variability for a 
spatiotemporal variability analysis, while the eigenvalues 
or main component (PC) describe the variances in the 
time variability [39]. PCA is a useful method that was 
applied to precipitation time series of 3 weather stations 
in the Odaw river basin. Monthly PCA analysis is carried 
out for the period (1980–2015) of the stations of Odaw 
river basin.

3.4  Wavelet analysis

Wavelets analysis is a standard method for analyzing 
localized power variations within a time series. One 
can establish the dominant modes of variability and 
how those modes differ in time by decomposing a time 
series into time-frequency space. Wavelet transform 
(WT) has been used to investigate signals in various 
research fields and has demonstrated dominance in the 
study of time series frequency and time localization [11, 
39]. Using wavelet analysis, various time series charac-
teristics such as duration, intensity and trend consist-
ency can be defined, while the variance plot can be 
used to analyze multi-scale trends [39]. When a mother 
wavelet is selected to break down the initial time series, 
WT yields better results. Wavelet analysis is a suitable 
method applied to study the monthly rainfall variation 
of 3 weather stations in the Odaw river basin during the 
period (1980–2015). Further details on wavelet analysis 
implementation can be found in several research work 
[11, 32, 40].

Table 2  List of rain gauge stations in the study area

Station Name Station No. Station ID Date Opened Latitude Longitude Altitude (m) Region

Pokuase 0500-014-23 22014POK 01/07/1942 05° 41′N 00° 17′ W 50.3 GT. ACCRA 
Accra – Airport 0500-016-23 23016ACC 01/01/1952 05° 36′N 00° 10′ W 67.7 GT. ACCRA 
Aburi (Gardens) 0500-029-23 23029ABU 01/05/1891 05° 51′N 00° 59′ W 457.2 EASTERN
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4  Results and discussion

4.1  Preliminary analysis of rainfall time series

The result of the descriptive statistics analysis of annual 
and monthly rainfall for the three indices – rainfall total, 
daily maximum and rainy (wet) days during the period 
1980–2015 is shown in Tables 2, 3 and 4 respectively. At 
the annual scale, the recorded minimum and maximum 
ART during the 36 years for Aburi, Airport and Pokuase 
are 642.7 mm and 1709.6 mm, 333.1 mm and 1264.7 mm, 
and 445.8–1328.0 mm respectively. All the minimum val-
ues of ART at the respective stations occurred in 1983 
while the maximum values occurring in 1999, 2008 and 
2010 respectively. In the case of ADM, the minimum and 
maximum values recorded at Aburi, Airport and Pokuase 
during the period were: 44.4 mm and 139 mm, 46.3 mm 
and 243.9 mm and 36 mm and 139.6 mm respectively. 
The corresponding years these were recorded are 2001 
and 2010 for Aburi, 1983 and 1995 for Airport and 1983 
and 2008 for Pokuase. The recorded minimum and maxi-
mum values for ARD are: 59 and 116, 30 and 73, 35 and 
87 for Aburi, Airport and Pokuase respectively with the 
corresponding years of occurrence being 1983 and 1999, 
1998 and 2008, 1983 and 2011. The coefficient of vari-
ation (CV) varied from 19.5% (Aburi) – 29.0% (Airport), 
13.1% (Aburi) – 18% (Pokuase) and 25.9% (Aburi) – 46.9% 
(Airport) for ART, ARD and ADM respectively.

It is worth noting that the years (1995, 1999, 2008, 
2010 and 2011) in which the maximum recorded values 
of the rainfall indices were recorded were actually the 
years the basin recorded flooding which agrees with the 
study by Amoako and Boamah [6].

