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ABSTRACT ARTICLE HISTORY
Guinea-Bissau has experienced the tangible effects of climate change in Received 8 December 2023
recent years. An examination of the annual and monthly precipitation Accepted 20 May 2024
patterns from 1960-2020 indicates an overall decreasing trend in climato- KEYWORDS

logical series. In contrast, the monthly average maximum and minimum Climatic trends;
temperatures exhibit significant increasing trends during the same period. precipitation; temperature;
Analysing daily rainfall and maximum and minimum temperature leads us agriculture; Guinea-bissau
to conclude that rainfall and temperature patterns have evolved in differ-

ent ways. The non-parametric Mann-Kendall test was used to assess

trends in climate indices, and Sen’s slope estimator was used to detect

the magnitude of trends. Despite the significant decrease in wet days,

there has been an upward trend in rainfall over the 1981-2020 climatolo-

gical series. Days with maximum temperatures of at least 30 and 35°C

have increased in all seasons with a very significant upward trend for 30°C.

On the other hand, absolute annual maximum temperatures have tended

to decrease in Bolama and Bafata by -0.25 and -0.17°C per decade respec-

tively. There has also been a decrease of 0.30°C and 0.39°C per decade in

the minimum temperatures in Bolama and Bafata, i.e. the nights have

been getting cooler, which somewhat contradicts the global trends gen-

erally reported for this same parameter.

1. Introduction

The global climate changes observed in recent decades have caused social and environmental
impacts across the planet. Floods, droughts, greater irregularity in rainfall, increased temperature
and heat waves, sea level rise, are examples of phenomena linked to climate change that highlight
the vulnerabilities of territories and aggravate risks in different natural and environmental systems
(IPCC, 2021; Silva & Mendoza, 2020). The increase in the concentration of greenhouse gases of
anthropogenic origin is the main cause of the warming of the atmosphere, oceans, and the earth’s
surface, intensifying these extreme climatic events (IPCC, 2023).

According to the IPCC (2021), natural disasters are increasingly frequent and severe, and
governments, especially those in less developed countries, have limited capabilities to deal with
the associated risks, to ensure the protection of their citizens. The global average surface tempera-
ture in 2011-2020 was 1.1°C higher than in the pre-industrial period [(1850-1900); (IPCC, 2023)],
and the impacts of climate change will have disproportionate consequences globally and will be
particularly severe in developing countries, where poor communities are highly dependent on the
direct use of local natural resources (Roudier et al., 2011). Agricultural productivity is already being
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affected in different regions of the world through many mechanisms, driven largely by higher
average and extreme temperatures, altered precipitation and drought regimes, while the increase in
atmospheric CO” concentrations continues (Jagermeyr et al., 2021). West Africa is one of the
region’s most vulnerable to climate variability and change, and evidence is accumulating of
biodiversity loss, water scarcity, reduced agricultural production, and reduced economic growth,
in contrast to its contribution to greenhouse gas emissions, which is the lowest of all regions (Shukla
et al,, 2019). The increase in the frequency of hot days and nights, the increase in the intensity and
duration of heat waves, as well as the severity of droughts, land degradation, loss of biodiversity, and
the appearance of new pests in crops, are examples of effects linked to global warming (IPCC, 2018;
Shukla et al., 2019).

According to the World Meteorological Organization (WMO, 2022), the increase in average
temperature is faster on the African continent, with a warming value of around 0.3°C per decade
between 1991 and 2021, higher than the global average. The IPCC report (IPCC et al., 2022) states
that global warming of 2-4°C in Africa will contribute to a reduction in agricultural production,
especially wheat, maize, and rice crops, at a time when current temperatures and changes in rainfall
patterns are already affecting livelihoods, food security, economic and governance stability (USAID,
2018). Water stress in these countries is also accentuated by their weak capacity in the water
management infrastructure sector (Barry et al, 2018), aggravated by the need to increase their
agricultural production to respond to current population growth rates (FAO, 2016). On the African
continent, the economy of most countries is strongly dependent on rain-fed agriculture (Kangah,
2004), particularly in West Africa and including Guinea-Bissau, representing one of the major
concerns regarding the planning of agricultural activities and food security (Bedoum et al., 2017).
The relevance of these problems motivated the carrying out of the present investigation, dedicated
to the study of climate trends in a small country in West Africa (Guinea-Bissau).

Mangrove rice farming is of great importance for food security in the country, since rice is the
basis of the Guinean population’s diet, with an annual per capita consumption of approximately
125 kg (Medina, 2008) and its cultivation depends solely on rainfall. Reduced rainfall can contribute
to an increase in salt concentration in cultivated areas, which is particularly detrimental to rice
crops, which cannot withstand excess salt. Extreme rainfall floods the plots and hinders agricultural
activities and the development of rice due to the lack of water management capacity.

Despite many studies that have analyzed the past climatic trends in West Africa, no one has
focused on this specific territory to investigate the potential effects of recent climate variability on
rice production.

Faye and Akinsanola (2021) indicate that West Africa ranks second in warming within Africa
from 1981 to 2010, following North Africa, and is highly susceptible to climate change. Meanwhile,
(Blunden & Boyer, 2021) observe that coastal West African countries experienced higher average
annual temperatures in the 2020s compared to the climatological averages of 1981-2010, with an
increase ranging from 0.5 to 1°C in the West, Central Sahel, and Guinea Coast band between 1981
and 2010. USAID (2018) reports a temperature rise of 0.6 to 0.8°C from 1970 to 2010 and 1.5 to 2°C
from 1950 to 2010 in the Western Sahel. Barry et al. (2018) found an increase in annual average
minimum temperatures of 0.28°C/decade and 0.16°C/decade for maximum temperatures from
1960 to 2010 in West Africa.

