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Abstract

Rainfall plays an important role in the socio-economic development of any nation. Below or above normal rainfall amounts have
serious consequences on key socio-economic sectors. This is particularly true for countries such as Ghana where rainfall plays a
key role in the agriculture and energy sectors. In this study, the Climate Hazards Group InfraRed Precipitation with Station data
(CHIRPS)-homogenized daily rainfall series was used to determine the variability of ten extreme rainfall indices recommended
by the World Meteorological Organization-Commission for Climatology (WMO-CCL) and the research project on Climate
Variability and Predictability (CLIVAR). The trends of these indices and their links to SST anomalies at oceanic basins were
also explored in this study. To understand the variability at interannual to decadal time scales and links with SST forcings, the sum
of'the first three principal components of the indices were correlated with SST anomalies at oceanic basins. The 35 years mean of
frequency indices, CDD, CWD, R10mm and R20mm were found to be in a range of 10-125, 6-14, 30-60 and 8—24 days per
year, respectively. On the other hand, the mean over the same period of intensity indices PRCPTOT, R95p, R99p, SDII, RX 1day
and RX5day were in the range of 900—1700 mm, 200400 mm, 40—130 mm, 9-13 mm, 30—-100 mm and 90—180 mm per year,
respectively. The maximum of temporally averaged intensity indices covers southwestern Ghana, while the minimum of the
indices lies over northwestern and eastern coasts. A significant decreasing trend in wet indices were observed over the Volta Lake
and central portions of the country (7.5°N to 9.5°N), whereas low positive trends were observed over the Northern parts of the
country. Wet indices over the country showed significant positive correlations with the Atlantic Ocean SST and negative
correlations with the Pacific and Indian basins SSTs. Specifically, the NINO3.4 revealed significant negative correlations with
the wet indices over the west-central portions of the country. IOD was observed to have a dipole effect on rainfall indices with the
central and southern parts generally covered by negative correlations, while Northern and coastal regions showed positive
correlations. The impacts of Atlantic SST on wet rainfall indices are significant over most parts of the country. These results
have implications on the improvement of seasonal forecast of the Ghanaian rainfall and its extremes and also provide prior
knowledge for better understandings of multidecadal modulations of global interannual teleconnections.

1 Introduction economic sectors of developing countries. According to
IPCC reports (2007, 2013, 2018), rainfall is projected to be

Studies reported in IPCC (2007) have highlighted on the im-  concentrated into more intense events, with longer periods of
pact of rainfall variability and its extreme on the socio- little rains in between, which will have negative consequences
for rainfall dependent economies. In a developing country like
Ghana, the agricultural sector is predominantly rain-fed.
Therefore increasing rainfall variability would affect food pro-
duction and livelihood as the agricultural sector provides em-
ployment to 70% of citizens and about 28% of the gross do-
Department of Physics, Kwame? Nkrumah University of Science and mestic product (GDP) (Baidu et al. 2017; Ofori-Sarpong
Technology (RNUST), Kumasi, Ghana 2001). In addition, rainfall variability affects hydro-electric
Department of Earth and Environmental Science, Botswana power generation, which accounts for about 68% of the total
glternatlonal University of Science and Technology (BIUST), Private energy requirement of Ghana (Kunstmann and Jung 2005).
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Furthermore, rainfall variability and its extremes affect inte-

grated water resource management, a challenge to United
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Nations Development Goal (DG) 6. An evidence of the im-
pact of extreme climate events (droughts and floods) on water
resource management have been reported (e.g., Owusu and
Waylen (2013), Pacth and Hense (2004)) as well as the vari-
ability of rainfall onsets, duration, and cessations (e.g.,
Amekudzi et al. (2015)). However, most of these studies fo-
cused on specific locations and only few on the entire country.

A number of researches on extreme rainfall trends have
been carried out in some parts of West Africa with limited
focus in Ghana. For example, Sanogo et al. (2015)
analysed the trends in a number of extreme rainfall indices
in West Africa and revealed some significant increasing
trends in the annual rainfall totals in some parts of the
region particularly in Sahel. In the four northeast arid
zones of Nigeria, Hess et al. (1995) observed some signif-
icant decline in the annual rainfall trends within the period
of 1961-1990 by a margin of 8 mm per year. Moreover, in
Ghana, most of these limited studies focused on the under-
standing of the rainfall trends in the region with less atten-
tion on its forcings (Baidu et al. 2017; Kemausuor et al.
2011; Yengoh et al. 2010) and others on trends at specific
locations (Manzanas et al. 2014).