The spatial distribution of mean annual rainfall 
for ART, ADM and ARD from 1980 to 2015 is shown in 
Fig.  4. Throughout the 36  years, the most maximum 
ART occurred at the northern (highland) part of ORB 
around Aburi station with a mean annual rainfall of 
1120–1200 mm. The lowest ART occurred in the south-
eastern (lowland) part of the ORB around the Airport 
station with a mean annual rainfall of 760–817 mm. The 
basin recorded a mean ART ranging between 760 and 
1200  mm during the period 1980–2015. The highest 
ADM recorded in the ORB occurred at the southeastern 
(lowland) part with a mean ADM rainfall of 92–94.8 mm. 
The lowest ADM occurred in the northern (highland) part 
of the ORB with a mean ADM rainfall of 77.1–81.4 mm. 
A mean ADM ranging between 77.1–94.8  mm was 
recorded in the basin during the period 1980–2015. Simi-
lar to the ART spatial trend, the ARD recorded its highest 
value within the period at the northern (highland) area 
of the ORB with a mean wet days count ranging between 

83 and 90 count/year. The lowest ARD occurred in the 
southeastern part with a mean ARD of 55–60 count/year. 
A mean ARD ranging between 56 and 90 count/year was 
recorded in the basin during the period 1980–2015.

The spatio-temporal variation of monthly rainfall time 
series for MRT, MDM and MRD is shown in Fig. 3 a, b, c. The 
maximum value of MRT recorded in the basin at Aburi, Air-
port and Pokuase were 504 mm, 420.6 mm and 500.7 mm 
respectively with the corresponding month and year of 
occurrence being June 1999, June 2002 and May 1991. 
Similarly, maximum MDM values recorded in the basin at 
Aburi, Airport and Pokuase were 139 mm, 243.9 mm and 
139.9 mm respectively occurring on January 2010, July 
1995 and May 2008.

The temporal rainfall pattern for all the three climatic 
variables; MRT, MDM and MRD can be described as bi-
modal rainy patterns [35] for all the selected stations. The 
peak of the major season occurring in June and the peak 
of the minor season occurs in October.

The spatial trend of the coefficient of variation (CV) indi-
cates that low CV occurs at the northern (highland) part of 
the basin recording high amount of rainfall and high CV 
occurs at the southern (lowland) part of the basin with a 
low recorded rainfall amount (Fig. 3 a, b, c). In the case of 
temporal trend, high CV is recorded in the dry seasonal 
months (December, January, February, March and August). 
Low CV however, is recorded in the rainy(wet) seasonal 
months. These findings of variations in rainfall are simi-
lar to studies by Ofori-Sarpong and Annor [35] on the the 
rainfall over Accra during the period 1901–1990 especially 
in the 1961–1990 subset of the analysis.

4.2  Homogeneity test of annual and monthly time 
series

The annual and monthly time series of rainfall total, daily 
maximum rainfall and rainy (wet) days were considered 
for the homogeneity test using the Pettitt’s test, SHNT 
test and Buishand (cumulative deviation). This was neces-
sary to ascertain the quality and reliability of the data and 
the corresponding gauge station which will then be the 
basis for the selection of rainfall time series required for 
the hydrological modelling as part of this research work 
(Fig. 4).

On the annual scale, a p value <0.05 was recorded 
under Pettit test for ART at Aburi and SHNT test for ARD 
at Pokuase stations (Tables 9 and 11). The rest of the time 
series recorded p value >0.05 for all the selected gauge sta-
tions in the Odaw basin. This results gives an overall clas-
sification of very useful homogenous time series for ART, 
ARD and ADM at Airport station and useful homogenous 
time series for ART, ARD and ADM at Aburi and Pokuase 
stations. This implies that in terms of space and time, the 
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annual time series of the three climatic variables provides 
a reliable data for further analysis in the Odaw river basin. 
However, the significant change in the mean annual rain-
fall value observed at Aburi (Fig. 5a) and mean annual 
rainy days at Pokuase (Fig. 5b) RD calls for the adjustment 
of the time series ART and ARD at Aburi and Pokuase sta-
tions respectively before it can be used for further analysis.

The monthly time series for the three climatic variables 
(MRT, MDM and MRD) considered for this study all exhib-
ited very useful and useful homogenous data for the three 
selected gauge stations as the recorded p values >0.05 for 
all the months with the exception of February (Tables 9 
and 10). Aburi station under the MRT and MDM time 
series exhibited suspected Non-homogenous Time Series 

Fig. 3  Monthly variation of 
rainfall indices in the Odaw 
basin (a) Rainfall Total, (b) 
Rainy Days count (c) Daily 
maximum
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Fig. 4  Spatial distribution of mean annual rainfall (a) ART (b) ADM (c) ARD in ORB from 1980 to 2015
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given that the p value <0.05 for all the three homogene-
ity test in the month of February. Airport stations on the 
other hand, exhibited suspected Non-homogenous time 
series for MDM recording a p value <0.05 for all the test in 
the month of February. This consistency in the month of 
February recording break point for both MRT and MDM 
implies a significant change in the mean value of MRT and 
MDM in the Odaw river basin at Aburi and Airport stations 
(Fig. 5c–i). This can be interpreted as a possible climate 
variability in the Odaw basin occurring in the dry seasonal 
months. This observation seems to agree with the out-
come of the exploratory analysis where the dry seasonal 
months’ exhibits increasing trend in rainfall.