West Africa has been affected by strong interannual variability in precipitation, manifested by
severe droughts and floods over recent years (Nicholson et al., 2018). According to the IPCC report
(2022), negative trends in the evolution of precipitation were observed in West Africa between 1960
and 1980, accompanied by an increase in its variability. The economy of most countries in this
region depends on rain-fed agriculture and climate variability strongly affects these countries due to
the irregularity of the rainfall regime, which can be manifested by its late onset and/or early end
(Adama et al,, 2019; Mendes, 2017).

This increase in precipitation variability is linked to the phenomenon of global warming, leading
to more frequent records of floods from 1990 onwards in many West African countries (Salack
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et al., 2018), affecting millions of people. Evidence is mounting that extreme rainfall events have
become more frequent (Faye & Akinsanola, 2021; Nkrumah et al., 2019; Taylor et al., 2017). Since
1990, extreme phenomena, both droughts and floods (Ly et al., 2013; Mendes & Fragoso, 2023),
have affected millions of people annually in West Africa. According to Taylor et al. (2017), intense
rainfall and the maximum number of wet days have increased very significantly since the 1980s,
with greater frequency in the West African Sahel.

Firstly, it should be noted that most of the studies point to the fact that, from the 1980s onwards,
there was an increase in precipitation in West Africa, especially in the Sahel region, after a period
with a greater predominance of major droughts observed in the region. This overall behavior is
something that was found in almost all studies, in contrast to other aspects in which some
dissonances in estimated variations are detected. The analysis of the observed trends described in
the literature requires caution since some apparently contradictory evidence may be due to different
periods or target regions considered by distinct works and attention must be given to the specific set
of rainfall parameters used in each study.

The international team CDKN & ACDI (2022) found an increase in total annual precipitation in
West Africa between 1990 and 2021. In agreement with this finding, Dike et al. (2020) identified an
increase in total annual precipitation (and an increase in its intensity - maximum precipitation in 5
days) in Nigeria, while, in turn, Nkrumah et al. (2019) found a significant increase in annual
precipitation in the southern part of West Africa. In another study (Sylla et al., 2016), state that
precipitation increased significantly between 1983 and 2010 in Senegal, Burkina Faso, Southern
Mauritania, Mali, Niger, and Chad, in contrast to the decrease in precipitation referenced in
investigations conducted by Ly et al. (2013) and Kouman et al., (2022). In accordance with these
last cited studies (Gbode et al., 2015), also found a decrease in consecutive wet days in Cote d’Ivoire
between 1991 and 2007, and in Nigeria between 1981 and 2020, respectively, in line with the finding
made by Kouman et al., (2022) who noted an increase in consecutive dry days or with precipitation
less than 1 mm (in Cote d’Ivoire).

The overall purpose of this study is to improve the knowledge of the most impactful climatic
extremes of the mangrove rice crop to propose the appropriate adaptation measures for its
mitigation, based on two essential objectives:

1*) evaluate recent climate trends in precipitation and air temperature indices in Guinea-Bissau.
2% identify the main implications of recent climate trends in Guinea-Bissau for mangrove rice
cultivation, the most important crop.

The paper is structured as follows. Section 2 is devoted to the study area, exploited data and
methods. The results are presented and discussed in Section 3. Section 4 corresponds to the
conclusion.

2. Data and methods
2.1. Study area

The Republic of Guinea-Bissau (Figure 1) is located in West Africa, limited to the North and East by
the Republic of Senegal, to the South by the Republic of Guinea-Conakry and to the West by the
Atlantic Ocean, covering a total area of 36,125 km?. Guinea-Bissau is located in the intertropical
zone and, according to the Képpen climate classification, its climate is of tropical type Aw, with
a rainy season in summer and a dry season in winter. The dry season begins in mid-November and
lasts until the beginning of May, with the rest of the year corresponding to the rainy season
(Figure 2).

The precipitation regime in West Africa is related to the West African monsoon (Dia-Diop et al.,
2020; Lélé & Lamb, 2010), characterized by the seasonal reversal of wind direction at the lower of
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Figure 1. The territory of Guinea-Bissau and its main meteorological stations, with longer climatological series.
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Figure 2. Mean monthly temperature (line) and mean monthly precipitation (columns) in Bissau/Observatory station, over the
period 1981-2010. Data source: National Institute of Meteorology of Guinea-Bissau.

the atmosphere, transporting moisture from the Atlantic Ocean to the interior (Quagraine et al.,
2020). The dominant northeast winds during the dry season (Harmattan) ensure the transport of
hot and dry air masses from the Saharan region and are replaced, in the rainy months, by monsoon
winds from the southwest, bringing moisture from the Atlantic Ocean to the continent, thus fueling
precipitation in West Africa (Fink, 2017). The coastal area of the territory is characterized by a sub-
Guinean type of tropical climate, with average annual rainfall between 1500 and 2500 mm, while the
more inland part is defined by a Sudanese-Guinean type tropical climate with rainfall between 1000
and 1500 mm (Guinea-Bissau, 2018). Average monthly temperatures vary from 24°C to 27°C
during the year, with January and December being considered the coldest months while March
and April are the hottest months of the year (Figure 2).
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Guinea-Bissau grapples with the status of a low-income nation, holding the 175th position
among 189 countries in the 2020 Humanitarian Index. This predicament stems from a series of
political crises and institutional fragilities persisting since its independence. Shockingly, 69% of
its populace resides below the poverty threshold (WFP, 2021). Agriculture stands as a keystone
of Guinea-Bissau’s economy, constituting one-third of its gross domestic product (GDP) and
engaging 68% of the labor force. The sector is predominantly marked by cashew cultivation,
representing a staggering 90% of the country’s total exports, alongside rice production tailored
for domestic consumption, as highlighted in the (WFP’s, 2021) report. Moreover, beyond
agriculture, the nation derives significant economic value from its fisheries and forestry sectors
(FAO, 2023).

