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Abstract: Rainfall onset and cessation date greatly influence cropping calendar decisions in rain-fed
agricultural systems. This paper examined trends of onsets, cessation, and the length of growing
season over Northern Ghana using CHIRPS-v2, gauge, and farmers’ perceptions data between 1981
and 2019. Results from CHIRPS-v2 revealed that the three seasonal rainfall indices have substantial
latitudinal variability. Significant late and early onsets were observed at the West and East of 1.5° W
longitude, respectively. Significant late cessations and longer growing periods occurred across
Northern Ghana. The ability of farmers’ perceptions and CHIRPS-v2 to capture rainfall onsets are
time and location-dependent. A total of 71% of farmers rely on traditional knowledge to forecast
rainfall onsets. Adaptation measures applied were not always consistent with the rainfall seasonality.
More investment in modern climate information services is required to complement the existing local
knowledge of forecasting rainfall seasonality.

Keywords: CHIRPS-v2; climate change adaptation; farmer perceptions; rainfall cessation; rainfall onset

1. Introduction

Global ecosystems are experiencing changes in rainfall amount, intensity, and temporal
distributions [1] that poses a great challenge to agricultural production [2—4]. Trends of
rainfall amount are widely documented [5,6] but shifts in rainfall seasonality (onset and
cessation) have received less attention although it determines timing of cropping calendar
activities. The temporal variability of rainfall is a critical determinant of timing of cropping
calendar in rain-fed farming systems and is defined by three indices i.e., the onset, cessation
dates, and the length of the season. The onset and cessation dates are the day of the year
when rainfall starts and ends. The difference between the onset and cessation dates is
the length of the growing season. There are several methods for determining the onset
and cessation dates of rainfall that are applicable at different agro-ecological zones and
intended uses [7-10]. Ref. [10] developed a new method that is generally applicable for
estimating the onset and cessation dates across Africa continent though the study applied
low resolution gridded data (approximately 110 Km). Many studies determine rainfall
onsets and cessation from gauge data, e.g., [11,12] in northern Ghana. Recent advances
focus on the application of gridded satellite rainfall estimates for spatial determination
of onsets and cessations [10,13]. Ref. [10] mapped the timing of onset and cessation of
rainfall over Africa using gridded data at 110 Km resolution and reported inconsistent
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deviations over West Africa when ERA-Interim and ARC-v2 data was applied. Similarly,
Ref. [14] evaluated the skill of onset forecasts for West Africa. Again, Ref. [13] demonstrated
that daily climatology from CHIRPS-v2 data could forecast rainfall onset and cessation of
rainfall with a bias of less than 7 days in large parts of Eastern Africa.

Agricultural production in the West Africa region is predominantly rain-fed. The
region is also highly vulnerable to climate change and variability due to rampant poverty,
rapidly increasing population, and low levels of technological development [15]. The
increasing variability of rainfall amount and seasonality destabilizes the fragile ecosystem
and threatens food production and livelihoods. Likewise, the variability of rainfall amount
in northern Ghana has attracted more attention compared to seasonal distribution [5,6,16].
Moreover, there is no consensus in the literature on the three rainfall seasonality indices
i.e., the onset, cessation, and length of growing period (LGP) in northern Ghana, although
these are crucial determinants for cropping season activities. The LGP in northern Ghana
is highly variable due to inconsistencies of rainfall onset and cessation dates Refs. [11,17].
For instance, Ref. [12] reported early-onset dates of the rain season ranging between —0.3
to —0.5 days/year (earlier onset of 7.5-12.5 days) between 1986-2010 in Tamale and Wa in
northern Ghana. However, Ref. [18] reported a significant delay of up to 0.88 days/year
in the Volta basin located in northern Ghana, which translates to late onset by 35 days
over 40 years. Similarly, Ref. [11] reported a significant variability of onset and cessation
of rainfall over a band of 2-8 years over different agro-ecological zones in Ghana. Recent
studies using gauge observations have demonstrated that late onset or early cessation of
rains and a high frequency of dry spells within the growing season in northern Ghana
cause a significant decline in crop yields [19,20]. The variability of onset and mid-season
breaks in the rain makes the agricultural calendar unpredictable and complicates decisions
on sowing time, crop choice, and variety [17,21]. Erratic and delayed rainfall onset pose
a severe challenge to food production and food security [11]. Lack of synergy between
rainfall onsets and agronomic decisions such as sowing date is one of the main factors
causing low maize production in Northern Ghana [20]. False starts of rains [22] have
become more regular in northern Ghana and induce farmers to plough and plant without
sufficient follow-up wet days to sustain the growth of crops [23]. Accurate prediction of
the onset, cessation, and length of rainy days dates is essential for synchronized timing of
cropping calendar activities. Precise information on the onset and cessation of seasonal rain
can reduce the risks and costs of re-sowing seeds due to the season’s false onset [24]. The
late onset of rains provides the first outlook of a rainy season and is a reliable early warning
of food insecurity several months before harvesting [25]. A ten-day delay of onset of the
rainy season makes drought conditions more likely. Early identification and warning of
drought conditions can inform preparedness of interventions to save lives and livelihoods.

