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Abstract: Africa is becoming one of the most sensitive and vulnerable regions of the global ecosys-
tem due to its variable climate, complex topography, and diversity of natural ecosystems. In the
context of global warming, climate change not only alters the spatial distribution of temperature
and precipitation in North Africa, but also affects the spatial distribution of vegetation as well as the
structure and function of ecosystems, causing changes in the North African ecosystem and inducing a
series of food security problems. In this regard, this paper analyzed the spatio-temporal distribution
of climate change, climate production potential (CPP), and influencing factors in Africa based on
meteorological data for 1901-2019, using the Thornthwaite Memorial model, Mann-Kendall mutation
test, and Pearson correlation model. The results indicated that from 1901 to 2019, the CPP in North
Africa decreased by 4.9%, while the region’s precipitation experienced a decline of 5.2%. The phased
trend in CPP was consistent with the change in precipitation. Temperature and precipitation were
the main limiting factors for CPP in North Africa, with precipitation being more limiting. In general,
North Africa’s CPP was more sensitive to precipitation, and a continued ‘warm and dry’ climate in
the future could lead to an increasing downward trend.

Keywords: climate change; climate potential productivity (CPP); Thornthwaite Memorial model;
climate propensity rate; Mann-Kendall test; correlation analysis

1. Introduction

Global climate change is one of the most complex challenges facing humanity in the
21st century and is already having widespread and significant impacts on humans and
natural vegetation [1]. Climate warming is becoming increasingly evident, causing surface
temperatures and air temperatures to be significantly higher than in the past. Agriculture
is one of the industries most directly affected by climate change, with both temperature
and precipitation having a significant impact on its production. The uncertainty of climate
change has increased the frequency of meteorological disasters, which in turn pose a threat
to agricultural production as well as food security [2]. The impact of this is detrimental
to some regions, particularly those with poor adaptive capacity and unusually vulnerable
production.

Africa is becoming one of the most sensitive and fragile areas of the global ecosystem
due to its variable climate, complex topography, and diversity of natural ecosystems. Lo-
cated near the Tropic of Cancer, North Africa has an arid climate with scarce precipitation
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and is home to the world’s largest desert, the Sahara Desert. In the context of global warm-
ing, climate change not only alters the spatial distribution of temperature and precipitation
in North Africa, but also affects the spatial distribution of vegetation as well as the structure
and function of ecosystems, etc., causing changes in the ecological environment of North
Africa and inducing a series of food security problems. The agriculture sector plays an
important role within the North African countries, contributing at least 10% to each na-
tional gross domestic product (GDP) of the region. Despite this, there has been a persistent
imbalance between agricultural production and population demand in North Africa, with
significant shortfalls in agricultural production [3]. Countries such as Morocco, Algeria,
and Egypt have been ‘areas of high food seismicity’ [4]. The 2008 food crisis that hit North
Africa marked a turning point. In the aftermath of the food crisis, agriculture returned
to the forefront of national and international attention and governments began to make
commitments to food security and agricultural development [3]. The secure production of
food in Africa is therefore of great significance for food security. Studying the changing
climate potential productivity in North Africa can provide a reliable basis and reference for
achieving high-quality, high-yielding, and efficient agricultural production patterns.

Climate potential productivity (CPP) refers to the highest possible biological or agri-
cultural yield per unit area when soil and nutrient conditions are optimal and climatic
resources such as temperature and precipitation are fully and rationally utilized [5-10].
CPP is an important indicator for the scientific evaluation of regional food production
capacity and can reflect the support of crop production by climatic resources in different
regions [11]. Exploring the CPP, which reflects the different and mutually coordinated
degrees of meteorological factors, not only allows for the prediction of vegetation potential
productivity, but also allows for the prediction of future developments based on climate
change trends and is one of the bases for assessing agro-climatic resources [12].

Many researchers have carried out theoretical and experimental analyses on CPP from
different perspectives. Constantinidou et al. [13] assessed the effects of climate change on
the yield of winter wheat in the eastern Mediterranean and the Middle East. Li et al. [14]
used the Miami model and the Thornthwaite Memorial model to calculate three climate-
induced potential productivities in Yunnan Province of China. Li et al. [15] compared CPP
and wheat production in China, Canada, and the USA. Gong et al. [16] analyzed the CPP of
soybean and explored the impact of climate change on soybean in the frigid region. Wang
et al. [17] estimated the CPP of grain production in Dongting Lake Basin, China. Zhang
et al. [18] studied the change mechanism and temporal and spatial variation characteristics
of the CPP in Guangdong Province, China.

