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Abstract: Terrestrial ecosystem is highly sensitive to the global climate change especially the
changes in temperature and precipitation which are the dominant factors controlling plant
growth. African continent is one of the most regions vulnerable to global climate change,
rising the air temperature and changes in precipitation affect the continent net primary
productivity NPP. Here, we used the Thornthwaite memorial model and Climatic Research
Unit (CRU) climatic data to simulate the dynamic variations in terrestrial NPP of African
ecosystems driven by climate factors during 2001–2010. The results indicate that: for annual
climatic data, the main annual precipitation was positively correlated with mean annual NPP
(R20.99), while the mean annual temperature was negatively correlated with mean annual
NPP (R20.001). The mean annual precipitation and temperature show and increasing trend by
1.5mm/year and 0.01 respectively during 2001 to 2010. In regard to NPP, the Western and
Central Africa, dominated by tropical forests, which the most productive regions and
accounted for 50% of the carbon sequestered as NPP in Africa. Our results indicate that
warmer and wetter climatic conditions have resulted in a significant increase in African
terrestrial NPP during 2001–2010, with the largest contribution permanent wet land.
Keywords: Africa continent, net primary productivity and Thornthwaite memorial model.
Introduction
net primary productivity(NPP) has received more attention as an important component in the
ecosystem process which removes carbon dioxide CO2 from the atmosphere and stores it in
short-living, foliage, fine roots and long living (wood) tissues [6, 1]. NPP provides a measure
of the production activity or growth of terrestrial vegetation. NPP represents the net new
carbon stored as biomass in stems, leaves or roots of plants. It is the difference between the
carbon assimilated by plant leaves during photosynthesis and carbon expended through
respiration by leaves, stems and roots [46].
A number of studies have been conducted about the impact of climate change on NPP [29, 21,
7, 41, 49 and 17]. Nemani et al. [34] pointed out that climatic changes have eased multiple
climatic constraints on plant growth, and have increased NPP over large regions of Earth.
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Knapp and Smith [22] found a significantly positive correlation between NPP and
precipitation in their researches. Recently, threats to the terrestrial carbon cycle from climate
variability, CO2 fertilization, nitrogen deposition and human-controlled land use changes are
increasingly gaining concern [38, 22]. Early studies [12, 28 and 29] stated that changes in
patterns of terrestrial NPP are expected in response to the above mentioned factors, which
emphasizes the need for assessing sensitivity of terrestrial vegetation to climate variability
and natural and man induced disturbances [36]. Previous studies have predicted significant
carbon loss to the atmosphere from vegetation changes in response to global warming [33,
40]. Regional and global patterns of NPP and their relation to mean climatic factors (mainly
temperature and precipitation) have been described since the mid of last century [18, 37 and
24].
Africa is a continent increasingly recognized for its role in the global carbon cycle and has
been identified as one of the region’s most vulnerable to climate change and climate
variability [8, 32 and 20]. Understanding the response of NPP to environmental changes in
African ecosystems is particularly important because Africa is well known for its widespread
poverty, slow economic growth, and agricultural systems, which are particularly sensitive to
frequent and persistent droughts [44, 9].
Africa takes up about 20%of the earth’s land surface, and also contains about 20%of all know
n species of plants, mammals, and birds in the world, as well as one-sixth of amphibians and r
eptiles (Siegfried, 1989). And at the same time Africa has the highest annual population
growth rate in the world, at 2.3%in 2008 [43]. The population of Africa exceeded one billion
inhabitants in 2009 [43]. Africa has the lowest Gross Domestic Product GDP of any continent
and its economies rely mostly on natural resources, especially small-scale agriculture. In fact,
64% of people in sub- Saharan Africa are employed in the rural sector and an estimated 90%
of the continent’s population depends on rain-fed crop production and pastoralism to meet its
basic food supplies [19, 35 and 43].
In this study we use Thornthwaite memorial model to simulate changes in NPP patterns as
well as their response to climate factors in the African continent during 2001–2010. The
climate factors include temperature and precipitation. The main objectives of this study are (1)
to estimate the spatial patterns in terrestrial NPP in Africa, (2) to better understand
mechanisms controlling spatial and temporal patterns of terrestrial NPP, (3) to assess the
biome NPP response to changes in climate factors.
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Material and methods
Study area
Africa is the world's second-largest and second-most-populous continent. At about 30.2
million km2 (11.7 million sq mi) including adjacent islands, it covers 6% of the earth’s total
surface area and 20.4 % of the total land area. With 1.1 billion people as of 2013, it accounts
for about 15% of the world's human population. The continent is surrounded by the
Mediterranean Sea to the north, both the Suez Canal and the Red sea along the Sinai
Peninsula to the northeast, the Indian Ocean to the southeast, and the Atlantic Ocean to the
west (Figure 1).