Inadequate weather observation networks hamper timely and accurate rainfall fore-
casts that can guide farmers on cropping calendar decisions [26]. The observation gauge
network in Ghana is characterized by low density, skewed distribution, short-term records,
and significant data gaps [6,26,27]. The information generated from a few gauge stations
with long-term data is applied to generate agro-advisories over a large area beyond the
(>50 Km?) recommended by World Meteorological Organization (WMO). Most gauge net-
works are in the main urban centers, resulting in inadequate coverage in rural areas where
agricultural activities take place [26]. Satellite-derived rainfall can complement the sparse
gauge network to produce spatially explicit layers representing the onset, cessation, and
length of the rain season [10,13,28]. In this manner, the big data generated from remote
sensing platforms is applied to identify hotspots where agricultural production experiences
a high risk of climate change and variability. Identifying locations that are more vulnerable
to shifts in seasonal calendars associated with climate change and variability is essential to
guide the evidence-based targeting of appropriate climate-smart technologies [17].

Farmer perceptions on changing rainfall patterns determine annual cropping deci-
sions. If farmers’ perceptions agree with the trends recorded by the observation network, it
means more awareness of prevalent trends and a higher likelihood of applying appropriate
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adaptive measures [28,29]. Proper knowledge of local trends of rainfall seasonality is
required to guide the implementation of appropriate adaptation measures that reduce the
negative effects of climate change. Ref. [30] showed that adaptation measures implemented
without considering local climate reality led to maladaptive outcomes that exacerbated the
vulnerability to climate change and variability in northern Ghana. Integrating knowledge
from meteorological observations with local perceptions is essential for developing locally
relevant and sustainable adaptation strategies. Several studies reported agreement be-
tween farmer perceptions of rainfall trends with observation data [29,31]. However, other
studies reported deviation between farmers’ perceptions of climate change compared to
observation networks [32,33]. Therefore, evaluating the seasonal trends of rainfall from
farmers’ perception, observation network, and satellite time series can reduce uncertainties
on climatic trends.

This study uses daily rainfall data from satellites to map the spatial variations of
the onset, cessation, and length of the rain season in Ghana for 39 years (1981-2019). We
validated the three indices generated from the satellite with rain gauge data. We examined
the long-term trends of the three indices for almost four decades. Moreover, survey data
are used to explore the farmer’s perceptions of changes on the three seasonal indices and
their coping strategies. The specific objectives of this study are to; (1) generate maps of the
onset, cessation, and LGP from daily rainfall from satellite and gauge networks over 39
years in northern Ghana, (2) map the variability and trends of the onset, cessation, and LGP
over 39 years, (3) validate the three indices with gauge networks, (4) examine the methods
farmers apply to forecast the onset of rainy seasons and (5) examine the crop management
practices applied by farmers as adaptation to the observed trends of the three seasonal
indices in northern Ghana.

2. Study Area and Data
2.1. Study Area

The study area covers three administrative regions in northern Ghana, namely the
Upper East (UER), Upper West (UWR), and Northern (NR) regions (Figure 1). Ghana
lies in the tropics and is characterized by a tropical monsoonal climate system with two
dominant seasons (wet and dry) [11]. Rainfall is controlled by the West African Monsoon
(WAM) and convective activities due to the movements of the Inter-tropical Discontinuity
(ITD) [11]. The ITD oscillates from South to North and retreats to the South annually. The
three regions in Northern Ghana experience a unimodal rainfall pattern between May and
September ranging between 500 mm and 1200 mm [5,34]. The LGP ranges from 140 to
240 days and increases in a North to South and East to West gradient [11].

2.2. Data Source

The Climate Hazards Center InfraRed Precipitation with Station data (CHIRPS-v2)
has four decades of quasi-global rainfall data set [35]. Data records start from 1981 to
near-present with an area coverage between 50° 5-50° N. CHIRPS-v2 incorporates 0.050
resolution satellite imagery with in-situ station data to create a gridded rainfall time series
for trend analysis and seasonal drought monitoring [35]. CHIRPS-v2 uses the Tropical
Rainfall Measuring Mission Multi-Satellite Precipitation Analysis version 7 (TMPA-v7) to
calibrate global Cold Cloud Duration (CCD) rainfall estimates. Validation studies over the
region have shown that the CHIRPS-v2 dataset correlated well with gauge observations,
especially on monthly to seasonal scales [6,36,37]. Additionally, CHIRPS V2 have exhibited
a good skill at representing these rainfall indices as well as rainfall extremes compared
to other globally available data sets such as, GPCC, TRMM 3B42 and CMORPH. This is
because CHIRPS blends thermal infrared and passive microwave tend to perform better
than IR-only or PM-only products [36,37]. For this analysis, the daily rainfall of CHIRPS-
v2 at a spatial resolution of 0.05° x 0.05° was used. Rain gauge data for six available
stations located in UER (Garu and Zuarungu), UWR (Wa and Babile), NR (Bole and Tamale)
from 1981 through 2016 were obtained from Ghana Meteorological Agency (GMet). A
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survey was conducted in December 2020 to elicit farmers’ perception of the trends of the
three rainfall indices, their impacts on cropping calendar activities, and the adaptation
measures implemented to adapt to the changes (Table 1). A total of 400 farmers were
interviewed in the UER (94), UWR (146), and NR (160). The average age of respondents
was 50 years. The farmers were selected using a stratified random sample from a list of
members involved in the ongoing Africa research in sustainable intensification for the
next generation (Africa RISING; https:/ /africa-rising.net/, accessed on 20th August 2021)
program. Farmer responses were conducted using a structured interview and recorded
with tablets using the KoboCollect toolbox. Farmers reported the onset dates in weekly
intervals (the week of the specific month) because they could not recall the precise dates.
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Figure 1. The Location of the three administrative regions and the synoptic gauge stations in
Northern Ghana.