The outcome of the homogeneity test implies that the 
application of the monthly time series for further analysis 
such hydrological modelling in the Odaw river basin will 
yield a reliable result for all the months with the exception 
of February. Adjustment to correct the MRT and MDM time 
series for February is therefore required if need for further 
analysis (Table 5).

4.3  Mann–Kendal trend analysis of annual 
and monthly rainfall time series

The Mann–Kendal (MK) test and the Theil and Sen’s slope 
test results at 5% significance level is shown in Tables 6, 7 
and 8 for the annual and monthly rainfall time series dur-
ing the study period 1980–2015.

4.3.1  Annual rainfall trend

MK test recorded a positive trend for ART, ADM and ARD 
at all the selected stations in the Odaw basin. In the case 

of ART, positive slope of 3.18 mm/year, 5.32 mm/year and 
3.7 mm/year were obtained for Aburi, Airport and Pokuase 
respectively. Sen’s slope test for ADM resulted in 0.37 mm/
year, 0.55 mm/year and 0.10 mm/year for Aburi, Airport 
and Pokuase respectively. Again, Sen’s slope test for ARD 
resulted in 0.06 wet days/year, 0.25 wet days/year and 0.42 
wet days/year for Aburi, Airport and Pokuase respectively 
while Pokuase recorded a significant positive trend.

Figure 5 shows the mean annual rainfall trend for ART, 
ADM and ARD in the Odaw river basin. An overall non-
significant positive trend is observed in the Odaw basin 
for ART and ARD with an average positive slope of 3.7 mm/
year and 0.23 wet days/year. However, significant positive 
trend with slope value of 0.55 mm/year was recorded for 
ADM in the basin. The results are similar to those obtained 
by Logah et  al. [27] on the non-significant increasing 
trends of mean annual rainfall in Accra. Logah et al. [27], 
however observed a decline rate of this increasing trend 
from 8.6% in 1991-2000 to 2.6% in 2001–2010.

4.3.2  Monthly rainfall trend

The MK trend analysis under the monthly rainfall total 
(MRT) exhibited upward trends in most of the months in 
the basin with the exception of May, July and September 
showing a negative trend during the period 1980–2015. 
A significant positive trend was however observed in the 
months of April and October while a significant negative 
trend was recorded in the month of July. The dry seasonal 
months of December, January and February recorded a 
significant positive trend at the Airport, Pokuase and Aburi 
stations respectively (Table 6).

Table 5  Statistics of Rainy (Wet) Days for period (1980–2015) for selected stations in Odaw Basin

Aburi Airport Pokuase

CV Min
(mm)

Max
(mm)

Mean (mm) Std
Dev

CV Min
(mm)

Max
(mm)

Mean (mm) Std
Dev

CV Min (mm) Max
(mm)