Food security is an extremely crucial issue under climate change in Africa. In the
face of global warming, quantifying the change in CPP is of great significance for food
production planning. Therefore, with the help of meteorological data from 1901 to 2019 in
North Africa, this study calculated the CPP and its change. The aims of this study are: (1) to
examine the spatio-temporal characteristics of temperature, precipitation and CPP; (2) to
investigate major limiting factors of agricultural production in North Africa; and (3) to
provide a reference for improving agricultural productivity and sustainable development,
rational use of climate resources, and food production security. We hope our study can
make a contribution to decision-making on the formulation and implementation of climate
change response and adaptation policies in North Africa.

2. Materials and Methods
2.1. Study Area

North Africa is located on both sides of the Tropic of Cancer and refers mainly to
the countries located on the Mediterranean coast of northern Africa. Based on the map
of the world’s political regions and the geographical and geological characteristics of
Africa [19,20], this paper classified the seven countries of Morocco, Algeria, Tunisia, Libya,
Egypt, Sudan, and South Sudan into the geographical division of North Africa (Figure 1).
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Figure 1. Site map of North African countries.

2.2. Data Source

The meteorological data used in this paper (monthly temperature and monthly precipi-
tation data) are based on the climate dataset CRU TS v. 4.04 (https://www.uea.ac.uk/web/
groups-and-centres/climatic-research-unit/data (accessed on 15 February 2023)) produced
by the National Centre for Atmospheric Sciences (NCAS) in the UK. The study time period
is 1901-2019 and the spatial resolution is 0.5° x 0.5°. African country vector data are
from Natural Earth’s map of world regions (https://www.naturalearthdata.com/features/
(accessed on 8 April 2023)).

2.3. Methods

Climate tendency rate and MK trend analysis were used to analyze the spatio-temporal
characteristics of climate change. The Thornthwaite Memorial model was used to quantify
CPP data and to analyze the spatio-temporal variation characteristics of CPP in conjunction
with MK mutation analysis. Pearson correlation and a linear regression model of CPP,
temperature, and precipitation were then constructed in both the temporal and spatial
dimensions. The framework of the study is shown in Figure 2.
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Figure 2. Technical route of this research.

2.3.1. Climate Tendency Rate

The least squares method was applied to the temperature and precipitation data and
time series to calculate the linear regression coefficient 1, derive the change trend, and
construct a one-dimensional linear regression equation with the following formula:

X =uag+ aq 1

where &g is the regression constant, and t is the time series. The climate tendency rate is
usually expressed as 10 * a1, which means the change rate of climate per 10a.

2.3.2. Thornthwaite Memorial Model

In this study, the Thornthwaite Memorial model was selected to calculate the potential
productivity. The climate factors considered in the Thornthwaite Memorial model are rela-
tively simple and can better reflect the key factors affecting plant growth and development,
such as temperature, precipitation, and evapotranspiration [7,14,21]. This model provides
a more accurate estimate of CPP, which is calculated as follows [22]:

Yz = 3000 x (1 _ 670.0009695(ET720)) 2)

Er— 1.05P 3)

2
1.05P
1+ (—EL )

Er = 300 4 25T + 0.05T3 (4)
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where Y is the climate potential productivity (kg/hm?) (this unit indicates kilogram per
square hectometer per year). Et indicates the actual average annual evapotranspiration
(mm), and P is annual precipitation (mm). E; indicates the annual maximum evapotranspi-
ration (mm) and T is the mean annual temperature (°C).