Table 1. The Parameters recorded during the survey on farmer’s perceptions on rainfall seasonality
in northern Ghana.

ID Parameter Choices
1 =Male
1 Sex
2 = Female
2 Age Age of respondent

0 = Informal

1 = Primary

2 = Secondary

3 Educational Level 3 = Certificate

4 = Diploma
5 = Bachelor

6 = Masters or above

7 = Others (specify)



https://africa-rising.net/

Atmosphere 2021, 12, 1674

50f 20

Table 1. Cont.

ID Parameter

Choices

4 Main economic activity

1 = Crop Farming

2 = Livestock Farming

3 = Fishing

4 = Formal Employment

5 = Petty business

6 = Others (specify)

5 Main Crop

Maize

Groundnuts

Cowpea

Soybean

6 Onset/Cessation trend

Same

Early

Late

7 Method of forecasting rainfall onset

Birds/insect movements

Meteorological agency

Pattern of clouds

Change in temperature

Traditionally first week of
May

Vegetation phenology

Wind direction

Other (specify)

8 Importance of onset on yield of the main crop

Somehow important

Important

Very important

9 Replant frequency due to false onset of rainfall

Never

Once

Twice

Thrice

Four times

Five times

10 Adaptation measures

None

Drought-tolerant cultivars

Early maturing cultivars

Increase seed rate

Intercropping

Replanting

Other (specify)

3. Methodology

The methods presented below aim at computing the three seasonal rainfall indices i.e.,
onset and cessation of rains and the LGP from gauge, satellite and farmers perceptions. The
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rainfall onset and cessation dates were determined using the percentage mean cumulative
rainfall amount (PMCR; [11]). Daily rainfall fields for all grids over northern Ghana from
1981 to 2019 were extracted from the CHIRPS-v2 gridded rainfall data. The percentage
mean annual rainfall for 5-day intervals was calculated for all grids. This was followed
by accumulating the percentages of the 5-day periods. When the cumulative percentages
are plotted against time through the year, the first point of maximum positive curvature of
the graph corresponds to rainfall onset, and the last point of maximum negative curvature
corresponds to the rainfall cessation. The points of maximum curvatures corresponding
to the onset and cessation of rainfall are respectively 7-8% and over 90% of the annual
rainfall (Figure Al). The length of the growing season is then the difference of the onset
and cessation dates of rainfall (Equation (1)).

LGP =RC—RO+1 )

where LGP is the length of the growing period, RC is the rainfall cessation, RO is the rainfall
onset. The time series rasters of the three seasonal rainfall indices (onset, cessation, LGP)
were applied to test null hypothesis (no trend) from the entire time series data. The trends of
the three seasonal rainfall indices were determined using Theil Sen’s slope estimator ([38];
Equation (2)). There are several methods for testing the significance of climatic trends such
as the Mann—Kendall test [39,40], Spearman’s rho test [41,42] and graphical method [43].
Existence of serial autocorrelation and ties in time series of climate data influence the
magnitude of variance of the test statistic [44]. We plotted the autocorrelation function
(ACF) to check if the time series of the three rainfall indices had serial dependency. Since
the dataset did not show significant serial-dependence (Figure A2), the significance of
the trends was then tested using Mann-Kendall test [39] at a significant value of 0.05
(Equations (3)—(5)). The ability of the CHIRPS-v2 satellite data to capture the onset and
cessation dates in the UER, UWR, and NR was assessed using data from six-gauge stations
(Figure 1). A point to grid approach was applied, whereby rainfall for the six-gauge stations
was extracted and matched with geolocated satellite data. Where a particular station’s
data were missing, nearby station’s data were used to gap-fill. This is because stations that
are close to each other, not greater than 4 Km apart, have been revealed to have similar
rainfall patterns. After that, the onsets, cessations, and LGP for both gauge and satellite at
these stations were computed and compared. To validate the indices’ captured by satellite
data in the UER, UWR, and NR, the index’s average for the two stations that fell in each
region was computed for gauge and satellite and compared.

Y -,
=1

Q= @)

where Q is a Theil Sen’s slope estimator. Yi' are Y; the values at times i’ and i, where 7’ is
greater than i, and r’ is all data pairs for which 7’ is greater than i.