Mean (mm) Std Dev

Annual 0.13 59.00 116.00 90.42 11.24 0.17 30.00 73.00 54.53 9.35 0.18 35.00 87.00 61.64 10.97
Jan 0.97 0.00 7.00 1.81 1.77 0.94 0.00 2.00 0.78 0.72 0.83 0.00 3.00 1.22 0.99
Feb 0.55 0.00 8.00 3.44 1.93 0.76 0.00 4.00 1.64 1.22 0.74 0.00 6.00 2.11 1.62
Mar 0.31 2.00 10.00 6.44 2.03 0.56 0.00 9.00 3.86 2.24 0.46 0.00 9.00 4.17 1.98
Apr 0.32 3.00 12.00 6.53 2.12 0.40 1.00 10.00 4.86 1.96 0.36 1.00 9.00 4.56 1.68
May 0.28 4.00 14.00 9.11 2.61 0.28 5.00 12.00 8.58 2.41 0.30 3.00 14.00 7.64 2.26
June 0.27 5.00 19.00 11.89 3.12 0.33 4.00 20.00 10.53 3.58 0.30 4.00 14.00 9.00 2.73
July 0.33 4.00 19.00 9.83 3.31 0.51 1.00 11.00 5.17 2.70 0.43 1.00 12.00 6.11 2.58
Aug 0.41 1.00 18.00 9.97 4.07 0.78 0.00 15.00 3.67 2.89 0.57 0.00 14.00 5.53 3.18
Sept 0.41 0.00 16.00 9.50 3.86 0.56 0.00 12.00 5.47 3.04 0.56 0.00 16.00 6.39 3.72
Oct 0.22 5.00 16.00 10.36 2.23 0.44 1.00 10.00 5.64 2.51 0.32 3.00 11.00 6.83 2.27
Nov 0.32 4.00 14.00 8.14 2.64 0.61 0.00 7.00 2.75 1.75 0.40 2.00 13.00 5.97 2.48
Dec 0.67 0.00 8.00 3.42 2.23 1.00 0.00 6.00 1.58 1.56 0.86 0.00 10.00 2.33 1.97
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In the case of MDM, the MK trend analysis showed 
upward trend for most of the months with the exception 
of April, May, July and September showing a negative 
trend during the period of study in the basin. A signifi-
cant positive trend was however observed in the month 
of October in the basin. The month of February recorded 
significant upward trends at Aburi and Airport stations 
while a significant negative trend and positive trend was 
recorded for the months of July and October respectively 
at Pokuase station (Table 7).

The MK trend analysis for MRD series (Table 8) exhib-
ited all upward trend for the months with the exception 
of October in the basin during the study period. However, 
significant trend was observed in the months of April and 
June. Significant positive trends were observed in the 
months of April, July and December occurring at Aburi, 
Airport and Pokuase stations respectively. Awotwi et al. [9] 
obtained similar results of a significant increasing trend of 
rainfall during the dry season in the Lower Pra River Basin 
of Ghana (Tables 9 and 10).

4.4  Spatial and temporal variability of rainfall 
intensity using PCA

The spatial and temporal variation in rainfall intensity was 
analyzed using PCA to determine variability in the monthly 
daily maximum (MDM) rainfall in the ORB. The PCA spa-
tial variation of MDM rainfall from 1980 to 2015 is shown 
in Fig. 9. The obtained 2 PCs provided a total of 99.9% 

variation in ORB higher than the ideal threshold of 70% 
obtained by Huang et al. [20]. The PCs were rotated using 
varimax method to reduce the complex spatial patterns by 
separating regions with similar temporal variability [49].

From Fig. 9a, the first PC mode (PC-1) explains the maxi-
mum variability of 55.9% in comparison with the location 
with the reduced rainfall intensity (Fig. 4) occurring at the 
middle to highland (Northern) part of the basin. This area 
also shows significant increase in rainy days rainfall with 
p value for MK test ranging between 0.01 to 0.11 and cor-
responding slope ranging from 0.368 to 0.419 mm/year 
(Figs. 6c, 7c and 8).

From Fig. 9b, the second PC (PC-2) showed that 44.0% 
of the variation is most low-lying area at the southeastern 
part of the ORB. This area corresponds to places with high 
rainfall intensity (Fig. 4b) ranging from 92 to 95 mm. This 
area also shows significant decrease in monthly rainfall 
(Fig. 7).

The temporal dynamics of each PC is shown in Fig. 10. 
This corresponds to the eigenvalues of each PCs known as 
PC score (r) and interpreted as the amount of contribution 
of every month to month rainfall change to the overall 
variance in rainfall time pattern. PC-1 and PC-2 scored pos-
itive correlation coefficients with r1 = 0.82 and r2 = 0.79 
using three-month moving average of the monthly rainfall 
across ORB.