Furthermore, various efforts in sub-Saharan Africa are
devoted to understanding of the link between SST anoma-
lies over ocean basins and rainfall (Lough 1986; Lamb and
Peppler 1992; Lamb 1978a, 1978b), whereas a considerable
number of these studies were in the Sahel region (Wolter
1989; Hastenrath 1990; Palmer 1986; Nicholson and
Webster 2007; Lamb and Peppler 1992; Lough 1986;
Janicot et al. 1996; Fontaine and Janicot 1996; Issa Lélé
and Lamb 2010; Giannini et al. 2003; Bader and Latif
2003; Balas et al. 2007; Janicot et al. 1998; Fontaine and
Bigot 1993) and Eastern Africa (Tsidu 2017; Bahaga et al.
2015). Studies have shown that positive SSTs over the
Northern Atlantic were associated with floods, whereas
positive SSTs over the eastern Pacific and Indian Oceans
were linked to droughts over the West African region
(Fontaine and Bigot 1993; Fontaine and Janicot 1996;
Janicot et al. 1998). However, only a handful studies over
Ghana has established the relationship between SST and
rainfall variability (Opoku-Ankomah and Cordery 1994).
These studies found a positive correlation between the
equatorial Atlantic SSTs with rainfall in Ghana and negative
correlation with Sahelian rainfall.

The current study seeks to investigate the spatio-temporal
trends of extreme rainfall indices over Ghana using high res-
olution and homogenized Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS). Furthermore, the
study will explore the link between SST over ocean basins
and rainfall extreme in Ghana. The remaining part of the paper
is structured as follows: Section 2 presents the Study area and
methods, whereas Results and discussions are given in
Section 3. Finally, Conclusions are presented in Section 4.

@ Springer

2 Study area and methods
2.1 Climate of Ghana

Ghana lies in the tropics thus characterized by a typical trop-
ical monsoonal climate system which is dominated by two
seasons (wet and dry) (Amekudzi et al. 2015) with a rainfall
system which is highly variable spatio-temporally (Lacombe
et al. 2012; Asante and Amuakwa-Mensah 2014). Rainfall in
the region is mainly associated with the evolution and migra-
tion of a cluster of thunderstorms known as mesoscale con-
vective systems (MCSs) and modulated by the moisture ad-
vection from the lower atmosphere of the Gulf of Guinea
(Sultan and Janicot 2003; Aryee et al. 2017). In addition,
rainfall regimes of the region is distinguished by the meridio-
nal migration of the intertropical discontinuity (ITD) (Sultan
and Janicot 2003, and references therein). This movement of
the ITD brings about the unimodal and bimodal rainfall pat-
terns observed in the Northern and southern halves of the
country, respectively. Typically southern Ghana experiences
its rainfall season between March—mid-November with two
peaks in June and October, whereas the Northern half of the
country in late April-mid-October with one peak in August
(Amekudzi etal. 2015; Manzanas et al. 2014). On average, the
annual rainfall total over the country ranges between 900 and
1700 mm with relatively high values in southwest and rela-
tively low values in the north and the eastern coast (see
Fig. 1b). The mean daily temperature ranges from approxi-
mately 30 °C during the daytime to about 24 °C during the
night-time, whereas relative humidity is in the order of 77—
85% (Asante and Amuakwa-Mensah 2014).

2.2 Data source

The rainfall data applied in this study is the Climate Hazards
Group InfraRed Precipitation with Station data (CHIRPS V2)
obtained from the International Research Institute of Climate
and Society (IRI) data website. The CHIRPS rainfall data is
quasi-global with a daily temporal resolution and a spatial
resolution of 0.25° x 0.25° spanning a climatological period
of 1981-2015. The product is as a result of the joint collabo-
ration between scientists in the US Geological Survey
(USGS), Earth Resources Observation and Science (EROS)
Center with the aim of providing rainfall data suitable for
climate impact studies like floods and drought monitoring
and trend analysis (Funk et al. 2015). This rainfall product is
a combination of satellite imageries with resolution of 0.05°
and in situ station datasets whose algorithm incorporates var-
ious temporal resolutions of cold cloud duration (CCD) based
precipitation for the period of 1981-2015. Further details of
the CHIRPS rainfall data is given in Funk et al. (2015).