ZMK = i ifS>0
VAR(S)
—0if S=0 3)
VAR(S)

n—1

Z Z sgn (xj — xi) )
—k+

and
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VAR(S) = 1% n(n—1)2n+5)— 3 ty(t, — 1)(2t, +5) 5)
p—1

Zyik is the MK test statistic, S is the number of positive differences minus the number of
negative differences, and VAR(S) is the variance of S.

The satellite’s performance against the gauge station data were assessed using the
Pearson correlation coefficient (r), the Root-Mean-Square Error (RMSE), and the bias. The
Pearson correlation coefficient (r) measures the linear relationship between the satellite and
the gauge estimates and ranges between —1 to +1 (Equation (6)). RMSE is the mean devia-
tion of the estimates from the observations (Equation (7)). Bias estimates the extent to which
the satellite under or overestimates the gauge observations (Equation (8)). The Rainfall
seasonal indices and their trends were generated using shell script and Python packages.

iz0(Gi = G)(Si = 5)

r= - - (6)
VELo(Gi = G2 /Ky (8 - 5)2
1
n Z,n:o(Gi - 5i)
RMSE = = ()
Bias = 5:(? (S;i‘ (8)

where S is satellite (CHIRPs) data, G is the gauge data.

4. Results and Discussion
4.1. Satellite-Derived Seasonal Rainfall Indices (Onsets, Cessations, and Length of Growing
Period (LGP)

Figures 1-4 show maps of the three seasonal rainfall indices representing the onset,
cessation, and the LGP, respectively, derived from the CHIRPS-v2 data. Only maps for
2000 to 2019 seasons are shown for illustration purposes but a summary for all the years is
shown in Figure A3. The rainy season’s onset showed a progression along the south-west
to northeast direction, with rains starting earlier in the former (Figure 2). Exceptionally
early onsets were recorded in northern Ghana in 2013 that can potentially disorient farmers
given it rained at the time that farmers usually prepare their fields. Figure 2 shows cases in
2009, 2011, 2013, and 2018 where early rainfall onsets (mid-March) were observed in the
NR. In 2007, and 2014 seasons we observed an early onset of rain (21st March to 15th April)
covering the entire region. However, the UWR experienced more instances of the early start
of rainfall than the UER. Moreover, the NR has shown the earliest onset among the three
regions. The transition agro-ecological zone in the NR showed the early start of rainfall
(21st March) compared to areas located closer to the UER and UWR. This could also be
due to the CHIRPS-v2 poor strength along the zonal boundaries, as reported in [36], which
could lead to false onsets at these locations. On average, rainfall onsets occurred between
28th April to 25th May in the UER, 10th April-15th May in the UWR, and 21st March to
25th April in the NR except for exceptional seasons. Generally, the results revealed that
the region’s rainfall indices have substantial latitudinal variability, with early onsets (21st
March-15th April) south of 100N latitude and late onsets (15th April-25th May) at the
north of 10° N latitude.
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Figure 2. Variability of rainfall onsets dates from 2000 to 2019 over Northern Ghana generated from
CHIRPS-v2 data.

Figure 3 represents the rainfall cessation over the northern portions of Ghana from
2000 to 2019. Rainfall cessation dates occurred between 14th September to 10th November
and showed a seasonal progression from the North to South. However, for some years,
almost all parts of the region showed early (2001, 2004, 2005, 2007, 2011, and 2017) and
late (2009, 2012, 2019) cessation dates. These reflect the high level of uncertainty farmers
encounter when making cropping decisions between seasons. Early cessations may inter-
rupt grain filling, thus reducing the yield, while too late cessations may delay harvesting
leading to increased pre-harvest losses and infestations of moulds that cause aflatoxins. On
average, the UER and UWR had relatively earlier cessations (14th September-2nd October)
compared to the NR (12th October—10th November). Generally, the UWR has relatively
earlier rainfall cessations than UER, except in 2018. In 2012, the entire NR experienced very
late cessations (1st—10th November).
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Figure 3. Maps on variability of rainfall cessations dates from 2000 to 2019 over Northern Ghana
generated from CHIRPS-v2.
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The length of the growing period ranged between 120-210 days throughout the study
area (Figure 4). The NR experienced longer LGP (180-210 days) than the UER and UWR
(120-150 days). The southwestern of the NR exhibited relatively longer LGP (over 200 days),
particularly during the 2009, 2013, and 2018 seasons. In contrast to the onset dates, the
LGP showed a seasonal progression along the North-East to South-west direction, with
some years having exceptionally shorter (2000-2001) or longer (2012-2013) rainy seasons
(Figure 4). Similar to rainfall onset, LGP has a strong latitudinal variability with longer and
shorter LGP observed south and north of the 10° N latitude, respectively. The 2012 and
2013 had exceptionally long LGP (180 to 210 days) in almost the entire region. Long LPGs
are a consequence of early onset and late rainfall cessation and vice versa.
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Figure 4. Maps showing the variability of LGP from 2000 to 2019 over Northern Ghana derived from
CHIRPS-v2.