The findings indicate that PC-1 (Fig. 10a) represent the 
short-term variation in monthly daily maximum rainfall in 
the ORB throughout the 36-year period occurring at the 

Fig. 6  Spatial variation of Mann–Kendal test (a) ART (b) ADM and (c) ARD at 5% significance level
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middle to highland (Northern) part of the basin. The tem-
poral dynamics for PC-2 (Fig. 10b) represent the variation 
in monthly daily maximum rainfall in the ORB throughout 
the 36-year period occurring at the lowland (Southern/
coastal) part of the basin.

4.5  Monthly rainfall variation using wavelet 
transform

4.5.1  The wavelet analysis for rainfall at the Aburi station 
of Odaw river basin (ORB)

The results of the wavelet analysis for the Aburi station of 
ORB are presented in Fig. 11. In Fig. 11b wavelet power 
(actual oscillations of the individual wavelets at each scale 
and time) for the monthly daily maximum rainfall at the 
station (Fig. 11a) of ORB is shown.

There is a periodicity between the 0.25 and 0.5 year (3 
– 6 month) scale occurring specifically around the 0.5 year 
(6th month). Another periodicity (a more pronounced one) 
also occurred at 1-year scale, indicating a strong annual 
signal. This occurred around 1984–1986, 1994–1998, 
2004–2008.

These periods are also reported as wet years since 
it shows a substantial increase in wavelet power (also 
confirmed in Fig. 11d). No significant information was 
obtained for low frequency periods (4–32 years scale). The 
global wavelet power spectrum Fig. 11c shows the integra-
tion of the wavelet power with time. This also shows two 

significant peaks above the 95% confidence level between 
the 0.25–0.5 and the 1 year scale. Figure 11d shows the 
average variance of all scales between the 0.25–1 year 
band giving the average year variance with time. Wetter 
than normal periods can clearly be seen in the years 1995 
and 2007.

4.5.2  The wavelet analysis for rainfall at the airport station 
of Odaw river basin (ORB)

The results of the wavelet analysis for the Airport station 
of ORB are presented in Fig. 12. In Fig. 12b wavelet power 
(actual oscillations of the individual wavelets at each scale 
and time) for the monthly daily maximum rainfall at the 
station (Fig. 12a) of ORB is shown.

There is a periodicity between the 0.25 and 0.5 year (3 
– 6 month) scale occurring specifically around the 0.5 year 
(6th month). Another periodicity (a more pronounced one) 
also occurred at 1 year scale, indicating a strong annual 
signal. This occurred around 1981–1982, 1988, 1991, 1995, 
2006–2008. Other periodicity is observed at year 4 and 
year 8 scale.

These periods are also reported as wet years since 
it shows a substantial increase in wavelet power (also 
confirmed in Fig. 12d). No significant information was 
obtained for low frequency periods (16–32 years scale). 
The global wavelet power spectrum Fig. 12c shows the 
integration of the wavelet power with time. This also 
shows two significant peaks above the 95% confidence 

Fig. 7  Spatial variation of Sen’s Slope test (a) ART (b) ADM and (c) ARD at 5% significance level
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Fig. 8  Change year in 
annual and monthly rainfall 
series (a) ART(Aburi), (b) 
ARD(Pokuase), (c) MRT(Aburi), 
(d) MRT(Airport), (e) 
MRT(Pokuase), (f) MDM(Aburi), 
(g) MDM(Airport), (h) 
MDM(Pokuase); mu1 and mu2 
represent the mean rainfall 
before and after the change 
point
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Fig. 9  Spatial distribution of Two PC modes (‘loading’) of explaining variation in the ORB

Fig. 10  PC scores modulation of the two (2) principle components. The red line is the 3-month moving average
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Fig. 11  (a) Monthly daily maximum Rainfall at Aburi for the 1980–
2015 period. (b) Wavelet Power Spectrum at the Station. 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 0.5–1  year band. The dashed line is the 5% significance 
level

Fig. 12  (a) Monthly daily maximum Rainfall at Airport for the 
1980–2015 period. (b) Wavelet Power Spectrum at the Station. 
Cross-hatched region is the cone of influence; (c) The global wave-
let power spectrum. The dashed line is the 5% significance level for 

the global wavelet spectrum; and (d) Scale-average wavelet power 
over the 0.5–1  year band. The dashed line is the 5% significance 
level
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level between the 0.25–0.5 and the 1 year scale. Figure 12d 
shows the average variance of all scales between the 0.25 
and 1 year band giving the average year variance with 
time. Wetter than normal periods can clearly be seen in 
the years 1988, 1991, 1995 2008 and 2015. These are all 
periods that floods were recorded in the ORB.