Figure 1: The study area
Climate
The climate of Africa ranges from tropical to subarctic on its highest peaks. Its northern half
is primarily desert, or arid, while its central and southern areas contain both savanna plains
and very dense jungle (rain forest) regions. In between, there is a convergence, where
vegetation patterns such as Sahel and steppe dominate.
Temperature
Africa is hottest continent in the world. There is no excessive variation of temperature in the
continent, and it lying almost entirely within tropics, and equator. The desert region and
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lower plains of North Africa, experienced great heat, removed by the great width of the
continent from the influence of the ocean, thus the contrast between summer and winter, and
between day and night is great. The moisture brought from the ocean modified the extent of
the heat in the farther south portion of the continent, while in East Africa the range of
temperature is wider than in the Congo basin or the Guinea coast, as the result of the greater
elevation of a large part of surface. In extreme North and South the climate is a warm
temperate, the northern countries as the whole hotter and drier than those in the southern part
of the continent; the south part is narrower than the north part, the influence of surrounding
ocean is more felt.
Precipitation
The continent rainfall is highly variable; it is range from less than 100 mm/year in the Sahara
to 9.500mm/year in near mount Cameroon. Africa is the world’s hottest continent, and the
dry lands and desert cover about 60% of the land surface area. The main African deserts are
(Kalahari, Sahara, and Namibia). The rainfall zones are, however, somewhat deflected from
west to east direction, the drier northern condition extending south words along the coast, and
those of south north words along the west. Within the equatorial zone cretin areas, especially
on the shores of Gulf of Guinea and upper Nile basin, have intensified rainfall, with mean
annual rainfall of about 9.906mm. Annually, the rainfall belt across the continent marches
north word into sub-Saharan Africa by August, then moves back south word into southcentral Africa by March [42].
Data source and processing
Monthly mean precipitation and monthly mean temperature data from the global climate
dataset

CRU

TS

v3.22

the

climate

research

unit

(CRU),

(http://www.cru.uea.ac.uk/cru/data/hrg/cru_ts_3.22), [16], was used in this study to estimate
net primary productivity based Thornthwaite memorial model in African continent for the
time period 2001 to 2010. It consists of multivariate mean monthly climatology records at 0.5°
resolution for global land areas (excluding Antarctica) for the period 1901–2013. The CRU
TS 3.22 data are monthly gridded fields based on monthly observational data, which are
calculated from daily or sub-daily data by National Meteorological Services and other
external agents. The CRU has contributed to the development of a number of the data sets
widely used in climate research, including one of the global temperature records used to
monitor the state of the climate system, as well as statistical software packages and climate
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models. In this study, temperature and precipitation were adopted as two elements of climatic
data. Annual data was calculated from monthly data.
The MODIS land cover map (MCD12Q1) 2001 was derived from global land cover facility
website http://glcf.umd.edu/data/lc/.
NPP estimation method
To simulate African continent net primary productivity in this study we used Thornthwaite
memorial model, it was established based on the data used in Miami model but modified to
include Thornthwaite’s potential evaporation model [26]. In this study, we simulated
potential NPP using the Thornthwaite memorial model, which is expressed as follows:
NPP= 3000( .(

 )

Where NPP is the annual NPP (gC·m-2 ·yr-1), and V is the average annual actual
evapotranspiration (mm). The calculated equations are expressed as:
V=

.