2.3.3. Mann—Kendall Trend Analysis

Mann-Kendall (MK) trend analysis is suitable for analyzing time series data with a
continuous increasing or decreasing trend, is not disturbed by a few outliers, is suitable
for data that do not have a certain distribution, such as hydrology and meteorology, and is
easy to calculate [23,24]. The MK test has been widely used by scholars to analyze changes
in trends in multi-domain elements such as climate and hydrology over time series [25],
which can be calculated based on Equations (5)—(7)

n—1 n
S = k=1 Zj:k+1 Sng(X] — Xk) (5)

+1(X;— X;) > 0

Sgn(X] - Xk) = O(X] - Xk) =0 (6)
—1(X; - Xi) <0
ff‘l(s) S>0
ar
Z= S+1 S<0 @)

v/ Var(S)

The Mann-Kendall (MK) mutation analysis is widely used as a non-parametric sta-
tistical test method, which has the advantage that it does not need to follow a certain
distribution nor is it disturbed by outliers [23,24]. This study therefore used this method to
test for mutations in temperature and precipitation and trends in CPP. Specific methods are
described in References [26,27].

3. Results
3.1. Spatio-Temporal Variations in North African Climate
3.1.1. Temporal Variations in Temperature and Precipitation

To perform a linear analysis of the interannual variation in temperature in North Africa,
the mean annual temperature, mean annual maximum temperature, and mean annual
minimum temperature for North Africa from 1901 to 2019 were regressed to calculate the
climate tendency rate, where mean annual temperature is the average of the attribute values
for each image element of the annual temperature raster data, and mean annual maximum
(minimum) temperature is the maximum (minimum) value of the attribute values for each
image element of the annual temperature raster data.

The mean annual temperature, mean annual maximum temperature, and mean annual
minimum temperature in North Africa presented an overall upward fluctuating trend
(Figure 3). The mean annual temperature in North Africa has gradually increased at a
rate of 0.092 °C/10a since 1901, the mean annual maximum temperature has gradually
increased at a rate of 0.092 °C/10a, and the mean annual minimum temperature has
gradually increased at a rate of 0.099 °C/10a. The mean annual temperature and mean
annual minimum temperature in North Africa have increased by 0.78 °C and 0.71 °C,
respectively, since 1901. The climate tendency rates and values of increase indicate that the
North African region is warming, with the increase in mean annual minimum temperature
being particularly significant.
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Figure 3. Variations in mean annual temperature (a), mean annual maximum temperature (b), and
mean annual minimum temperature (c) in North Africa during 1901-2019.

With the aim of performing a linear analysis of the interannual variation in precipita-
tion in North Africa, the mean annual precipitation, annual maximum precipitation, and
mean annual precipitation for North Africa from 1901 to 2019 were regressed to calculate
the climate tendency rate. The mean annual precipitation is the average of the attribute val-
ues for each pixel of the annual precipitation raster data. The annual maximum (minimum)
precipitation is the maximum (minimum) value of each attribute of the annual precipitation
raster data.

The annual minimum precipitation in North Africa from 1901 to 2019 was less than
1 mm and was distributed in the Sahara Desert region (Figure 4). Mean annual precipitation
and annual maximum precipitation have demonstrated a fluctuating downward trend at
a rate of 0.939 mm/10a and 1.11 mm/10a, respectively. It can be seen that precipitation
has been declining in North Africa, with an overall decrease of 5.4%, with the decrease in
annual maximum precipitation being particularly significant.

3.1.2. Spatial Variations in Temperature and Precipitation

MK trend analysis and significance tests were performed on the mean annual tem-
perature and annual precipitation raster images for North Africa from 1901 to 2019 on an

image-by-image basis (Figures 5 and 6), and statistical tabulations of raster areas were
made (Tables 1 and 2).
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Figure 4. Variations in mean annual precipitation (a), annual maximum precipitation (b), and annual

minimum precipitation (c) in North Africa during 1901-2019.
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Figure 5. Mean annual temperature (a), MK trends (b), and significance tests (c) in North Africa
during 1901-2019.
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Figure 6. Mean annual precipitation (a), MK trends (b), and significance tests (c) in North Africa
during 1901-2019.
Table 1. Distribution of mean annual temperature and mean annual precipitation in North Africa
during 1901-2019.
Temperature Proportion of Proportion of the Precipitation Proportion of Proportion of the
Range (°C) Zoning Area (%) African Area (%) (mm) Zoning Area (%) African Area (%)
10-15 2.13 0.60 0-500 86.08 24.29
15-20 11.54 3.25 500-1000 10.78 3.03
20-25 51.29 14.47 1000-1500 3.07 0.86
25-30 35.04 9.88 1500-1600 0.07 0.02
28.2 28.2
Table 2. Significance of trends in mean annual temperature (%) and mean annual precipitation (%) in
North Africa during 1901-2019.
Temperature Precipitation
Sienificance Proportion of Proportion of the Sionificance Proportion of Proportion of the
& Zoning Area (%) African Area (%) & Zoning Area (%) African Area (%)
Extremely Extremely
significant 0 0 significant 23.29 6.56
decrease decrease
Significant 0 0 Significant 976 275
decrease decrease
Non-significant 0 0 Non-significant 51.64 1457
decrease decrease
Nor}-51gn1f1cant 0 0 Nor}-51gmf1cant 10.56 208
increase increase
Significant increase 0 0 Significant increase 241 0.68
. Extremely 100 282 . Extremely 2.34 0.66
significant increase significant increase
28.2 28.2