4.2. Trends of Rainfall Onset, Cessation, and Length of the Growing Season

The CHIRPS-v2 data revealed earlier, and late onsets date over the West and East
of 1.5° W longitude, respectively (Figure 5a). The observed trends of rainfall onset dates
confirm and contradict recent studies in the same region. For example, [12] reported earlier
onset dates of the rain season in Tamale and Wa gauge stations between 19862010, ranging
from —0.3 to —0.5 days/year 7.5 to 12.5 days earlier in the 25 years period. However,
Ref. [18] reported a significant delay of onset dates up-to 0.8 days/year in the Volta basin
in Ghana (35 days delay in 40 years). Ref. [17] reported a 16-day delay of rainfall onset in
the UER, although they monitored a shorter period (1997-2014) with very coarse resolution
gridded data (110 Km). Rainfall showed late-cessation dates over most parts of Northern
Ghana (Figure 5b). Similarly, longer LGP were observed East of 1.5° W longitude of
northern Ghana due to late cessation of rains (Figure 5a,c). The contrasting trends of onset
and cessation dates reported in different studies could result from different datasets, the
temporal span and the methods applied in the analysis. Nevertheless, several studies
have demonstrated the accuracy of the PMCR method that we applied [10,11]. However,
one weakness of the method is that it mostly does not take into consideration false onsets.
Moreover, a weakness identified with the CHIRPS-v2 data was that it tends to be biased
towards capturing false onsets near boundaries of the study area.
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Figure 5. Spatial-temporal trends (days/year) of rainfall onsets (a), cessation dates (b), and length of
growing season (c) over Northern Ghana for 39 years period (1981-2019). The blue and red tones
represent grid cells with early (shorter) and late (longer) trends, respectively.

4.3. Validation of Seasonal Rainfall Indices Derived from Satellite and Farmer’s Perceptions
Gauge vs. Satellite Data

This section assessed the CHIRPS-v2 satellite data’s ability to capture the three sea-
sonal rainfall indices (onset, cessation and LGP) in the UER, UWR, and NR of Northern
Ghana. Figure 6 represents the variability values of the rainfall indices from satellite and
gauge data at the six stations from 1981 to 2016 in, UER (Garu and Zuarungu), and UWR
(Wa and Babile), and NR (Bole and Tamale). The rainfall onsets as captured by gauge
occurred between 80-140 days, while the onsets captured by satellite occurred between
80-135 days in the six stations, except for exceptionally early onsets observed at some
locations. It is observed that satellite data generally captured the earliest onsets in UWR
(Wa) compared to gauge. Specifically, Bole showed the earliest onset recorded on 58 days
for gauge and 78 days for satellite. Exceptionally early onsets were also observed at some
locations as shown by outliers (in black circles). The gauge data showed that rainfall cessa-
tion dates generally occurred between 255-305 days compared to between 255-295 days
from the CHIRPS-v2 except for exceptional early (late) cessations at Tamale (Wa) (Figure 6).
Early cessation of rainfall was observed at the Garu and Zuarungu stations located in the
Upper East region. The LGP at the location of all stations from the gauge and CHIRPS-v2
data ranged between 105-205 days and 130-205 days, respectively. The shortest LGP
observed from gauge was 105 days at the Zuarungu station. On average, CHIRPS-v2
captured longer LGP compared to gauge at Babile, Garu and Zuarungu stations. Generally,
CHIRPS-v2 consistently returned early (late) onset (cessation) dates across the six stations.
The onset dates derived from CHIRPS-v2 had less temporal variability compared to the
gauge. The cessations date had less variability over time compared to the onset dates.
CHIRPS-v2 returned longer LGP as a consequent of early-onset and late-onset dates than
the gauge stations.

The statistical performance of the satellite in capturing the rainfall indices at the
stations (Bole, Babile, Garu, Tamale, Zuarungu, and Wa) is presented in Figure 7. CHIRPS-
v2 showed an average performance for the rainfall onsets compared to the gauge at the
two stations located at the UER and the Wa and Tamale stations with r values between
0.4 and 0.60. However, a very poor correspondence (r < 0.22) was observed for the Babile
and Bole stations located at the UWR and NR, respectively. The rainfall onsets’ bias values
range from —15 to +6 days at the six stations. Generally, the onset days are under-estimated
(earlier onset dates) in all stations except in the Tamale station, where onsets were slightly
over-estimated (delayed onset dates) by six days. The Root means square error values
of onsets at the stations were in the range of 0.09-0.25. The Bole station in the Northern
region recorded the highest value (RMSE = 0.25) while the least was observed in Wa
located in the Upper West region. In general, for rainfall cessations, CHIRPS-v2 showed a
good agreement with gauge (0.4-0.74) except in the Wa station where a weak correlation
coefficient (r = 0.12) was recorded. The bias values are in the range of 4-9 days, indicating
a late estimate of rainfall cessations dates. The minimal RMSE values (0.03-0.05) observed
in all stations reveal that CHIRPS-v2 data generally captured the rainfall cessations. The
correlation coefficients of LGP between gauge and CHIRPS-v2 at the stations were in the
range of 0.4-0.53 except in the Bole station. The low correlation in Bole (r = 0.04) could be
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because this station had more than 20% of missing data that was gap-filled. CHIRPS-v2
produced longer LGP in all but Tamale station, where the estimate was shorter by 4 days
than the gauge. The RMSE for the LGP from CHIRPS-v2 at all the stations ranges from
0.1-0.18. CHIRPS-v2 in the Wa and Tamale stations recorded the lowest RMSE value of 0.1.
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Figure 6. Variability (day of year) of rainfall onset (a), cessation (b) and the LGP (c) derived from
CHIRPS-v2 (red) and gauge data (blue) at the location of the six stations in Northern Ghana from
1981 through 2016. Black circles indicate outliers. Station locations are shown in Figure 1 and their
labels are Babile (Bab), Bole (Bol), Garu (Gar), Tamale (Tam), Wa (Wa) and Zug (Zuarungu).
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Figure 7. Agreement between CHIRPS-v2 and gauge data in representing the rainfall onset, cessation,
and LGP at the six stations from 1981 to 2016. Performance was measured using Pearson correlation
(r), Bias, and root-mean-square errors (RMSE). Station names are like Figure 6.

