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ARTICLE INFO ABSTRACT

Keywords: Urbanization effects on vegetation cover (VC) have been analyzed in many regions. However, little attention has
Urbanization been paid to Africa, which has undergone rapid urbanization in recent decades. In this study, MODIS land cover
Vegetation and enhanced vegetation index (EVI) data were used to examine urbanization effects on VC in 59 large cities in

Remote sensing
Enhanced vegetation index
Africa

Africa during 2001-2017. The AEVI (urban EVI minus rural EVI) was used to represent urbanization effects on
VC. Major findings include: (1) for 59 cities averaged, annual AEVI averaged from 2015 to 2017 was -0.116.
Negative annual AEVI (i.e. urban EVI lower than rural) were observed in 56 of 59 cities. (2) For 59 cities
averaged, urban area increased 17.9% from 2001 (262.8 km?) to 2016 (309.8 km?). (3) Annual AEVI decreased
significantly (p < 0.05) in 44 of 59 cities for the period 2001-2017, and annual average area of urbanization
effects on VC increased significantly in 40 of 59 cities. For 59 cities averaged, the percentage of urban area with
significant decreasing trends of annual AEVI was 60.0%. Spatially, cities near the Gulf of Guinea showed more
significant decreasing AEVI than cities in other regions. In addition, the trends and spatial distributions of
urbanization effects on VC differed little by seasons. These results suggested that urbanization and its effects on

VC in Africa should arouse more attentions.

1. Introduction

Vegetation is an important component of terrestrial ecosystems. It is
essential for life on earth and provides a plethora of benefits to humans
and the environment. For example, vegetation can absorb atmospheric
CO, helping to mitigate the green house effects (Davies et al., 2011;
Myeong et al., 2006). In addition, vegetation can retain the precipita-
tion thus prevent water and soil loss (Oldfield et al., 2013; Zhang et al.,
2004a). Furthermore, urban vegetation can help to alleviate urban heat
island through increasing shade and transpiration (Yao et al., 2017b;
Zhou et al., 2017; Doick et al., 2014). Additionally, vegetation can
mitigate air pollution through absorbing O3, PM;o, NO,, SO, and CO
(Nowak et al., 2006; Salmond et al., 2013). Finally, plant can alleviate
noise pollution, since plant leaf can uptake acoustic energy (Fang and
Ling, 2003; Pathak et al., 2008).

Unfortunately, urbanization can significantly decrease vegetation
cover (VC) through transforming land cover types from vegetated areas
to built-up areas. This issue is especially serious in recent decades, when
the speed of urbanization was unseen in human’s history (Vitousek
et al., 1997; Foley et al., 2005). The urbanization effects on VC have
been systematically investigated in Europe, Asia and North America
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(Chen et al., 2017; Dallimer et al., 2011; Nowak and Greenfield, 2012;
Yang et al., 2014; Yao et al.,, 2017a; Zhao et al., 2013; Zhou et al.,
2014). For example, Dallimer et al. (2011) used Landsat-based en-
hanced vegetation index (EVI, a proxy for VC) to study the urban
greenspaces in England. Their results showed that urban greenspaces
decreased in 9 of 13 cities in England during 2000-2008. Zhou et al.
(2014) used the AEVI (urban EVI minus rural) to reflect the urbaniza-
tion effects on VC and showed that the AEVI decreased significantly in
over half of the 32 cities in China for the period 2000-2012. Nowak and
Greenfield (2012) showed that the urban tree cover decreased sig-
nificantly in 17 out of 20 cities in United States. However, little at-
tention has been paid to Africa. To our knowledge, few studies have
analyzed the urbanization effects on VC for a large area in Africa. Liu
et al. (2015) found that the urbanization effects on VC differed largely
by 50 global large cities. But Liu et al. (2015) only investigated two
African cities. Megahed et al. (2015) used Landsat TM and OLI data to
study land cover change in Cairo (Egypt). It was found that 13% of the
vegetated area transformed to urban area from 1984 to 2003, and a
further 12% of the vegetated area transformed to urban area during
2003 to 2014. Using Landsat MSS and TM data, Nwaogu et al. (2017)
found that VC in Onitsha (Nigeria) decreased from 1987 to 2015. Using