The SST data employed in this study is the National
Oceanic and Atmospheric Administration extended
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Fig. 1 The study area (a) and the mean annual rainfall climatology over Ghana for the period of 1981-2015 (b)

reconstructed SST data (ERSST V5). ERSST V5 is the current
version of SST data with a monthly temporal resolution and a
spatial resolution of 2°x2°. It includes the newly released SST
from the International Comprehensive Ocean-Atmosphere
Dataset (ICOADS). The annual averages for the period of
19812015 were used in this study. Further details on the
product can be found in Huang et al. (2017). The dipole mode
index (DMI) also known as the Indian Ocean Dipole (IOD) is
a coupled ocean-atmosphere phenomenon occurring in Indian
Ocean (Diatta and Fink 2014) which describes the SST anom-
alous difference between the western parts of the equatorial
Indian Ocean (50—70°E and 10°S-10°N) and the south eastern
equatorial Indian Ocean (90-110°E and 10°S-0°N)
(Vinayachandran et al. 2002). Monthly fields of DMI were
obtained from the NOAA, Global Climate Observing
System (GCOS) for a period of 1870-2017. However, the data
was averaged to have annual means covering the period of
1981-2015 to match the rainfall indices along time axis for
further analysis.

The NINO3.4 is the average SST anomalies in the
NINO3.4 region (5°N to 5°S, from 170°W to 120°W)
(Barnston and Tippett 2013). Monthly fields of the NINO3.4
were obtained from NOAA for the period of 1948-2018.
Annual means for 1981-2015 were computed from the
monthly fields and applied for this study. More details on
NINO3.4 can be found in Trenberth and Stepaniak (2001).

The Atlantic Multidecadal Oscillation (AMO) index is a
basin-scale mode of observed multidecadal climate variability
which describes the average SSTs in the north of Atlantic (0°-
70°N) (Enfield et al. 2001, and references therein). It is based on

the Kaplan SST data with spatial resolution 5° x 5° spanning the
period from 1856 to 2018. More information on the AMO index
is found in Enfield et al. (2001), Rayner et al. (2003).

2.3 Methodology

Daily rainfall fields for a total of 560 grid points over Ghana
were extracted from the CHIRPS rainfall data and thereafter
subjected to a homogenisation process using RHtestsV4 pack-
age described in Wang and Feng (2010). Although CHIRPS
rainfall data is already homogenized, the procedure is carried
out as a matter of software requirement. The homogenisation
technique employs the two-phase regression model to detect
changepoints in the input time series. Details on the two-phase
regression model is found in Lund and Reeves (2002) and
Wang and Feng (2010). Afterwards, the ten selected rainfall
indices (see Table 1) were computed for all 560 grid points.

The mean climatologies for the ten rainfall indices at all
grids were computed by averaging over a period of 35 years.
The linear trends for the rainfall indices were computed for
each grid point with the aid of the non-parametric, rank-based
procedure, the Mann-Kendall (MK) test described in (Tsidu
2017; Manzanas et al. 2014, and references therein).
Furthermore, the significance of the trends was tested by com-
puting the p values for all grid points which were later com-
pared to a predefined significant value of 0.05 (95% confi-
dence level). Grid points with p values less than the significant
value were considered significant, whereas those greater than
the significant value were insignificant.
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In order to investigate the correlation between the rainfall
indices over the entire country and the SST anomalies over the
oceanic basins, the Pearson correlation coefficients were com-
puted between the SST anomalies for each grid (5° x 5°grid
spacing) and the sum of first three principal components (PCs)
of the rainfall indices over Ghana.

Furthermore, the Pearson correlation coefficients were com-
puted between the SST indices and the rainfall indices. The ex-
treme rainfall indices analysed in this study are recommended by
the World Meteorological Organization-Commission for
Climatology (WMO-CCI) and the research program on
Climate Variability and Predictability (CLIVAR) and the Joint
WMO-CCI Technical Commission for Oceanography and
Marine Meteorology (JCOMM) and have been used in several
studies (e.g., Zhang et al. (2001), dos Santos et al. (2012),
Manzanas et al. (2014)). Table 1 presents details of the selected
extreme rainfall indices explored in this study.