In contrast, relatively high RMSE values (0.14-0.18) were observed in the remaining
stations. Although CHIRPS-v2 showed good skill in capturing the rainfall indices over
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the study region, high biases were detected in some cases. According to [26], the skill
of CHIRPS rainfall estimates has high spatial variability due to the influence of climate,
topography, and seasonal rainfall patterns. CHIRPS-v2 is known to overestimate and
under-estimate low and high-intensity rains in this region, respectively [6]. The inher-
ent systematic biases in CHIRPS-v2 emanates from low density and decreasing Global
Telecommunication System (GTS) data over time, leading to insufficient representation of
rainfall [26,27,36]. The systematic bias has significant implications for agricultural produc-
tion, considering that crops’ success or failure is more dependent on accurate estimating
of onsets and cessations of rains. The accuracy of estimating the three rainfall indices can
be improved by applying robust method for correcting systematic biases in CHIRPS-v2
data such as the bias correction and spatial disaggregation (BCSD; [45]) or the Bayesian
bias correction method [46].

Figure 8 represents the temporal trends of rainfall onset, cessation, and length of the
growing period during 1981-2016 derived from gauge and CHIRPS-v2 dataset in the UWR
(Wa), UER (Zuarungu), and NR (Tamale). At Zuarungu station, there was a fair agreement
(r > 0.4) between gauge and satellite for all rainfall indices, and the RMSE was relatively
low (RMSE < 0.19; Figure 8a,d,g). Both the gauge and satellite captured the decreasing
trend of rainfall onsets and increasing cessations and LGP in Zuarungu, although with
differing slopes. At Wa station, the rainfall onset dates derived from CHIRPS-v2 data
showed a good correlation with gauge (r = 0.57), but the direction and magnitude of slopes
differed substantially (Figure 8b). At Tamale station, the satellite agreed better with the
gauge for the rainfall cessation (r = 0.74, Figure 8f), followed by LGP (r = 0.53; Figure 8i),
and lastly, the onsets (r = 0.4, Figure 8c). Moreover, both satellite and gauge showed earlier
onset dates but late or longer cessation and LGP in Tamale. The observed trends of rainfall
onset contrast and confirms some findings in [12], who reported earlier onset dates of
7.5 days in Tamale and Wa. Our results reveal early (late) onsets dates of 8 days in Tamale
(Wa) as captured by CHIRPS-v2 from 1981 to 2016. Therefore, our results agree with [12] at
Tamale but contrast at Wa station.
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Figure 8. Trends of rainfall onset (RO), cessation (RC) date and LGP captured by gauge and satellite
data in the UER, UWR, and NR from 1981 through 2016. Sg and Ss are the slope of linear regression
for the gauge, and satellite, respectively.
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4.4. Farmers Perceptions on Timing of Rainfall Indices and Agronomic Adaptive Measures

Over 95% of the UWR and UER region farmers reported late-onset dates of the rainy
season (Figure 9a). However, responses were more divergent in the NR, where 76% and
16% of farmers reported early and late-onset dates, respectively. A total of 248 (62%) and
134 (33%) of farmers reported late and early onset of the rains, respectively (Figure 9b).
In contrast, over 80% of farmers in UWR and UER reported early cessation of rainfall
(Figure 9c¢). Farmers’ experiences on the cessation of rains in NR were split between early
(49%), late (41%), and no change (11%). The regional aggregates showed that a total of
288 (72%) and 86 (22%) farmers reported early and late cessation of rain, respectively
(Figure 9d). The late onset and early cessation of rains in the UWR and UER imply the
shortening of the growing season, but the NR status is divergent.