The mean annual temperature in North Africa from 1901 to 2019 was 23.22 °C. The
mean annual temperature of 20 to 25 °C is the most widely distributed, accounting for
51.29% of the area of North Africa and 14.47% of the overall area of Africa (Table 1).
Southern North Africa is located in the Sahara Desert, where the temperature is generally



Land 2023, 12,1710

90f17

higher than 25 °C, accounting for 35.04% of the area of North Africa and 9.88% of the
overall area of Africa. In the coastal areas north of the Atlas Mountains, the northernmost
part of the continent, the temperature is generally below 20 °C, accounting for 13.67% of
the area of North Africa and 3.85% of the overall area of Africa. In addition, the highest
mean annual temperatures were recorded in Sudan, South Sudan, and southern Algeria
(Figure 5a), with the lowest MK trend in Egypt (Figure 5b). The mean annual temperatures
in North Africa all revealed a highly significant upward trend (Table 2).

The mean annual precipitation in North Africa from 1901 to 2019 was mostly con-
centrated in the range of 0~1000 mm, accounting for 96.85% of the area of North Africa
and 27.32% of the overall area of Africa (Table 1). A total of 84.69% of the area showed
a decreasing trend in mean annual precipitation, with a highly significant decrease ac-
counting for 23.29% of the area of North Africa and 6.56% of the overall area of Africa
(Table 2), mainly in the Sahara Desert of North Africa and the eastern part of the Sudanese
steppe (Figure 6¢). Overall, trends in mean annual precipitation presented mainly insignif-
icant changes (Table 2). Among them, South Sudan received the highest mean annual
precipitation (Figure 6a). Except for South Sudan, the mean annual precipitation in all
other countries in North Africa is distributed in the range of 0-500 mm. This is probably
related to the extreme weather climatic events in South Sudan. Climate change affects
the variability of weather, exposing South Sudan to heavy rainfall, seasonal floods, and
droughts.

3.2. Spatio-Temporal Variations in North Africa’s CPP
3.2.1. Temporal Variations in North Africa’s CPP

For the purpose of a linear analysis of the interannual variation in CPP in Africa, this
paper performed a regression calculation of CPP for North Africa from 1901 to 2019. As
can be seen from Figure 7, the CPP of North Africa ranged from 2429.27 to 3924.05 kg /hm?,
which coincided with the distribution of precipitation. The CPP for North Africa decreased
at a rate of 15.88 kg/ (hm2 X 10a> , corresponding to an overall decline of 4.9%. This

decrease in CPP aligned closely with the concurrent 5.4% reduction in precipitation in
North Africa.

North Africa

y =-1.588x + 6568.1
R2 = 0.0474

limate production potential kg/(hm2xa

1 1 1

C
o
S
(=3
S

1901 191) 192} 1931 1941 1951 196} 197V 1981 1991 70V HONY
Year

Figure 7. Variations in climate potential productivity for North Africa during 1901-2019.