3 Results and discussions
3.1 Mean climatology of rainfall indices

The results of the mean climatologies of the ten selected rain-
fall indices, CDD, CWD, R10mm, R20mm, PRCPTOT,
R95p, R99p, SDII, RX1day and RX5day are presented here.
Figure 2 represents the climatologies of the frequency indices
over Ghana derived from data covering a period of 35 years
(1981-2015). From this figure, it is observed that the consec-
utive dry days (CDD) over Ghana are between 10 and
125 days per annum on average. In general, the number of
rainy days is relatively longer in the South than in the North;
thus, one expects that the number of consecutive dry days
would be more pronounced in the North than in the South of
the country. As observed, consecutive dry days in the
Northern half were about 80—120 days per annum and about
10-80 days per annum in the southern half of the country.

The wet frequency indices thus heavy rainfall days
(R10mm), very heavy rainfall days (R20mm), and consecu-
tive wet days (CWD) showed similar spatial patterns through-
out the entire country (see Fig. 2). This is expected as the
North is generally drier than South of the country. The
R10mm, which describes the annual counts of the days with
rainfall exceeding 10 mm, has an annual mean value in the
range of 30-60 days per annum over the entire country. The
southwestern parts of Ghana, areas around the Volta Lake of
Ghana and the entire southern parts of the country (latitudes
5-8°N and longitudes 0.5°W-1.5°E), enjoy relatively high
number of heavy rainfall days (40-60 days). The least heavy
rainfall days of about 3040 days per annum are found in most
parts of Northern Ghana.

On the other hand, the consecutive wet days (CWD) is in
the range of 6-14 days per year. The highest rainy days is
observed over areas around the Volta Lake stretching south-
wards to cover most parts of Southern Ghana (at latitudes 5—
8 N and longitudes 0.5 W-1.5 E of the country) with an aver-
age number of CWD of about 10 days per annum. The lowest
consecutive wet days are observed over the Northern and the
eastern coastal parts of Ghana with an average of about 7 days
per year.

The annual frequency of very heavy rainfall days (R20mm)
has a range of 8-24 days per year over the entire country.
Southern Ghana was found to have 10-24 days per annum
of very heavy rainfall days which is relatively higher than
those of the Northern parts of the country (about 9—15 days
per annum); these findings are consistent with other studies in
Manzanas et al. 2014, Aryee et al. 2018. Southwestern Ghana
experiences the highest number of days with very heavy rain-
fall (> 20 days per annum) throughout the year.

Figure 3 displays the mean climatologies of the intensity
indices over Ghana. These are the annual mean of total rainfall
(PRCPTOT), very wet day (R95p), the simple daily rainfall
index (SDII), extremely wet day (R99p), daily maximum rain-
fall (RX1day) and the 5-day maximum rainfall (RX5day) over
a period of 35 years. The annual rainfall total (PRCPTOT)

Table 1 Table showing the ten selected rainfall indices computed over Ghana

Indices Name Computation Definition Units
CDD Consecutive dry days RR; < 1mm Maximum number of consecutive days with RR < 1 mm Days
CWD Consecutive wet days RR;>1mm Maximum number of consecutive days with RR>1 mm Days
R10mm Number of heavy rainfall days RR;>10mm Annual count of days when days RR > 10 mm Days
R20mm Number of very heavy rainfall RR;>20mm Annual count of days when days RR >20 mm Days
PRCPTOT Annual wet-day rainfall total > RR; Annual total rainfall in wet day (RR > 1 mm) mm
R95p Very wet day R95p; = Z?’ZIRRU- Annual total rainfall when RR > 95 percentile mm
R99p Extremely wet day R9%p; = vaz | RR;; Annual total rainfall when RR > 99 percentile mm
SDII Simple daily intensity index SDII; = % Annual mean rainfall with (RR >1 mm) mm
RXlday Daily maximum rainfall Rx1day = max(RR;) Annual maximum 1-day rainfall mm
RX5day 5-day maximum rainfall Rx5day = max(RR;;) Annual maximum 5-day rainfall mm