4.5.3  The wavelet analysis for rainfall at the Pokuase 
station of Odaw river basin (ORB)

The results of the wavelet analysis for the Airport station 
of ORB are presented in Fig. 13. In Fig. 13b wavelet power 
(actual oscillations of the individual wavelets at each scale 
and time) for the monthly daily maximum rainfall at the 
station (Fig. 13a) of ORB is shown.

There is a periodicity between the 0.25 and 0.5 year 
(3–6  month) scale occurring specifically around the 
0.5 year (6th month). Another periodicity (a more pro-
nounced one) also occurred at 1 year scale, indicating a 
strong annual signal. This occurred around 1981–1982, 
1988, 1991, 1995, 2006–2008. Other periodicity is observed 
at year 4 and year 8 scale.

These periods are also reported as wet years since 
it shows a substantial increase in wavelet power (also 
confirmed in Fig. 13d). No significant information was 
obtained for low frequency periods (16–32 years scale). 
The global wavelet power spectrum Fig. 8c shows the 

integration of the wavelet power with time. This also 
shows two significant peaks above the 95% confidence 
level between the 0.25–0.5 and the 1 year scale. Figure 13d 
shows the average variance of all scales between the 0.25 
and 1 year band giving the average year variance with 
time. Wetter than normal periods can clearly be seen in the 
years 1981, 1991, 2008. These are all periods that floods 
were recorded in the ORB (Table 11).

4.6  Comparison of long‑term annual to decadal 
rainfall series trend

Table 12 shows the Mann–Kendal test and Theils Sen’s 
slope test results of long-term annual series compared 
with decadal series for ART, ADM and ARD. Considering 
the decadal series of the 1980–1989 period, a decline 
trend was recorded at all stations for ART, ADM and ARD 
rainfall series with corresponding maximum decline slope 
values; 23.10 mm/year, 3.929 mm/year and 2 mm/year 
respectively.

The period 1990–1999, however, recorded increas-
ing trend at all stations for ART and ARD. The highest 
ART was recorded at the Aburi station; 52.167 mm/year 
and Pokuase recorded the highest ARD, 1.5 counts/year. 
Under ADM, upward trends were observed at the Aburi 
and Airport stations; Theils Sen’s values of 1 mm/year 

Fig. 13  (a) Monthly daily maximum Rainfall at Pokuase for the 
1980–2015 period. (b) Wavelet Power Spectrum at the Station. 
Cross-hatched region is the cone of influence; (c) The global wave-
let power spectrum. The dashed line is the 5% significance level for 

the global wavelet spectrum; and (d) Scale-average wavelet power 
over the 0.5–1  year band. The dashedline is the 5% significance 
level
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and 5.88 mm/year respectively, while Pokuase recorded 
a negative trend with Sen’s slope value of −3.85 mm/year.

The period 2000–2009 recorded upward trend in ART 
with slope values of 19.767 mm/year and 16 mm/year 
at Aburi and Airport stations respectively, whiles the 
Pokuase station experienced a drop in trend, −1.17 mm/
year. Except at the Airport station, an upward trend in ADM 
is observed for at all the stations. The pattern of decadal 
trend for ARD is similar to ART in the 2000–2009 period 
with upward trends recorded at Aburi and Airport and 
a negative trend observed at Pokuase. The 2010–2015 
period experienced a decline trend in all the climatic vari-
ables at all the selected stations, except at the Airport sta-
tion for ART and ADM which showed an increasing trend 
with slope values 10.17  mm/year and 13.10  mm/year 
respectively. Logah et al. [27] observed a slight increase 
in the mean annual rainfall values for Accra over the three 
decades of 1981–2010 which is also in line with the dec-
adal trend observed in this study during the same period 
and the same climatic variable.

5  Conclusions

This study focused on the Spatio-temporal variability of 
rainfall trends and homogeneity analysis in the Odaw 
River Basin on monthly, annual and decadal scales using 
the climatic variables – total rainfall, wet days and daily 
maximum rainfall at selected gauge stations over a period 

spanning 1980–2015, employing observed rainfall data 
from GMet.