 ( 

.
)


L= 3000+25t+0.05t3
Where L is the annual average evapotranspiration (mm), r is the annual total precipitation
(mm), and t is the annual average temperature (℃).
Correlation between NPP and climate factors
The Pearson correlation coefficient was employed to reflect the relationship between NPP
and climate factors, including mean annual precipitation MAP and mean annual temperature
MAT. The correlations between NPP and climate factors were obtained through the equation
of correlative analysis, which is expressed as follows:




 = ( − ̅ )( − ) ÷ !( − ̅ ) + ( − )




Where yi refers to climate factors (including MAP (mm) and MAT (℃) in year i; and 

represents the mean climate values over the years. When the correlation coefficient was
tested for significance (P, 0.01 or P, 0.05), it displayed an extremely significant or significant
linear correlation [15].
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Figure 2: Africa continent land covers types
Results
Spatial variation of terrestrial NPP in Africa continent during 2001 to 2010
The annual pattern of NPP estimated by the Thornthwaite memorial model shows an
increasing trend in mean annual NPP from 2616.58 in year 2001 to 2675.13 and 2674.58 in
years 2002, 2007 respectively. Our results show substantial variation in terrestrial NPP
(Figure 3). Regions such as Egypt, Libya, Algeria and Mauritania which situated in the
northern part of the study area characterize by least productivity 0 – 200g C.m-2.yr-1, the
northern part is dominate by desert and shrubs. While the regions like guinea, Liberia and
Gabon, which located in the western part of the continent, and this part is dominated by
forests, was most productive region with an NPP more than 2000g C.m-2.yr-1. In the central
part of the continent we found regions with relatively high productivity such as democratic
republic of Congo and Cameroon with NPP 1600-1800 g C.m-2.yr-1.
Across Africa, spatial patterns of NPP for each year show that the year 2005 was a year with
relatively lower NPP, as the result of the decreasing in the mean annual precipitation in this
year. The reduction in NPP in year 2005 was followed by recovery in NPP during 2007,
when increased precipitations result in larger increase in NPP in most part of the continent. In
addition, increasing the precipitation during the year 2002 resulted in the largest increase in
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NPP across Africa. The year 2002 was a year where most of the Africans regions experienced
the largest increase in NPP.

Figure 3: Spatial distribution of NPP in African continent from 2001 to 2010
Changes of climate factors during 2001–2010
Climate factors influence the ecosystem function and structure, mainly through temperature
range and precipitation availability. According to our research air temperature shows an
overall increasing trend by 0.01. The highest temperature occurred in 2001 and 2009, which
exceeded the 10years mean by 0.04 and 0.02, respectively. Similarly, precipitation shows an
increasing trend by 1.5mm/year. Precipitation in the Africa continent shows substantial interannual variation, with highest precipitation in years (2002, 2007 and 2010). Across Africa,
the higher precipitation occurred mainly in western Africa (guinea, Sierra Leone, and
Equatorial Guinea) and central Africa (democratic republic of Congo, Uganda and part of
Burundi), while the lower precipitation mainly concentrated in northern Africa regions,
specifically in the Sahara desert regions such as (Libya, Algeria, morocco and Mauritania),
(Figure 4). Rainfall variability has become more significant over the last century. For
instance, precipitation in Eastern Africa show a highly degree of spatial and temporal
variability dominated by variety of physical processes. Report by Williams and funk [47]
described that over the last 3 decades rainfall has decreased over eastern Africa. There will
also be major changes in rainfall in terms of annual and seasonal trends, and extreme events
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of flood and drought. Annual rainfall is likely to decrease in much of Mediterranean Africa
and the northern Sahara, with a greater likelihood of decreasing rainfall as the Mediterranean
cost is approached.
In regard to temperature changes, (Figure 5) show that most of northern Africa, western
Africa and central Africa had higher annual temperature (more than 28). Studies in the
continent temperature revealed that, near surface air temperature anomalies in Africa were
significantly higher for the period 1995–2010 compared to the period 1979–1994 [11]. The
equatorial and southern parts of eastern Africa have experienced a significant increase in
temperature since the beginning of the early 1980s [2]. Similarly, recent reports from the
Famine Early Warning Systems Network (FEWS NET) indicate that there has been an
increase in seasonal mean temperature in many areas of Ethiopia, Kenya, South Sudan, and
Uganda over the last 50 years [13, 14]. In addition, warming of the near surface temperature
and an increase in the frequency of extreme warm events has been observed for countries
bordering the western Indian Ocean between 1961 and 2008 [45]. In recent decades, most of
southern Africa has also experienced upward trends in annual mean, maximum, and
minimum temperature over large extents of the sub region during the last half of the 20th
century, with the most significant warming occurring during the last two decades [50, 11 and
23].