@ Springer
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Fig. 2 Mean climatology of frequency indices for the period of 1981-2015 over Ghana. a CDD; b R10mm; ¢ CWD; d R20mm

over the entire Ghana has a range between 900 and 1700 mm
per year. The highest annual rainfall total in the range of 1300—
1700 mm are found in the southwestern and eastern parts of
the Volta Lake, which is possibly because of relief rainfall,
while relatively low values, between 900 and 1100 mm, are
observed over the northwestern and eastern coasts of the coun-
try. These observations are in agreement with findings in
Baidu et al. (2017).

It is observed that the very wet days (R95p) and extremely
wet days (R99p) are highest over southwestern Ghana, while
lowest values dominate most of the Northern and parts of the
eastern coasts of the country. The R95p index ranges between

200 and 400 mm per year, while the R99p index on the other
hand ranges between 40 and 130 mm per year over the entire
country. Furthermore, the spatial patterns of the simple daily
intensity index (SDII) ranges between 6 and 14 mm per year.
Relatively high daily rainfall intensities (9—14 mm) are seen to
dominate over southwestern Ghana, while the lowest daily
intensities (6—8 mm) stretches westwards towards the North
from the Volta Lake region. The annual RX1day and the an-
nual RX5day indices range between 30 and 100 mm and 90
and 180 mm per year, respectively, over the entire country (see
Fig. 3). The lowest intensities (averagely 30 mm) of daily
maximum rainfall amount dominate over small portions of
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Northern Ghana (8.2-9.0°N), central Ghana (9-9.6°N) and
parts of northwestern Ghana (9.6-10.3°N). In addition, most
of central Ghana extending to higher latitudes towards
Northern Ghana experience medium range (averagely
55 mm) daily maximum rainfall amount, while the highest
amount is observed over the southwestern Ghana (averagely
95 mm). Similarly, the 5-day maximum rainfall amount has
high intensities over southwestern Ghana and low intensities
over the eastern coasts and northwestern parts of Ghana. A
mean value of about 160 mm per year of 5-day maximum
rainfall amount dominants over most of southwestern
Ghana, while the lowest mean values (about 65 mm per year)
is observed over western mid-Ghana (8.2-9.00°N). Most of
central Ghana including the Northern parts have a mean value
of about 80 mm per year of the 5-day maximum rainfall
amount.

3.2 Trends of rainfall indices

In this section, the spatial trends of the ten rainfall indices for
the period of 1981-2015 are shown in Figs. 4 and 5. The
consecutive dry days show insignificant to negative trends
over most of Ghana with the exceptions of Northern Ghana
and some isolated pockets along 0.5 W between latitude 7.5
and 9 N that exhibit increasing trend in the number of annual
consecutive dry days (i.e., an increase of 3 to 10 days per
decade in the last nearly four decades) (see Fig. 4a). Despite
increase in consecutive dry days over these regions, the annual
counts of days with rainfall exceeding 10 mm has been in-
creasing over the Northern half of the country and southwest-
ern Ghana during the 1981-2015 period (see Fig. 4b). The
consecutive wet days show negative trends over most of the
country with the exceptions of the isolated pocket over south-
western and central-eastern Ghana (see Fig. 4c). The decrease
in consecutive dry days did not lead to an increase in CWD
suggesting that the changes in rainfall frequency indices are
mainly reflected in the increase in rainfall events with heavy
and very heavy rainfall over most parts of Ghana.

The annual wet-day rainfall total shows drying trends over
the entire Volta Lake extending westwards to most parts of
central, western (i.e., between latitudes 7-9°N) and eastern
coasts of Ghana (see Fig. 5a). Interestingly, southwestern
Ghana with the highest annual rainfall total exhibits a positive
trend. Positive trends similar to those over southwestern
Ghana are observed over most parts of Northern Ghana. The
very wet and extremely wet day indices (see Fig. 5b, d) have
similar spatial trends over the entire country. Negative trends
dominate the entire country except for areas lying south of
6.5 N which are dominated by normal to positive trends. In
addition, the simple daily rainfall intensity over Ghana shows
negative trends over central Ghana between latitudes 7-9.3 N,
while positive trends dominate the rest of the country (see
Fig. 5¢). Furthermore, southeastern Ghana is dominated by

positive trends in daily maximum rainfall amount, whereas
negative trends are found to cover almost all other parts of
the country (see Fig. Se). Similarly, positive trends in 5-day
maximum rainfall amount are observed in Southern and north-
western Ghana, whereas negative trends dominate the remain-
ing parts of the country (see Fig. 5e).