3.2.2. MK Mutation Test for Variations in North Africa’s CPP

The MK mutation test was used to analyze North Africa’s CPP to detect whether there
exists a mutation in the CPP series (Figure 8). Referring to Mann [23], the UFk versus
UBy plotted by MATLAB analysis indicates an upward trend in the study series if the UF
value is greater than 0, and a downward trend if it is less than 0. Based on a significance
level of & = 0.05, the critical value is +1.96. When the curve exceeds the critical value, it
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indicates a significant trend of change. If the intersection of the UFx and UBy curves occurs
and is between the critical lines, the time at which the intersection occurs is the mutation
time. If the intersection is not between the critical lines, the intersection does not pass the
0.05 test, so the time at which the intersection occurs is not mutational. The intersection
of the UF and UB curves for North Africa occurred in 1969 and lay between the critical
lines, indicating that the intersection passed the significance test at the 95% confidence
level and was the point in time when the mutation in CPP occurred. Before 1922, the UF
value was less than 0, indicating a decreasing trend in CPP. Between 1922 and 1972, the UF
value was greater than 0, indicating an increasing trend in UF. Thereafter, the UF value was

consistently less than 0, indicating a decreasing trend in CPP, with a significant downward
trend after 1988.

North Africa

6 T T T
UF statistics
***** UB statistics
4+ _
2 N
! ‘\ i i\
!
B v ’ A A
s (W b A ST \ [t
n ; f
CN f"
_2 iy N Mot AI\'.\\ 7 v.n
,.o\‘,.,/\-“ - ’¢ \.I \f’-l\,\/\v—f\/
4 .
_6 1 1 1 1 |
1920 1940 1960 1980 2000
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Figure 8. MK mutation test for climate potential productivity for North Africa during 1901-2019. UF
refers to a standard normal distribution, which is a sequence calculated according to time series. UB
is applied to the inverse sequence of the time series.

3.2.3. Spatial Variations in North Africa’s CPP

MK trend analysis and significance tests were performed on the raster images of the
CPP of North Africa during 1901-2019, element by element, and the results are shown in
Table 3 and Figure 9.

The mean annual CPP of North Africa for the period 1901-2019 was 3592.56 kg/hm?.
The CPP was mostly concentrated in the range 0-5000 kg/hm?, distributed around the
Sahara Desert, accounting for 40.84% of the area of North Africa and 11.52% of the overall
area of Africa. Below 0 kg/ hm? was concentrated in the Sahara Desert region, account-
ing for 32.23% of North Africa and 9.09% of Africa as a whole, mainly due to climatic
characteristics such as high temperatures and low precipitation. Over 5000 kg /hm? was
concentrated in the Atlas Mountains, accounting for 26.93% of North Africa and 7.59% of
Africa as a whole. In all, 79.43% of North Africa revealed a decreasing trend in CPP, of
which 19.58% was an extremely significant decrease, mainly in the Sahara Desert region
of Libya, Egypt, and Sudan. The overall trend was mainly non-significant, accounting
for 63.88% of the area of North Africa and 18.02% of the overall area of Africa, with a
predominantly non-significant decrease.
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Table 3. Distribution and significance of trends of climate potential productivity in North Africa
during 1901-2019.

Proportion of Proportion of the Proportion of Proportion of the
2 1% p s oif p P
CPP (kg/hm?) Zoning Area (%) African Area (%) Significance Zoning Area (%) African Area (%)
Extremely
-0 32.23 9.09 significant 19.58 5.52
decrease
0-5000 40.84 11.52 Significant 9.4 2.65
decrease
5000-10,000 11.96 3.37 Non-significant 50.45 14.24
decrease
—sionifi
10,000-15,000 7.31 2.06 Non-significant 13.43 3.78
increase
15,000-20,000 7.59 2.14 Significant increase 3.22 0.91
E 1
20,000 0.07 0.02 | oxtremely 3.92 11
significant increase
28.2 28.2
0° 20° E 40° F 0° 20° E 40° F 0° 20° F 40° F
a. Climate potential pl‘oducﬁviwj:\ b. MK trends }i c. Significance tests ﬂ
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Figure 9. Climate potential productivity (a), Mann-Kendall trends (b), and significance tests (c) for
North Africa during 1901-2019.

3.3. Response Analysis of North Africa’s CPP to Climate Change
3.3.1. Temporal Analysis of the Constraints on CPP

To explore the response of CPP to climate change, the correlation between CPP, tem-
perature, and precipitation in North Africa was analyzed using SPSS527 software (Table 4).
As seen in Table 4, CPP in North Africa exhibited a negative correlation with temperature,
with a correlation coefficient of —0.186. The correlation between CPP and temperature
passed the significance test of 0.05, indicating that although the correlation between CPP
and temperature was weak in North Africa, temperature was the main limiting factor
for regional vegetation growth. The correlation between CPP and precipitation was high
in North Africa with a correlation coefficient of 0.970 and passed the significance test,
indicating that precipitation was the main limiting factor for regional vegetation growth.
In general, temperature and precipitation were the main limiting factors for North Africa’s
CPP, with precipitation being the stronger limiting factor.
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Table 4. Correlation analysis of climate potential productivity with temperature and precipitation.