Rice (Oriza sativa; Oriza glaberrima) is one of the most cultivated and most consumed cereals in
the country (Chauhan et al., 2017; Medina, 2008) but, currently, its production does not cover the
needs of national consumption, this deficit being filled by imports of rice, especially from Asian
countries (Guinée-Bissau, 2015). Due to the lack of organized and reliable agricultural data at the
national level, is difficult to indicate accurate statistics. According to Guinea-Bissau (2018), the
production deficit was estimated to exceed 200,000 tons in 2009/2010, with domestic production
meeting only 47% of consumption. Rice stands as the primary agricultural production in the
country, cultivated mainly for local consumption by the population (Garbanzo, Cameira, et al.,
2024; Medina, 2008) and its cultivation depends essentially on rainfall agriculture. With the increase
of population (INE, 2017), its consumption has also increased. Nevertheless, its cultivation is
confronted with several challenges linked to irregular rainfall and climatic extremes (Diatta et al.,
2021; Mendes, 2017; Mendes & Fragoso, 2023), as also soil, water and salinity management
(Garbanzo, Céspedes, et al.,, 2024). This challenging problems threats food sovereignty of the
population who work directly in the agricultural sector. Moreover, impacts of climate change on
mangrove ecosystems significantly impact local fishing communities, disrupting the rich diversity
of species and salt extraction activities crucial for their sustenance.

In Guinea-Bissau, there are three rice production systems: the upland rice system (N’pampam);
the lowland swamp rice system (Bas fond) and the mangrove swamp rice system. Among these, the
most productive one is the mangrove swamp rice system. This technique involves clearing a portion
of the mangrove forest to establish agricultural fields, followed by the construction of protective
dikes to shield the new area from saltwater intrusion, rendering the land suitable for rice cultivation
(Penot, 1994). The rice fields on mangrove lands located in banks of the Cacheu River stand out in
the north, in the center of the Mansoéa River valley (Oio region) and the sectors to the south of the
Geba River and along different rivers in the Tombali region (Penot, 1994). Mangrove forests, in
addition to providing areas suitable for rice cultivation, also play a very important role for local
communities through fishing, as they are spawning areas for many marine species (FAO, 2009; IRD,
1999) and present a rich diversity of fish, mollusks and shellfish, also allowing the extraction of salt
for culinary purposes in addition to being able to function as buffer zones (protection) during high
tides.

2.2. Daily and monthly meteorological data

Climatological data were collected from the Guinea-Bissau Meteorology Institute database, select-
ing the available continuous series with the longest duration and, therefore, more suitable for into
climate variability research. Observational data retrieved correspond to daily total precipitation,
daily maximum temperature, and daily minimum temperature series covering a period of 40 years
(1981-2020), registered within the three main meteorological stations of the country (Bissau/
Observatory, Bafatd, and Bolama, whose locations are represented in Figure 1). Monthly data series
from the same meteorological stations and parameters were also used, in addition, for the period
1960-2020 (Table 1). Due to the lack of daily data from the period 1960-1980, the option was to
define the longer period 1960-2020 for monthly and annual series analysis and adopt the more
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Table 1. Monthly and daily meteorological observations that were used in this study. Source: National Institute of Meteorology of
Guinea-Bissau.

Monthly observation series

Station Climatic parameters and abbreviation Period Latitude (° ")  Longitude (° ")  Altitude (m)
Bissau/Observatory  Total precipitation (P) 1960-2020 11.85 -15.6 43
Maximum temperature (Tx) 1960-2020
Minimum temperature (Tn) 1960-2020
Bolama Total precipitation (P) 1981-2020 11.60 —15.48 20
Maximum temperature (Tx) 1981-2014
Minimum temperature (Tn) 1981-2014
Bafata Total precipitation (P) 1981-2020 12.17 -14.67 20
Maximum temperature (Tx) 1981-2017
Minimum temperature (Tn) 1981-2017
Daily observation series
Station Climatic parameters and abbreviation Period Latitude (° )  Longitude (° ")  Altitude (m)
Bissau/Observatory  Total precipitation (P) 1981-2020 11.85 -15.6 43
Maximum temperature (Tx) 1981-2020
Minimum temperature (Tn) 1981-2020
Bolama Total precipitation (P) 1981-2020 11.60 —15.48 20
Maximum temperature (Tx) 1981-2020
Minimum temperature (Tn) 1981-2014
Bafata Total precipitation (P) 1981-2020 12.17 -14.67 20
Maximum temperature (Tx) 1981-2017
Minimum temperature (Tn) 1981-2017

recent series 1981-2020 to calculate the daily climate indices. The data used in this study are
accessible through official contact with National Institute of Meteorology of Guinea-Bissau.