Table 2 shows a comparison of the trends of onset and cessation dates of rainfall from
the gauge and satellite at representative stations in Figure 5 and the aggregated farmers
perceptions per region (Figure 9a—c). The farmer perceptions relatively matched the long
time series of the gauge and satellites because the household survey elicited farmer per-
ceptions of the trends of onset and cessation dates by comparing the last growing season
(2020) with the situation over three decades ago. However, the farmer perceptions were
aggregated per region and not necessary at the location of the station, a fact that may
reduce the precision. Table 2 shows an agreement between the observation network and
farmer perceptions in Tamale station. However, most farmers in UER perceived late onset
and early cessation dates of rainfall which completely differed from observation network.
Likewise, the satellite and farmer perceptions on onset dates differed from gauge in Wa
station although the cessation dates were converging. Therefore, the agreement between
gauge, satellite, and farmer perceptions had wide spatial-temporal variability. Our results
agree with [33] that farmers’ perceptions can vary with location, which decreases their
spatial reliability compared to observation networks. Similarly, Refs. [33,47] observed that
farmers’ perceptions of climate change in northern Ghana deviated from the meteorolog-
ical records. One possible explanation of the deviations of farmer perceptions and the
gauge observations could be their failure to differentiate between climate variability and
change [29]. Climate variability has weakened farmers’ altitude on traditional forecasting
methods and has become more open to scientific measurements. Farmers’ perceptions
are shaped mainly by short-term variability of climate parameters and the frequency of
extreme events than slow long-term changes in the average conditions [29]. Farmers are
more perceptive of changes in temperature than rainfall, and their perceptions depend on
location, age, and indigenous knowledge [29,33]. In areas that experience land degradation
and climate change, farmers’ perceptions can confound changes in rainfall seasonality with
changes in soil fertility [31].

Table 2. Summary of the trends of onset and cessation dates of rainfall from the gauge and satellite at representative stations

from Figure 5 and the aggregated farmer’s perceptions per region obtained from Figure 9a—c.

Region Gauge Station Correlation Gauge vs. Satellite (r) Satellite Gauge Farmer’s Perceptions
Onset

UER Zuarungu 0.44 Early Early Late

UWR Wa 0.57 Early Late Late

NR Tamale 0.40 Early Early Early
Cessation

UER Zuarungu 0.40 Late Late Early

UWR Wa 0.10 Early Early Early

NR Tamale 0.74 Late Late Divergent

Over 68% of farmers across all regions replanted the main crop seeds at least once in
the last five seasons (Figure 3g,h). This reflects the high frequency of false onsets of the
rains in the previous five cropping seasons. Replanting increases the cost of seeds, therefore
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reducing profitability. Studies had indicated that farmers planted up-to seven times after
repeated crop failures during drought seasons in Burkina Faso [48]. Repeated replanting is
done late in the growing season, making crops flower after a shortened vegetative period
that eventually reduces the crop yield. Evidently, 79% of farmers identified the timing of
the onset of rains as a crucial determinant of the crop yield (Figure 9ef).
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Figure 9. Farmers’ perceptions of the rainfall onset trend per region (a) and aggregated in entire
Northern Ghana (b). Cessation for each region (c) and aggregated for the entire Northern Ghana (d).
The importance of the onset date of the rain on the yield of the main crop per region (e) and whole
Northern Ghana (f). The frequency of replanting of seeds of the main crop in the last 5 growing
seasons due to the false start of the rain season per region (g) and aggregate for northern Ghana (h).

Results showed that only 29% of farmers rely on data from meteorological agencies to
forecast the start of the season (Figure 10a). The use of meteorological agency data was
lowest in UWR. Most farmers (>70%) rely on traditional methods to forecast the onset of the
rainy season, such as a change in temperature, the pattern of clouds, vegetation phenology,
movement pattern of insects/birds, and wind direction (Figure 10a). The traditional
knowledge of forecasting rainfall onsets is easy to use and affordable to local farmers, but
they are becoming less reliable due to increasing climate variability [48]. The traditional
methods are available to different socio-economic and demographic groups over space and
time, e.g., herders are more likely to observe movement and nesting of birds in the bush. At
the same time, rural women are more likely to note the change of water levels or behavior
of insects at water sources where they fetch water [48]. Similarly, Ref. [29] observed that
farmers in Ethiopian highlands rarely used scientific climate information despite being
in the frontline of implementing the adaptation measures. Our research highlights the
need to invest in modern climate services such as the automated gauge network within the
farming communities in northern Ghana to complement the existing local knowledge of
forecasting the onset of rainy seasons. This will support the provision of tailored weather
information services to farmers. Farmers in the study area are willing to pay for climate
information disseminated through mobile services [49]. Moreover, by integrating the
scientific and traditional methods, our study improves the understanding of the current
climate knowledge systems that can help to enhance the modern observation networks
in a culturally and locally relevant manner. Our study helps to enhance the observation
network by identifying the degree and locations where the satellite estimates mimic the
gauge data. The accuracy assessment is important considering that the satellite data are
increasingly relied upon for agro-advisory due to the prevalent sparse gauge network in
this region. The traditional forecasting methods observe the changes in temperature, wind
and clouds that are integral variables of interest to modern meteorology. Therefore, as
suggested by [48], scientific meteorologists could build on local understanding between
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temperature and seasonal rainfall to explore technical aspects of scientific forecasts based,
for example, on sea surface temperature. The results further points to the uncertainties
arising from relying solely on traditional methods and existing daily satellite rainfall
estimates.
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Figure 10. Farmers’ responses on the methods applied to forecast the season’s onset (a) and the
adaptation measures to cope with observed trends on the onset and cessation of rainfall (b) in
northern Ghana.