3.3 Correlations of SST anomalies and the rainfall
indices over Ghana

3.3.1 Relation between global SST and rainfall indices

The link between the ten rainfall indices over Ghana and SSTs
are presented here. Specifically, the first three principal com-
ponents (which contributed to more than 70% of the total
variance) of the ten rainfall indices were computed and corre-
lated (grid-wise) with the SSTs (see Fig. 6). Correlations that
are statistically insignificant at 95% confidence level are
masked in these figures. Generally, the results reveal some
appreciably significant correlations between the combined
principal components of some rainfall indices and the SSTs
over parts of the Pacific, Atlantic and Indian Oceans.

No or few significant correlations were observed between
SSTs and rainfall indices (CDD, CWD, RX 1day, RX5day and
SDII), thus indicating the frequency of these rainfall indices
over the region are probably more driven by seasonal scale
variability than interannual variability in SSTs over oceanic
basins. It could also be that the variability in these indices is
driven by local scale than large-scale SST variability.

The number of heavy rainfall days over Ghana is observed
to have negative correlation (— 0.7 to — 0.3) with SSTs over the
equatorial Pacific and the Indian Oceans, whereas positive
correlations are observed over parts of the Atlantic Ocean.
Similarly, the number of very heavy rainfall days had negative
correlations with SSTs in the Pacific (equatorial and Northern)
and the Indian Oceans, while Southern Indian Ocean is dom-
inated by positive correlations. These current findings are con-
sistent with earlier studies which revealed similar interrela-
tionship with rainfall over varied locations and the SSTs in
oceanic basins (e.g., Diatta and Fink (2014), Clark et al.
(2003), Bader (2005)).

Positive correlations are observed between the annual wet-day
precipitation total and SSTs over the Atlantic Ocean, whereas
negative correlations are found in the equatorial Indian and
Pacific Oceans which is consistent with findings by Gadgil
et al. (2004) who confirmed warm SSTs over equatorial Indian
and Pacific to be associated with negative rainfall anomalies over
Ghana and vice versa. The very wet day index has also revealed
positive correlation with SSTs in the Northern Atlantic
equatorial, Indian and some parts of the Pacific Oceans. In
contrast, negative correlations are prevalent over parts of the
Atlantic and Southern Indian Oceans. These results are in line
with findings by Lough (1986) which revealed contrasting
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Fig. 4 Trends of intensity indices for the period of 1981-2015 over Ghana. a CDD; b R10mm; ¢ CWD; d R20mm

relationship between rainfall over Sahel and SST departures over
the southeastern tropical Atlantic Ocean.

On average, it is observed that the Atlantic SST has a more
pronounced and direct positive link, whereas the Pacific SST has
a negative link with wet indices in Ghana. This implies that the
warmer the SSTs in the Atlantic Ocean, the more rainfall are
expected in the region and vice versa. On the other hand, the
warmer the SSTs in the Pacific Ocean, the less the likelihood of
wetness in the country and vice versa. The Indian ocean SST
generally has no direct impact on the rainfall in Ghana as this
mainly depends on the presence of the Mascarene high which
pumps moisture into the Congo basin, and thus how much mois-
ture is available and pumped into the West African region would
then determine how wet or dry the region would be.
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These current findings are consistent with earlier studies by
Balas et al. (2007) who found the rainfall variability over
west-central Africa to be linked to the SST fluctuations espe-
cially over Pacific Nino regions and the western Indian Ocean
particularly during the boreal summer season.