2.3. Quality control

Several methodological procedures were applied to verify the quality of the climatological series,
including the use of CLIMPACT?2 software operational functions, recommended by a panel of
experts from the World Meteorological Organization (https://climpact-sci.org/about/project/).

Gaps (missing values) were checked by automatically counting the number of days without
registration during a year. In this verification, Bissau/Observatory station did not present any
missing data in each of the observed parameters. Bafata station does not present any maximum and
minimum temperature data in 2018 and 2019 and presented 24.6% of gaps in 2020, corresponding
to 3 months of observation. Finally, concerning the Bolama station, anomalies were observed in the
minimum temperature values for 2015-2020, corresponding to 15% of the data, which were
considered faulty and excluded from the analyses.

Four homogeneity tests were used to detect possible inhomogeneities in the precipitation and
temperature data series. The tests were the Pettitt test, the SNHT test, the Buishand test and the Von
Neumann test (Ahmad & Deni, 2013; Piticar & Ristoiu, 2012) under null (HO) or alternative (Ha)
hypothesis according to the presence of a trend throughout the series. When analyzing the results of
these tests, the p-value corresponds to the significance level of the trend. As commonly adopted, if
the p-value is less than 0.05 (8), the null hypothesis (HO) is rejected in favor of the alternative
hypothesis (Ha) and the test result is declared statistically significant. On the contrary, if the p-value
is greater than this value, is accepted the alternative hypothesis.

The tests were carried out using the XLSTAT tool (Begum & Najim, 2020). Homogeneity tests
were conducted on the temperature series, specifically on the monthly mean maxima and monthly
mean minima values. For precipitation, the tests were applied to two series: the count of days with
precipitation equal to or exceeding 1 mm during the rainy months of the year, and the series of
monthly precipitation.
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Table 2. Temperature indices used in this study.

N Indices Description Unit
1 dtr Mean annual difference between daily TX and daily TN °oC
2 su Annual number of days when TX > 25 degrees_°C Days
3 Tmm Annual mean daily temperature °oC
4 tnx Annual warmest daily TN Days
5 tr Annual number of days when TN > 20 degrees_°C Days
6 TXge30 Annual number of days when TX > 30 degrees_°C Days
7 TXge35 Annual number of days when TX > 35 degrees_°C Days
8 txx Annual warmest daily TX oC
9 tx90p Annual percentage of days when TX > 90th percentile Days
10 wsdi2 Annual number of days with at least 30 consecutive days when TX > 90th percentile Days
1" thm Annual mean daily minimum temperature oC
12 tnn Annual coldest daily TN oC

Table 3. Precipitation indices used in this study.

Ne indices Description Units
1 cdd Maximum annual number of consecutive dry days (when precipitation < 1.0 mm) Days
2 cwd Maximum annual number of consecutive wet days (when precipitation > 1.0 mm) Days
3 prcptot  Annual sum of daily precipitation > 1.0 mm Days
4 r1IOmm  Annual number of days when precipitation > 10 mm Days
5 r20mm  Annual number of days when precipitation > 20 mm Days
6 r30mm  Number of days when precipitation > 30 Days
7 r95p Annual sum of daily precipitation > 95th percentile Days
8 95ptot Mean intensity of precipitation events above the 95th percentile mm
9 rx1day Maximum annual 1-day precipitation total mm
10  rx3day Maximum 3—day precipitation total mm
1 rx5day Maximum annual 5—day precipitation total mm
12 sdii Annual total precipitation divided by the number of wet days (when total precipitation > 1.0 mm) mm

2.4. Calculating indices and trend analysis

Regarding the firstly above-mentioned task, the Climpact tool (https://climpact-sci.org/) was used
to calculate extreme climate indices (Gbode et al., 2019; Santos et al., 2019). The selected climate
indices were based on the indices recommended by the panel of experts on climate change
detection, monitoring, and indices (ETCCDMI) (Bedoum et al., 2017; Reis et al., 2020; Yin &
Sun, 2018), as well as considering the relevance that these indices assume in the context of
agroclimatic conditions for rice crop. Temperature extreme indices used in this study are detailed
in Table 2, while Table 3 specifies the list of daily precipitation extreme indices.

To evaluate the trends of the selected indices, the non-parametric Mann-Kendall test was
applied. This test was used in numerous studies, such as Reis et al. (2020), Santos et al. (2019).
To evaluate the magnitude of the trends, Sen’s slope estimator was used (Rathnayaka et al., 2021;
Sen, 1968), through the MAKESENS tool, accessible at https://en-beta.ilmatieteenlaitos.fi/make
sens. The MAKESENS tool incorporates the parameters that allow calculating the Mann-Kendall
test under the null (HO) or alternative (Ha) hypothesis at the 5% significance level and the
magnitude of the trend using the Sen slope estimator. The variation in trend is considered
significant when the obtained p < 0.05, otherwise, it is not significant.

3. Results and discussion
3.1. Precipitation trends

The study of the evolution of precipitation in Guinea-Bissau over the longer period 1960-2020
reveals that, despite the slight reduction observed in Figure 3 in each of the three meteorological
stations, no significant trend was detected. In a more detailed analysis, in addition to this general
trend of decreasing precipitation throughout the climatological series, it is possible to identify three
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Figure 3. Interannual precipitation variability (1960-2020). (a) Bissau/Observatory; (b) Bolama; (c) Bafata.

particular periods: the first period corresponds to 1960-1967, characterized as being the wettest
period of the entire series; the second period is defined by the years 1968-1990, characterized by
a greater predominance of dry years, such as the years 1968 (Figure 3, a—c), 1972 (Figure 3 b, ¢),
1977 and 1984 (Figure 3 a, b) and 1981 and 1982 (Figure 3, c); finally, the third and final period

Table 4. Estimated trends (by decade) of total monthly precipitation, for the three studied stations, over the period 1960 to 2020.