It was observed that the mean value for Annual 
Rainfall Total (ART), Annual Daily Maximum (ADM) and 
Annual Rainy Days (ARD) ranging from 760 to 1200 mm, 
77.1–94.4 mm and 56–90 day count respectively in the 
ORB. In general, a non-significant positive trend was 
recorded in the Odaw basin for ART and ARD with an 
average positive slope of 3.7 mm/year and 0.23 wet days/
year while a significant positive trend with slope value 
of 0.55 mm/year for ADM in the basin. On the monthly 
scale, a significant upward trend was observed for the dry 
seasonal months; December, January and February for 
the Monthly Rainfall Total (MRT) and Monthly Daily Maxi-
mum (MDM) rainfall series during the period at all stations. 
Homogeneity for both annual and monthly rainfall time 
series were observed over the stations in the basin by the 
Pettitt, Alexandersson’s SNHT and Buishand’s tests.

While the long-term trend analysis shows an increas-
ing trend for ART, ADM and ARD in the basin, the trend 
on the decadal time series for the same rainfall indices 
recorded different direction of the trend with high slope 
values. This signifies underestimation of trends and their 
corresponding slope magnitude when using long-term 
time series. Decadal time series therefore provides details 
of the spatio-temporal rainfall trend while long-term time 
series averages the variability. PCA results revealed that 
the spatial variability of rainfall in ORB is very diverse with 
55.9% of the variability located in the middle to highland 
part while 44.0% of the variation is occurring mostly in the 

Table 12  Comparism between long term (1980–2015) and decadal durations (1980–1989, 1990–1999, 2000–2009, 2010–2015) at 5% signifi-
cance level

Bold indicate their corresponding p-values less that 0.05

Station Year Interval ART ADM ARD

Kendall’s tau p value Sen’s slope Kendall’s tau p value Sen’s slope Kendall’s tau p-value Sen’s slope

Aburi 1980–2015 0.03 0.80 1.58 0.10 0.37 0.27 −0.02 0.90 0.00
1980–1989 −0.02 1.00 −0.73 0.02 1.00 0.27 −0.29 0.24 −2.00
1990–1999 0.29 0.28 52.17 0.07 0.86 1.00 0.14 0.65 1.38
2000–2009 0.29 0.28 19.77 0.29 0.28 2.58 0.07 0.86 0.25
2010–2015 −0.47 0.26 −81.90 −0.47 0.26 −11.98 −0.41 0.34 −4.00

Airport 1980–2015 0.14 0.24 3.69 0.11 0.35 0.48 0.12 0.29 0.19
1980–1989 −0.27 0.28 −21.37 −0.06 0.88 −0.20 −0.46 0.06 −1.80
1990–1999 0.07 0.86 5.45 0.24 0.37 5.88 0.23 0.42 1.00
2000–2009 0.16 0.59 16.00 −0.02 1.00 −0.30 0.41 0.13 1.60
2010–2015 0.07 1.00 10.17 0.20 0.71 13.10 −0.33 0.45 −2.40

Pokuase 1980–2015 0.02 0.91 0.53 −0.02 0.90 −0.07 0.25 0.04 0.33
1980–1989 −0.16 0.53 −19.13 −0.13 0.64 −2.33 −0.11 0.70 −0.20
1990–1999 0.11 0.72 9.93 −0.23 0.42 −3.85 0.33 0.21 1.50
2000–2009 −0.02 1.00 −1.62 0.29 0.28 2.85 −0.18 0.53 −0.33
2010–2015 −0.60 0.13 −99.62 −0.33 0.45 −2.70 −0.73 0.06 −5.00
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low-lying area at the southeastern part of the ORB. The 
wavelet analysis also revealed a strong annual periodicity 
at all the selected stations in the basin.

The results of the study, therefore, provide a better 
understanding of the spatial and temporal rainfall vari-
ability and trends in the Odaw basin. It serves as valuable 
input information in further research like using hydrologi-
cal modelling to understand the hydrologic response to 
the spatial and temporal variability of rainfall in the basin 
while aiding the formulation of adaptation measures 
through appropriate strategies for flood risk management 
of in Accra.
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