Figure 10b shows the crop management practices applied by farmers to adapt to shifts
of onset and cessation dates of rainfall in the three regions. The early maturing cultivars,
early planting, drought-tolerant cultivars and replanting emerged the most common but
with different intensities across the three regions (Figure 10b). Planting early maturing
cultivars is a strategy to cope with shortened LGP. Early planting enables crops to take
advantage of every drop of soil moisture at the onset of season. The UER and eastern
NR experienced longer LGP resulting from early-onset and late-cessation dates, therefore,
planting early and medium-late maturing varieties are viable adaptation measures in
that part. However, in the UER fewer farmers applied early planting (49) compared to
early maturing varieties (81) reflecting adaptations that are mis-aligned to local reality.
However, the situation was the opposite in the NR. Therefore, adaptation measures were
not always consistent with the rainfall seasonality. Similarly, Ref. [30] noted the blanket
recommendations policies on the adoption of early maturing crop varieties where seasons
are becoming longer in northern Ghana led to maladaptation outcomes that increased
vulnerability to climate change and variability. Farmers in UER respond to delayed onset
and shortening of LGP by spreading out the sowing of crops across the first three months of
the season through a wait-and-see or delay strategy [17,24]. They sow the drought-tolerant
crops (sorghum and millet) in April to take advantage of early rains. Farmer’s shift sowing
of drought-sensitive crops (maize, rice, and groundnut) from May to June or July to reduce
the risk of exposure to early season drought. However, this can increase the risk of exposure
to the late-season dry spell since these crops mature after 3-6 months. In addition to, the
timing of rainfall seasons, selecting appropriate adaptation measures needs to consider the
significant spatial-temporal trends of rainfall amount and temperature reported in northern
Ghana [5,6].

5. Conclusions

Spatio-temporal variability of rainfall seasonality in northern Ghana, poses a challenge
to food security and other socio-economic activities. This study presents a comprehensive
analysis of the variability and trends of three rainfall indices (rainfall onsets, cessations,
and length of the growing period) using the spatially high-resolution CHIRPS-v2 daily
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rainfall series for the period of 39 years (1981-2019) over Northern Ghana. The study
further assesses the satellite and farmers’ perceptions of the start of the rainfall season
over three Northern regions (Upper East, Upper West, and Northern) using gauge data
obtained from the Ghana Meteorological Agency (GMet) during 2020. Our findings show
that the region’s rainfall indices have substantial latitudinal variability, with late onsets at
the North of 10° N latitude and early onsets south of 10° N latitude annually. Conversely,
early (short) cessions (LGP) are seen to occur at the South of 100N latitude, while late
(long) cessions (LGP) are observed at the North of 100N latitude. On average, CHIRPS-
v2 captured rainfall onsets between 21st March and 25th May, rainfall cessations, 17th
September to 10th November, and the LGP is usually between 120-210 days annually in
Northern Ghana. Significant late cessations and longer LGP were observed over most parts
of Northern Ghana. CHIRPS-v2 data revealed slightly, but significant late, and early onsets
date at the West and East of 1.5° W longitude, respectively. Our findings indicated a trend
towards late-cessation dates in most parts of the region. CHIRPS-v2 was biased towards
capturing early onsets and late onsets, resulting in a relatively longer LPG. CHIRPS-v2
agreed better with observation for the rainfall cessation, followed by LGP, and lastly, the
onsets. The satellite-generated rainfall onset dates agreed better with the gauge at Wa and
Bole stations. In contrast, farmers’ perceptions were more accurate than satellite stations in
the Tamale station. Therefore, farmers’ perceptions and CHIRPS-v2 to accurately estimate
rainfall onsets are time and location-dependent. Approximately 29% of farmers rely on
meteorological agencies’ data to forecast the rainfall season’s start, while the remainder
depends on traditional knowledge. Adaptation measures were not always consistent with
the rainfall seasonality. CHIRPS-v2 has inherent systematic biases that could come from
low density and decreasing gauge observations over time in Ghana, leading to insufficient
representation of rainfall indices. CHIRPS-v2 data were biased towards capturing false
onsets near boundaries that have significant implications for agricultural production,
considering that crops’ success or failure is more dependent on accurate estimating of
onsets. Thus, the study recommends the correction of systematic biases in CHIRPS-v2
to improve agro-advisories on the timing of seasonal calendar activities. Moreover, our
study highlights the need to invest in modern climate information services such as the
automated gauge network to complement the existing local knowledge of forecasting the
rainfall seasonality in in northern Ghana.
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Figure A1. The percentage cumulative rainfall amount averaged over 1981-2019 in the Upper East
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Figure A2. Autocorrelation function of rainfall onset (green), cessation (red) and length of growing
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Figure A3. Summary of rainfall onset, cessation and length of growing season over three-gauge
stations in northern Ghana. The onset and cessation are days of the year (DOY) while LPG is the
number of days.
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