1960 -2020 Bissau/Observatory Bolama Bafata
Mean change by Mean change by Mean change by
precipitation  decade (mm; precipitation decade (mm; precipitation decade (mm;
Months Parameter (mm) %) (mm) %) (mm) %)
May Monthly 20,2 —0.6 (—3%) 29,3 —-0.8 (—2.7%) 25,7 —1.3 (-5.6%)
precipitation
June Monthly 145,5 —4.2 (-2.9%) 193,6 —4.5 (-2.3%) 140,2 —4.7 (-3.4%)
precipitation
July Monthly 393,4 —10.0 (—2.5%) 535,6 —10.2 (-1.9%) 275,9 —8.1 (-2.9%)
precipitation
August Monthly 512,3 —18.6+ (—3.6%) 643,6 -7.1 (-1.1%) 361,4 —3.7 (-1.0%)
precipitation
September Monthly 384,7 2.2 (+0.6%) 4179 0.7 (+0.17%) 3313 5.3 (+1.6%)
precipitation
October Monthly 154,5 —1.2 (-0.8%) 191,4 0.2 (+0.1%) 154,7 —4.7 (-3.0%)

precipitation

+Significant at p < 0.1.
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corresponds to 1991-2020, and presented a stronger precipitation variability and also a greater
frequency of wet years, revealing a relative increase in precipitation in this Western Africa region.

The results of the Mann-Kendall test and the Sen slope estimator (Table 4) concerning to the
series of total annual and monthly precipitation in the period 1960-2020 for the months that
correspond to the rainy season (May to October) reveal, in the three stations, a tendency for
precipitation decrease in almost all months, except September and October - in this last case, except
Bolama. The trend of decreasing precipitation over the period 1960-2020 only reached statistical
significance in August in Bissau/Observatory, representing a decrease in monthly precipitation of
18.6 mm per decade. In a general analysis, it should be noted that the greatest reductions in
precipitation were recorded in July and August, considered the rainiest months of the entire year
(Table 4).

The availability of daily data for the period 1981-2020 made it possible to carry out a detailed
analysis of the evolutionary behavior of extreme precipitation indices over the last 40 years. As for
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Figure 4. Interannual variability of precipitation indices in Guinea-Bissau over the period 1981 to 2020. (A: Bissau/Observatory; B:
Bolama; C: Bafata; PRCPTOT: Annual sum of daily precipitation > 1.0 mm; CDD: Maximum annual number of consecutive dry days
(when precipitation < 1.0 mm); RX5DAY: Maximum annual 5—day precipitation total; SDII: Annual total precipitation divided by
the number of wet days (when total precipitation > 1.0 mm).
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Table 5. Estimated trends (by decade) of precipitation indices, for the three studied stations, over the period 1981 to 2020.

1981 -2020 Bissau/Observatory Bolama Bafata
Indice change by decade (days; mm) change by decade (days; mm) change by decade (days; mm)
cdd 37 0.42 5.17*
cwd 0.0 2.35%* -0.56
prcptot 42.0 51.58 82.6%*
ri0mm 0.4 0.59 1.57*
r20mm 0.5 0.65 2.371%**
r30mm 0.4 0.00 2.22%**
r95p 29.5 55.67 52.70*%
r95ptot 1.5 2.57 2.92*
rx1day 0.4 11.72 9.79**
rx3day 0.7 8.17 11.94 ***
rx5day 7.7 10.07 15.85%**
sdii 0.6 -0.14 1.971%%*

*Significant at p < 0.05; **Significant at p < 0.01; ***Significant at p < 0.

the total annual precipitation (PRCPTOT), represented in Figure 4, the Bissau/Observatory station
(Figure 4.A-1) and Bolama (Figure 4.B-1), present an increase of 51.8 mm and 42.0 mm/decade,
respectively, while Bafata (Figure 4. C-1) shows a significant increase of 82.6 mm/decade.

The annual maximum number of consecutive days without or with precipitation <1.0 mm
(CDD) tends to increase in almost all areas. A significant increase was observed in Bafatd
(Figure 4.C-2), but the same was not observed in Bissau (Figure 4.A-2) and Bolama (Figure 4.
B-2). The maximum annual precipitation on five consecutive days (RX5day) showed a significant
increase in all three locations, although only at the Bafata station (Figure 4.C-3) did this increase
have statistical significance. Similar evidence of a positive trend (increase) was also found in relation
to the indices R10 mm, R20 mm and R30mm corresponding to the annual number of days in which
precipitation is 210 mm, 220 mm and =30 mm respectively, as well as the indices r95P, 95ptot,
preptot, r x 1 day and r x 3 day. In the period 1981-2020, there is, therefore, an increase in the
frequency of intense daily precipitation in the three stations, but with a stronger signal, and with
unequivocal statistical significance in Bafata, the most inland location.

As for precipitation intensity (SDII), a significant increasing trend was detected in Bafatd
(Figure 4.C-4). The index corresponding to the annual maximum of consecutive wet days or with
precipitation 21.0 mm (CWD) tended to increase significantly in Bolama and decrease significantly
in Bafatd, whilst in Bissau no changes were detected. Table 5 summarizes the climatic precipitation
indices and their variations as well as their significance, while Figure 4 demonstrates the variability
of some precipitation indices and their evolution trends.