Geographic Zones

Temperature

Correlation Analysis Partial Correlation Analysis

Precipitation Evapotranspiration Temperature Precipitation

North Africa

—0.186 *

0.970 ** 0.985 ** —-0.072* 0.969 **

0°

Note: * and ** denote passing the significance levels of 0.05 and 0.01, respectively.

As can be seen in Table 5, for every 1 °C increase in temperature and 1 mm decrease in
precipitation, North Africa’s CPP decreased by 9.959 and 16.599 kg / (hm? x a), respectively.
The relationship between CPP, temperature, and precipitation depends to a large extent on
climatic conditions. In the case of North Africa, higher temperature has an inhibiting effect
on vegetation growth due to higher average annual temperature and lower precipitation.
Precipitation, on the other hand, has a facilitating effect in North Africa.

Table 5. Regression analysis of climate potential productivity with temperature and precipitation.

Geographic Zones Temperature

North Africa —9.959

Note: ** denote passing the significance levels of 0.01.

Precipitation

16.599 **

3.3.2. Spatial Analysis of Constraints on CPP

The correlation between CPP and temperature in North Africa from 1901 to 2019 was
mainly negative correlations, which accounted for 85.18% of the area of North Africa and
24.03% of the overall area of Africa (Table 6). As seen in Figure 10, positive correlations were
mainly concentrated in the southern Sahara Desert region of Algeria and Libya, probably
caused by the higher elevation of this region compared to the surrounding desert areas,
thus resulting in different environmental conditions for vegetation survival. The overall
CPP mainly indicated a very weak correlation with temperature, with a predominantly very
weak negative correlation, accounting for 50.18% of North Africa’s area. The correlation
between CPP and precipitation was mainly very strong positive in North Africa, which
accounted for 89.90% of the area of North Africa and 25.36% of the overall area of Africa.
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Figure 10. Correlation of climate potential productivity with temperature (a) and precipitation (b) in

North Africa during 1901-2019.
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Table 6. Correlation of climate potential productivity with temperature and precipitation in North
Africa during 1901-2019.

Temperature Precipitation
Correlation Proportion of Zoning Proportion of the Proportion of Zoning Proportion of the
Area (%) African Area (%) Area (%) African Area (%)
Very Strong Negatlve 0 0 6.57 1.85
Correlation
Strong Negatlve 0.42 0.11 0 0
Correlation
Moderate Negative 6.08 1.72 0 0
Correlation
Weak Neggtlve 28.50 8.04 0 0
Correlation
Very Weak Negatlve 50.18 14.16 3.53 0.99
Correlation
Very Weak Bos1t1ve 9.65 2.72 0 0
Correlation
Weak POS.lthe 3.67 1.04 0 0
Correlation
Moderate P951tlve 035 0.09 0 0
Correlation
Strong Po§1t1ve 0.28 0.08 0 0
Correlation
Very Strong l?osfuve 0.87 0.24 89.90 25.36
Correlation
28.20 28.20

4. Discussion
4.1. Effects of Temperature and Precipitation on CPP

Our study found that temperature and precipitation were the main climatic variables
affecting CPP, which agreed well with previous studies [28-31]. Precipitation plays a
stronger limiting role, suggesting that water resources are a major constraint to agricultural
development, which is consistent with other studies [32-37]. The main contributing factor
may be that North Africa has a particularly arid climate due to its location near the Tropic
of Cancer, which is controlled and influenced by the subtropical high-pressure zone and
the predominantly downward flow of air, making it a typical tropical desert climate and
a Mediterranean climate. Due to the dry and hot climate, there is little precipitation
throughout the year, making it difficult to form rivers and lakes, and therefore, water
sources are strained. Because of this, the problem of water sources has become a bottleneck
for the economic development of the North African region, especially for agricultural
production [32-37].