3.3.2 NINO3.4

In Section 3.3.1, it has been noted that the equatorial Indian
Ocean and Pacific SST anomalies are negatively correlated
with wet indices, while equatorial Atlantic Ocean SST anom-
alies correlate positively with some wet indices (PRCPTOT,
R10mm, R20mm and R95p). However, these correlations are
the average of the whole country and do not indicate which
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parts of the country are influenced and the extent to which the
various parts of the country are controlled by interannual SST
variability. To answer this question, NINO3.4, IOD and AMO
indices that represent equatorial Pacific, Indian and Atlantic
Oceans, respectively, are used for correlations with grid point
extreme rainfall indices (PRCPTOT, R10mm, R20mm and
R95p) that exhibit strong positive/negative correlations.
Figure 7 reveals association of low (high) PRCPTOT and
R10mm indices with warm (cold) Nino3.4 SST indices over
most of Ghana with exception of small latitude bands in the
North of the country. However, these negative association
shrinks to central Ghana in the western half and to 6.5—
10.5 N in the eastern half of the country in the cases of
R20mm and R95p indices. The strongest influence of equato-
rial Pacific SST anomalies on rainfall indices is apparent over
western-central Ghana and Volta Lake region as noted from
negative correlation exceeding 0.6. These findings are in
agreement with previous studies by Diatta and Fink (2014),
Clark et al. (2003) who have shown negative correlations
between the Nino3.4 and parts of West African rainfall. This
negative correlation between parts of the Ghanaian rainfall
and the Nino3.4 is possibly attributable to the positive
Pacific SSTs coinciding with subsistence within the tropics
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as highlighted by Janicot et al. (1998). Thus, a warm Pacific
SST is tantamount to less rainfall events, whereas cold Pacific
SST will likely induce more rainfall events within western-
central and Volta Lake region of Ghana.

3.3.3 Indian Ocean Dipole (IOD)

The 10D index generally has a dipole effect on the rainfall
indices over Ghana characterized by no or negative correla-
tions over central Ghana and isolated pockets of positive cor-
relations over the Northern and Southern border areas of the
country as shown in Fig. 8. For instance, the PRCPTOT
showed negative correlations over the central western Ghana
and some parts of the Volta Lake. In contrast, positive corre-
lations are observed far North of the country.

Similarly, for the R10mm, the northwestern portion of the
country is dominated by positive correlations, while central
Ghana and Southern Volta Lake are dominated by negative cor-
relation. In addition, mid-Northern and greater portions of central
Ghana are marked by negative correlations, while far northwest-
ern and eastern coast of the country are dominated by positive
correlations between the IOD and the R20mm index. Most of
central and northwestern Ghana are mainly dominated by
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Fig. 7 Correlation between NINO3.4 index and the PRCPTOT, R10mm and R20mm rainfall indices for the period of 1981-2015 over Ghana

negative correlations, whereas the coastal zones and far north-
eastern Ghana are influenced by positive correlations.

On average, throughout the entire country, negative corre-
lations exists between wet indices and SSTs anomalies in the
Indian Ocean. The argument of Fontaine and Janicot (1996),
Bader and Latif (2003) and Lu (2009) that increasing SSTs in
the Indian Ocean induced a reduction of precipitation over
sub-Saharan West African and Sahel area explains these ob-
servations. The correlations of rainfall indices over Ghana
with 10D is in agreement with previous understanding that
warm SST in the Indian Ocean shifts the rising branch of
walker circulation towards Indian Ocean thereby inhibiting
rainfall over West Africa. In addition, the positive phase of
the IOD index (warm SSTs) creates atmospheric
teleconnections mid-tropospheric large-scale subsidence in

sub-Saharan West Africa thereby leading to the observed in-
terrelationship over the country (Bader 2005).

3.3.4 AMO index

As established in Figs. 6, SSTs anomalies over the equatorial
Atlantic Ocean have positive correlation with wet indices in
Ghana. Figure 9 depicts the grid-wise correlation between the
PRCPTOT, R10mm, R20mm and R95p indices and the AMO
index country-wide. The annual wet-day rainfall total is ob-
served to correlate positively (0.2—-0.6) with the AMO index
over the entire country which is in agreement with the findings
by Diatta and Fink (2014) who reported positive correlations
between the AMO index and rainfall over the Sahel. In addi-
tion, the results are consistent with findings by Opoku-
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Fig. 8 Correlation between IOD index and the PRCPTOT, R10mm and R20mm rainfall indices for the period of 19812015 over Ghana

Ankomah and Cordery (1994) who found the SST anomalies
over the equatorial Atlantic to correlate positively with the
Ghanaian rainfall.