3.1. Temperature trends

Table 6 summarizes the trends in the monthly temperature indices over the long-term period of
analysis (1960-2020) and annual average for the same period. This table reveals that 82% of the
estimated trends point to a warming evolution over these 61 years, and it should be noted that in
54% of them, the trends are statistically significant. Positive trends (warming) are observed in every
month of the year. It is in Bissau/Observatory that the warming trends are strongest, reaching
variations per decade that are always stronger in the case of average maximum temperatures (TX)
than in average minimum temperatures (TN). For TX, the estimated highest changes by decade
surpassed 0.3°C in March, July, August, September, and December, while the changes for TN varied
between 0.15°C and 0.25°C.

The annual series of TN and TX show significant trends of increase in Bissau (coastal zone, TX=
+0.26°C and TN= +0.18°C per decade) and Bafatd (continental zone, TX= +0.16°C and TN=
+0.15°C per decade), while in Bolama (Bijagds islands) there were no significant trends.
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Table 6. Summary of the trends of temperature indices for the period 1960-2020. TX: monthly average of maximum temperature;
TN: monthly average of minimum temperature.

Meteorological stations

Bissau/Observatory Bolama Bafata
Months Parameter change by decade (°C) change by decade (°C) change by decade (°C)
January > 0.22%** —-0.03 0.013
N 0.11+ 0.19+ 0.34*
February X 0.30%** 0.08 0.010
N 0.28** 0.18* —-0.07
March X 0.32%** —0.03 0.000
N 0.25* 0.27*** 0.1
April X 0.11+ —0.05 0.019%*
N 0.17* 0.08 0.07
May X 0.14* —0.03 0.011
N 0.08 —-0.06 0.00
June X 0.26*** 0.11** 0.022*
TN 0.22%** —-0.05 0.20%*
July X 0.33*** 0.08+ 0.017**
N 0.24%** —-0.10% 0.22%*
August X 0.32%** 0.07+ 0.024%**
N 0.16** 0.00 0.00
September X 0.34*** 0.08* 0.017**
N 0.15* 0.04 0.09+
October X 0.26*** 0.09* 0.015**
TN 0.271%** 0.12 0.12+
November X 0.26*** 0.00 0.020**
N 0.12% 0.00 0.27%*
December X 0.36*** 0.05 0.007
TN 0.22%* 0.22* 0.05
Year X 0.26*** 0.03 0.16 **
N 0.18** —-0.01 0.15%*

+Significant at p < 0.1; *Significant at p < 0.05; **Significant at p < 0.01; ***Significant at p < 0.

Table 7. Summary of the trends of daily temperature indices for the period 1981-2020.

1981 -2020 Bissau/Observatory Bolama Bafata
Indice change by decade (days) change by decade (days) change by decade (days)
dtr 0.31* -0.14 0.56*
su 0.00 0.00 0.00
tmm 0.18* —0.19%** —0.09
tnx 0.15 -0.16 —-0.6*
tr -3.39 —24.96%** -18.68
TXge30 13.82%** 5.00 3.83%*
TXge35 8.00% 0.00 5.00*
txx 0.19 -0.25 -0.17
tx90p 3.18%** 0.50 1.14
wsdi2 6.67*** 1.03 3.4
tnm 0.03 —0.39%** -0.30
tnn —0.83* —1.30*** 0.00

*Significant at p < 0.05; **Significant at p < 0.01; b ***Significant at p < 0.

The availability of daily data for the period 1981-2020 allowed the computation of trends
of daily temperature indices for the three analyzed meteorological stations. The results are
shown in Table 7 and selected trends can be observed in Figure 5. The overall warming
trends described over the longer period (1960-2020) encompass some relevant features
within the more recent decades that must my highlighted. The frequency of hot days
(TXge30) and very hot days (TXge35) increased in each of the locations, with a stronger
magnitude in Bissau/Observatory (+14days and 8days per decade respectively).
Accordingly, the duration of the longest warm spell has also increased in all stations,
again with a more expressive change in the station located in the capital (Bissau/
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Figure 5. Interannual variability of temperature indices in Guinea-Bissau over the period 1981 to 2020. (A: Bissau/Observatory; B:
Bolama; C: Bafatd; TXge30: Annual number of days when TX > 30°C; TXge35: Annual number of days when TX > 35 degrees_°C;
dtr: Mean annual difference between daily TX and daily TN.

Observatory). Another change that must be noted is the increase in the mean diurnal
temperature range (Mean annual difference between daily TX and daily TN), which has
also increased both in Bissau and Bafatd (with statistical significance), while in Bolama the
change was not significant.

The absolute minimum temperatures decreased over the 1981-2020 in the coastal areas of the
country (Bissau and Bolama) by 0.83°C and 1.30°C per decade, respectively, while in the continental
area (Bafatd) there was no change.

3.3. Discussion

In its report (IPCC et al., 2022), the IPCC points out an increase in average annual temperatures of
1-3°C since the mid-1970s, and in Africa, this increase was most significant in the Sahara and the
Sahel. The research carried out here demonstrated that the global climate changes that planet Earth
is currently facing are also quite evident in Guinea-Bissau. Extreme weather events are increasingly
frequent and intense across the entire territory. It’s important to note that the scope of the results in
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this study was somewhat limited by the number of available meteorological stations with long-term
data and their scarce spatial distribution across the national territory. Inevitably, the small number
and uneven distribution of available national meteorological stations brings some uncertainty in the
analysis of climate trends and their spatial patterns (Xu et al., 2017; Zhou et al., 2023).