In this study, the results indicated that in the context of global warming, North Africa’s
temperature has continued to rise, and precipitation was characterized by significant spatial
variability, which fits well with previous studies [38,39]. The CPP was on a decreasing
trend. This may be due to the fact that the majority of the African population depends
on rain-fed agriculture and is heavily reliant on natural resources as a result of climate
extremes [40-42]. Meanwhile, North African countries have difficulty in building facilities
to cope with the adverse impacts of climate change due to poverty. Thus, in the context of
global warming, North Africa faces frequent climatic disasters such as high temperatures
and droughts, frequent water scarcity, and food security problems, and is severely impacted
by climate change [43,44]. Climate change is having a significant impact on the CPP of
North Africa, which is trending downwards.
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4.2. Study Limitations and Future Research

This paper still has some limitations in terms of data and models. Firstly, in the analysis
of the spatial and temporal characteristics and responses to climate change and CPD, the
analysis results may be inaccurate because the accuracy of the raster data cannot be fully
refined. Secondly, specific studies could be further conducted in the whole of Africa and
also on a global scale under climate change scenarios and models. Finally, the Thornthwaite
Memorial model primarily focuses on temperature and precipitation, lacking consideration
for other factors [45,46]. CPP is influenced by complex interactions between climate
and ecosystems. The Thornthwaite model’s simplicity may not capture these intricate
relationships adequately, leading to limited accuracy in estimating productivity [47,48].
The model requires the use of empirical coefficients and parameters, which can be subjective
and may need to be adjusted for specific regions, potentially leading to bias in the results.
In the future, more advanced methods will be adopted for assessing CPP, such as Dynamic
Vegetation Models (DVMs) [49-51], Eddy covariance (EC) flux data-driven models [52-54],
Satellite-based models [55,56], and Gross Primary Productivity (GPP) Models [57,58].

5. Conclusions and Policy Implications
5.1. Research Conclusions

Based on the Thornthwaite Memorial model, this paper explored the spatial and
temporal distribution of climate and CPP in North Africa during 1901-2019. From 1901 to
2019, the mean annual temperature in North Africa was generally on a highly significant
upward trend, and the mean annual precipitation in North Africa was on a non-significant
downward trend, with the climate in North Africa tending toward a ‘warm and dry” future.
The study also found that the CPP of North Africa was on a decreasing trend. Tempera-
ture and precipitation were the main climatic variables affecting CPP, with precipitation
playing a stronger limiting role, indicating that water resources are the main factor limiting
agricultural development in North Africa.

5.2. Policy Implications

If the CPP tends to decrease, this will be extremely detrimental to the development
of local agro-pastoralism. Combined with climate change, which poses a serious threat to
the rain-fed agriculture dominating most countries in the region [40—42,59], North Africa
needs to adopt predictable and preventive policies to protect food security. For example,
North Africa should establish food banks, adequate infrastructures, and efficient food
distribution channels to reduce food losses [3,41,60]. Furthermore, in response to the
scarcity of water resources, there is a need to develop water-efficient agriculture and to
promote cold- and drought-resistant crop varieties. Agricultural products have a certain
strategic importance for food security. Wheat (soft and durum) is currently used as the
staple diet in North African countries. Alongside wheat, cold- and drought-tolerant crops
such as millet, potatoes, highland barley, rye, and sugar beet can also be promoted in
North Africa.

Agricultural policies in North Africa have been neglected for a long time. The vision
of industrialization in an open economy has neglected the agricultural sector, and ODA
has focused only on sectors other than agriculture [60]. The central role of the agricultural
sector as an effective vector for resource conservation and an essential element in the fight
against poverty, hunger, and global warming calls for a mature policy that puts agriculture
first [61]. It is desirable to combine pro-poor strategies with food security policies to reduce
the closely related poverty and hunger. Particular commitment should be made to the
development of sustainable agriculture. Due to water and land resource constraints, some
countries in North Africa have developed intensive agriculture, such as the entire Nile and
Maghreb coastal areas in Egypt. And this type of agriculture has been criticized for its
extensive use of chemical inputs (fertilizers, plant protection, energy, and seeds) [62,63].
Agriculture is an important means of securing the right to food in North Africa. North
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Africa must therefore develop an alternative, viable, and sustainable agriculture, one that
aims to reconcile agriculture with the environment conducive to the biosphere [3].
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