Figure 4: spatial patterns of average annual precipitation in Africa for the period 2001-2010
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Figure 5: Spatial patterns of average annual temperature in Africa for the period 2001-2010
Variations in NPP of the Africa continent land cover types during 2001to 2010
Africa continent NPP generally increases from north to south and from dry to moist land
cover types. The average annual NPP in Africa increased by 0.12 g C.m-2.yr-1, from (Table1)
we can show that the permanent wetlands was the most productive land cover types, with
mean annual NPP of 2266.9 g C.m-2.yr-1, followed by evergreen broadleaf forest and woody
savannas with mean annual NPP of 1656.5 and 1399.5 g C.m-2.yr-1, respectively, That as the
result of the changes in annual precipitation explaining 80, 75 and 65% of the variations,
respectively. The deciduous broadleaf forest and barren or sparsely vegetation was the least
productivity with mean annual NPP of 523.3 and 758.5 g C.m-2.yr-1, respectively. In this
region’s the inter-annual variability in the NPP primary controlled by water availability
where mean annual precipitation in range between 0 and 200mm/year. Similarly the cropland
had mean annual NPP of 845 g C.m-2.yr-1, where precipitation explain 50% of the variation
while an increase in temperature had negative association.
Further our results show that the spatial variation in NPP differs among the 11 major land
cover types. Dry land such as barren or sparsely vegetation and open shrub land had largest
spatial variation in NPP, with a coefficient of variation of 11-13%. In contrast, permanent wet
land had the smallest spatial variation, with a coefficient of variation of 3%. According to our
results we conclude that, spatial variation of NPP within a land cover types is driven by
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variation in climate. Spatial variation in precipitation and temperature within and between the
lands covers types were large, which results in the different in the coefficient of variation in
NPP among the land cover types. The coefficient of variation in precipitation was large in
barren or sparsely vegetation and open shrub, but small in permanent wet land.
Table 1 Net primary productivity for land cover types in Africa continent from 2001 to 2010
Land cover types

NPP (g C.m-2.yr-1)