In the present investigation, the monthly average maximum temperatures showed significant
increasing trends in the period 1960-2020, especially in the months that coincide with the different
phases of the development of the mangal rice plant (June to November), while the monthly average
minimum temperatures also followed the same increasing trend (except for June and July, in
Bolama). As maximum temperatures continue to rise during critical stages of rice development,
this crop will inevitably suffer, leading to adverse effects on production. This may jeopardize the
food sovereignty of the peasant communities reliant on rice farming for their sustenance. With the
rise in monthly temperatures, the average annual maximum and minimum temperatures have also
increased over the same period. The detected trend of increasing maximum and minimum
temperature in Guinea-Bissau over the period 1960-2020 is in line with regional trends identified
in other studies focused on West Africa, such as USAID (2018), Barry et al. (2018) and the IPCC
report (2022). Other studies conducted in different regions of the world also indicate an increase in
annual average maximum and minimum temperatures, such as Fante and Neto (2017) and Shen
et al. (2018).

The analysis of the evolutionary behavior of days in which maximum temperatures equal or
exceed 30 and 35°C demonstrated an increasing trend throughout the climatological series (1981-
2020), and the magnitude of the trends were more visible and statistically significant in Bissau (13
and 8 days, respectively) and Bafata (4 and 5 days, respectively) than in relation to Bolama. These
results are in line with those obtained by (Moron et al., 2016), who estimated an increase in the
frequency of days with a maximum temperature above 35°C from 1 to 9 days, per decade, in West
Africa, in the period 1961-2014. The detected increasing trends of hot and very hot days in the
current study may represent detrimental impacts on rice cultivation in Guinea-Bissau since
temperatures above 35°C can be harmful causing the abortion of rice flowers and a higher
percentage of the sterility of spikelets (Chauhan et al., 2017; Yoshida, 1981; Zingore et al., 2014).
On the other hand, the annual percentage of days in which the maximum temperature is above the
90" percentile (TX90P) also showed an increase across the entire territory, showing the most
significant increases in Bissau and Bafatd. Rising temperatures accelerate plant evapotranspiration
(Kim et al., 2013), which, when combined with decreased precipitation, worsens water stress. This
situation can potentially have detrimental impacts on crops, resulting in production losses.
Additionally, it contributes to the depletion of river flows and groundwater reserves, which serve
as vital sources of drinking water for the population.

Less expectably, it was found that the absolute minimum temperatures (tnn) showed
a significant decreasing trend in Bissau and Bolama. Nevertheless, this result is in line with the
results of Barry et al. (2018), who identified trends of decrease in absolute minimum temperature in
3% to 4% of the time series studied in West Africa (period 1960-2010), especially in northern Togo
and northwestern Nigeria. Possible causes of this behavior are not clarified, and may be related to
the effects of changes in land cover or decadal variations in regional atmospheric circulation
(Mupangwa et al., 2023).

Regarding the evolution of total annual precipitation (1981-2020), an increase of 42,0-82.6 mm/
decade was detected in the study, being significant in Bafatd, contrary to what was found in the
longer climatological series — 1960-2020, where a slight decreasing behavior was observed. In fact,
the period of the 70s was predominantly dry in West Africa (Djossou et al., 2017; Nouaceur &
Murarescu, 2020) while the most recent series, from 1981 to 2020, exhibited a slight increase,
denoting a return of precipitation in the region (Barry et al., 2018; Descroix et al., 2015; Nouaceur &
Murarescu, 2020).
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The results at the monthly scale in the present study are coherent with those related to annual
precipitation. In the period 1960-2020, there was a slight decline in monthly precipitation in every
studied stations. Nevertheless, this decrease was only statistically significant in August in Bissau.

This recent trend of observed increased precipitation has also been described for many West
African countries, reinforcing evidence that the region has experienced a return to wetter condi-
tions since the end of the last millennium (Barry et al., 2018; Blunden & Boyer, 2021; CDKN &
ACDI, 2022, 2015; Dike et al., 2020; Nkrumah et al., 2019; Sylla et al., 2016). The causes of the return
of precipitation in the Sahel and West Africa may be related to the surface temperature of the North
Atlantic Ocean (Nouaceur & Murarescu, 2020) or explained by anomalies in atmospheric circula-
tion on a planetary or regional scale (Biasutti, 2019; Nouaceur & Murarescu, 2020), linked to the El
Nifio-Southern Oscillation (ENSO) phenomenon (Emmanuel, 2022; Henchiri et al., 2021). On the
other hand, the IPCC (2022) in its report (climate change, 2022) describes the negative trends and
increased interannual variability of precipitation observed between 1960 and 1980 in western
Africa, a period that includes the drought years 1970-1973 observed in the 1960s (Rodier &
Roche, 1973). This reduction in precipitation described in the IPCC report (2022) between the
years 1960-1980 is an aspect with which the results obtained in the present investigation also
converge about the evolution of precipitation over a longer period (1960-2020).