The number of heavy rainfall days, the number of
very heavy rainfall days and very wet day indices are
observed to also show positive correlations with the
AMO index in most parts of the county except for some
isolated pockets in central parts of the country. This
could possibly be due to abnormally warm SSTs persis-
tent over the south Atlantic that can reduce meridional
Atlantic SST gradients located south of the ITCZ, which
weakens the intensity of the Hadley circulation (Opoku-
Ankomah and Cordery 1994; Palmer 1986). As a result,
the intensity of rainfall/moisture over the West African
region is reduced.
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4 Conclusions

The spatio-temporal variability of rainfall over West Africa
continues to pose challenge to food security and other socio-
economic activities. This study presents a comprehensive
analysis of the rainfall climatology, trends and drivers of ten
extreme rainfall indices using the spatially high resolution
CHIRPS-homogenized daily rainfall series for the period of
1981-2015 over Ghana. The mean climatology of the CDD
was found to range between 10 and 125 days per year with
maximum values over the Northern and minimum values over
the southwestern parts of the country. Similar spatial patterns
of mean climatologies were observed for the CWD and
R10mm indices which range between 6 and 14 days per year
and 30-60 days per year, respectively, whereas the R20mm
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Fig. 9 Correlation between AMO index and the PRCPTOT and R95p rainfall indices for the period of 1981-2015 over Ghana

and SDII indices were range from 8-24 mm and 9-13 mm per
year with highest intensities dominating the southwestern
Ghana and lowest intensities over Northwestern Ghana.
Furthermore, the PRCPTOT, R95p and R99p showed similar
patterns with values ranging between 900 and 1700 mm, 200—
400 mm and 40-130 mm per year, respectively.

The spatial patterns of the RX1day and RX5day indices
were observed to be almost indistinguishable which range be-
tween 30 and 100 mm and 90-180 mm per year, respectively,
with highest intensities over southwestern Ghana and lowest
intensities over Northeastern and eastern coasts. The mean cli-
matology of the SDII index ranges between 7 and 14 mm per
year over the entire country with most parts of central Ghana
showing medium-range daily intensities and the southwestern
parts dominated by the highest daily intensities. In addition,

trends of rainfall indices were significant over most parts of
the country with negative trends dominating parts of the Volta
Lake and central Ghana, whereas weak positive trends were
observed over southwestern Ghana for wet indices.

The results for the link between the rainfall indices and SST
anomalies over Oceanic basins revealed very few significant
correlation between the SST anomalies over oceanic basins,
and the CDD, CWD, RXIday, RX5day and SDII indices thus
indicating the frequency of daily indices over the region are
probably more driven by seasonal scale variability than
interannual variability in SSTs over the ocean basins.
Generally the SSTs anomalies at the Pacific and Indian
Oceans had negative correlations with wet rainfall indices,
whereas the Atlantic SSTs had positive correlations with wet
indices over Ghana. Specifically, the NINO3.4 had negative
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correlations with indices particularly over central and
Northern parts of the country. This is likely because warm
Pacific SSTs as highlighted by Janicot et al. (1998) coincides
with subsistence within the tropics leading to the negative
correlations between Pacific SSTs and wet indices over the
country. IOD on the other hand had a dipole effect on rainfall
indices where central and Southern parts generally revealed
negative correlations, whereas Northern and coastal zones,
positive correlations. More so, the negative correlation be-
tween Atlantic SSTs and parts of Ghana could be attributed
to the fact that during the negative phase of the Atlantic SSTs,
the southward displacement of the West African rain belt be-
comes intensified thus resulting in rainfall deficits. Central
portion of the country was influenced by negative correla-
tions, while positive correlations were dominant far Northern
Ghana for the AMO index. This is likely due to the fact that,
during the negative phase of the Atlantic SSTs, the southward
displacement of the West African rain belt is intensified
resulting in rainfall deficits over those locations.

The rainfall deficits in the Volta Lake serve as a strong
warning, as it threatens the hydro-electric energy generation
in Ghana. In addition, the decreasing rainfall trends in the
central portions of the country is also a serious warning which
requires policy action, as those parts serve as the food basket
of the country.
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