Evergreen Broadleaf forest

1656.5

Deciduous Broadleaf forest

523.3

Closed shrub lands

864.7

Open shrub lands

777.5

Woody savannas

1399.5

Savannas

1189.4

Grasslands

990.8

Permanent wetlands

2266.9

Croplands

845

Cropland/Natural vegetation mosaic

1228.9

Barren or sparsely vegetated

758.5

Correlations between NPP and climate factors
Through the study time period positive correlation between NPP and MAP was observed R2
0.99 (Figure 6). 90% of the Africa regions showed extremely significant correlation.
Compared with other areas the western parts of the continent tend to be wetter in summer and
drier in winter, lower temperature and higher rainfall. Vegetation growth in this area strongly
depends on rainfall. The R value accordingly is 0.99. The R values below 0.99 are in northern
and southern part of the study area. This could be because rainfall is not constraint to
vegetation growth in these areas.
In contrast, the correlation between NPP and MAT (Figure7), R value in most areas are
0.001, indicating that the correlation between NPP and temperature is not significant. Those
areas with R values below 0.001 are in the northern and southern parts of the study area, this
maybe because the temperature in these areas is relatively constant.
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Figure 6: Effect of inter-annual variation in precipitation on African continent NPP during
2001–2010
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Figure 7: Effect of inter-annual variation in temperature on African continent NPP during
2001–2010
Claussen and Gayler (1997) and Brovkin et al. (1998), [10, 5] observed positive feedbacks
between rainfall and vegetation in the Sahel/Sahara regions. Mohamed et al. [31] found large
NPP declines in tropical regions due to greater impacts of drought, and higher sensitivity and
weaker physiological adjustment to changes in precipitation pattern.
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Disscusion
According to the analysis of climate data we found that both annual temperature and
precipitation in Africa continent increased from 2001 to 2010. The rate of change in annual
temperature 0.01, and the change rate in precipitation 1.5mm/year.
The average annual NPP in Africa increased by 0.12 g C.m-2.yr-1. the spatial distribution
indicates that about 50% of the study area showed an increasing trend in NPP, which may be
related to climate change. We also found precipitation is more positively correlated with NPP
than temperature in Africa continent. The increase in precipitation is more beneficial to
vegetation compared with increasing in temperature, because soil moisture rises, which
enhances photosynthesis and as the result improve productivity. However, the situation is
deferent for temperature, especially in dry area. Temperature not only influences
photosynthesis and respiration, it also strengths evapotranspiration and reduces soil moisture
[30, 4]. High temperature will give rise drought and will limit the growth of grasslands,
leading to a downward trend in NPP [48].
The annual pattern of NPP estimated by the Thornthwaite memorial model shows an
increasing trend in mean annual NPP from 2616.58 in year 2001 to 2675.13 and 2674.58 in
years 2002, 2007 respectively. The upward trend in NPP is as the results of increasing
precipitation.
Our results show an increasing trend in terrestrial NPP over the last 10 years. This increasing
trend strongly related to those climatic factors (temperature and precipitation). The high NPP
values in western and central part of the study area was related to high vegetation density and
larger area of tropical forests that have high carbon density [27, 25]. However, in the northern
portion of the study area, the vegetation is sparse and mainly consist of shrubs, grasses and
crop lands, which characterize by low productivity compared with the forests.
Our results show that dry land such as barren or sparsely vegetation and open shrub land had
largest spatial variation in NPP, with a coefficient of variation of 11-13%. Similar result was
found by [3], which note, a decline in NPP was estimated for open shrub lands located in
south-west United States and Alaska, which was probably caused by MAP decrease and
MAT increase.
Temperature, radiation, and water interact to impose complex limitations on vegetation
activity in different parts of the world, and ultimately determine the spatial and temporal NPP
patterns [34]. However, these factors tend to be co-limiting, and differ in their contribution in
different ecosystems.
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Conclusions
In this study we used CRU climatic data and the Thornthwaite memorial model to estimate
NPP for the Africa continent from 2001 to 2010 and to examine the correlation between
climate factors and the spatial pattern in the NPP of the continent. And we successfully found
a positive correlation between NPP and precipitation, while negative correlation was found
between NPP and temperature.
Study the effect of climate factors on NPP is very importance for the region like Africa,
where the climate change already affect the continent vegetation, and were most of the
continent population rely on natural resource in their daily live as the source of income.
Net primary productivity reflects the ability of the vegetation to sequester the atmospheric
carbon. African continent has a vast and dense rain forest and grass lands, this can make the
content as major carbon sink.
The climate change is not the only one factor that affects the continent vegetation but also the
human have a great impact, so farther research is needed in the effect of human on vegetation
net primary productivity.
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