The last set of findings of the current research concerns daily precipitation indices. An increase
in consecutive days without rain was also noted, especially in Bissau and Bafata in the 1981-2020
climatological series, to the detriment of wet days, and at the same time, an increase in total
precipitation and its intensity in almost the entire country., in agreement with what was observed by
Barry et al. (2018). Concerning the maximum annual precipitation of 5 consecutive days (RX5day),
an increase was found between 8 and 16 mm/decade, which was significant only in Bafata, and the
annual number of days with precipitation greater than 10 mm and 20 mm (R10mm and R20mm)
recorded an increase between 0.4 and 2.3 days/decade, respectively, which leads to the realization
that, despite the decrease in the number of wet days during the rainy season, the annual total is
offset by very rainy days, translated by the significant increase of precipitation intensity (SDII).

These results are in line with those observed by Dike et al. (2020), in Nigeria, between the period
1975-2013, who identified an increase in total annual precipitation (PRCPTOT), from the max-
imum annual total of 5 consecutive days (RX5day), and precipitation intensity (SDII). Likewise,
Barry et al. (2018) also estimated the increase in the RX5day indices at 7.1 mm/decade, R10mm at
1.3 days/decade and R20mm at 0.2 days/decade, between 1981 and 2010, in West Africa.

Intense rainfall, often leading to flooding, poses significant challenges to crop development. The
stress induced by excess water results in agricultural production losses, reducing tillering and the
photosynthetic area as crops become saturated (Daku et al., 2022; FAO, 2003, 2018). Conversely,
drought or prolonged rainfall interruptions impact all crop stages, causing leaf curling, scorching,
stunted growth, delayed flowering, spikelet and panicle sterility, and incomplete seed filling, ultimately
reducing yields (FAO, 2018; PhilRice, 2014). The shortening of rainy season disrupts agricultural
activities, especially affecting rice cultivation (Ayanlade et al., 2018; Diedhiou et al.,, 2018; USAID,
2018). This disruption particularly hampers the growth phases of long-cycle rice varieties, which
necessitate more water and time for their development (van Oort & Zwart, 2018). Consequently, there
is a notable drop in rice production (Padhy et al., 2022), increasing the risk of food insecurity.

The recent climate changes identified in Guinea-Bissau in this research are likely to cause
important impacts in different areas, in particular on agriculture and ecosystems in mangrove
regions, but also on human health.

The reduction in total rainfall and its irregularity in the country can impact the mangrove rice
crop, which needs enough water for the leaching of salt in the plots for a good development of the
crops. Mangrove ecosystems, due to their location between the sea and the mainland, will be
impacted by rising temperature trends because this phenomenon is related to sea level rise that will
flood the mangroves and if they exceed the physiological tolerance of the trees, and impact will be
even greater (Lovelock et al., 2015).
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According to the IPCC, by 2023, in all regions, the increase in extreme heat will result in human
mortality and morbidity. Changes in temperature and precipitation affect the availability of food
and water, increasing the risk of malnutrition and starvation. Extreme rainfall causes incidences of
waterborne and vector-borne diseases (Coates et al., 2020), diarrheal diseases, and cholera (WMO,
2022). Rising temperatures in West Africa will increase malaria in some parts and decrease in other
parts and increase cardiovascular and respiratory diseases and strokes (CDKN & ACDI, 2022).

Maximum temperatures have increased over the last 40 years (1981-2020), and the occurrence of
periods of extreme heat could mean that harmful temperatures were recorded at certain stages of
the development of rice cultivation.

Regarding the effects of recent climate change on agriculture and the cultivation of
mangrove rice in the coastal regions of Guinea-Bissau, several adaptation strategies and
measures can be explored. According to Hussain et al., (2022) and Padhy et al, (2022),
these adaptation measures that be carried out by the peasants include four main issues:
adjustments of cultivation dates; use of climate forecasts for planning agricultural activities;
choice of cycle varieties suitable for each rain season; and development of protective dike
structures resistant to rising sea level. On the other hand, it is very important that the
entities responsible for national agricultural policy can support investment in rice cultivars
with higher yields and tolerance to salt and water stress.

4. Conclusion

The study of the evolution of annual and monthly precipitation in Guinea-Bissau over the period
1960-2020 reveals a slight decreasing trend throughout the climatological series, contrary to the
monthly average maximum and minimum temperatures that show significant increasing trends for
the same period.

Despite rainfall showing an increasing trend in Guinea-Bissau between 1981-2020, the irregu-
larity in terms of start and end dates of the rainy season constitutes a major threat for farmers when
it comes to planning agricultural activities and selecting varieties adaptable to each rainy season.
The intensity of rain in short periods and the maximum daily rainfall also registered a significant
increase, which can aggravate the risk of floods that inundate rice fields and other crops, making
agricultural activities even more difficult.

The annual averages of TX and TN (1960-2020) show significant trends of increase in
Bissau and Bafata and no significant trends in Bolama, while mean monthly TN and TX
especially during the rainy season (June to October) for de same period, show significant
trends of increase for all locations.

On the other hand, the annual number of days when TX =30 and 35°C over the last 40 years
(1981-2020) have increased in all seasons with a very significant upward trend. Periods of extreme
heat could mean that harmful temperatures are recorded at certain stages of the development of rice
cultivation and short-cycle varieties may eventually be affected by the increase in extreme max-
imum temperatures, with possible effects on reducing its vegetative cycle and consequently,
generating lower productivity.

Rice farmers in Guinea-Bissau are faced with complex challenges arising from climate
change. Some of the possible adaptation strategies are within their reach, while others require
government involvement for their implementation and eventually support by regional and
international institutions.

This research should continue through a more in-depth study of changes in the length of the
rainy season and its potential implications for rice production in this West African country.
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