Received 3 August 2018; Received in revised form 12 October 2018; Accepted 16 October 2018

Available online 30 October 2018
1569-8432/ © 2018 Elsevier B.V. All rights reserved.


https://www.sciencedirect.com/science/journal/15698432
https://www.elsevier.com/locate/jag
https://doi.org/10.1016/j.jag.2018.10.011
https://doi.org/10.1016/j.jag.2018.10.011
mailto:wang@cug.edu.cn
https://doi.org/10.1016/j.jag.2018.10.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jag.2018.10.011&domain=pdf

R. Yao et al.

Landsat ETM + data, Coulter et al. (2016) showed an increase in built-
up areas but a reduction in forest in Kumasi and Accra (Ghana) from
2000 to 2010. Different studies used different data and methods to
assess the urbanization effects on VC for different time periods, their
results were not comparable. Thus urbanization effects on VC were
poorly understood in Africa.

Africa has experienced rapid urbanization in past decades. Urban
population accounted for 31.5% of the total population in 1990 but
41.2% in 2015 in Africa (United Nations, 2014). Comparatively, urban
population in Europe accounted for 69.9% and 73.9% of the total po-
pulation in 1990 and 2015, respectively (United Nations, 2014). The
proportion of urban population to total population in Africa was much
lower than developed areas, but the increasing rate of the proportion
was much faster than developed areas. In addition, urban population in
Africa was 32.7 million, 82.6 million, 200.1 million and 408.6 million
in 1950, 1970, 1990 and 2010, respectively (United Nations, 2014).
Thus the urbanization effects on VC in Africa should be comprehen-
sively studied, which has not been documented in literature. To fill this
research gap, this study aims at: (1) revealing the urbanization effects
on VC in 59 African large cities; (2) examining urbanization in Africa;
and (3) analyzing the trends of urbanization effects on VC in Africa.

2. Data and methods
2.1. Study area

Africa’s land area is approximately 30.2 million km?, which is the
second largest continent in the world and accounts for about 20.3% of
the world's total land area (Fig. 1). The area with average annual
temperature above 20 °C accounts for about 90.2% of the total area
(climate data was derived from Climatic Research Unit (CRU) TS4.01
dataset, hereafter (Harris et al., 2014)). The average annual total pre-
cipitation in approximately one-third of the total continents is less than
200 mm. Precipitation in Africa decreases from the equator to the north
and south. For example, the average precipitation in the latitude range
of + 10° is about 1230 mm, while in other area is approximately
415 mm. The distribution of precipitation is similar to EVI (latitude
range of = 10%: 0.35; other areas: 0.16). In this study, we choose 59
cities with urban area higher than 100 km? (see Section 2.2). Detailed
information (e.g. city name, country, latitude, longitude and urban
area) of the 59 African.

2.2. Data

In this study, Moderate-resolution Imaging Spectroradiometer
(MODIS) land cover data (MCD12Q1, version 6, IGBP classification
layer, yearly composite, 500 m spatial resolution, a total of 42 tiles) in
the year 2001 and 2016 (the latest year available when the manuscript
is finished) was used to extract land cover information in Africa
(Menashe and Friedl. 2018). In addition, vegetation greenness in-
formation in Africa from 2001 to 2017 was derived from MOD13A3 EVI
data (version 6, EVI layer, monthly composite, aproximately 1000 m
spatial resolution, a total of 42 tiles) (Yao et al., 2018a; Zhang et al.,
2017; Huete et al., 2002).

2.3. Methods

The MCD12Q1 data was first resampled to 1000 m spatial resolution
to match the MOD13A3 EVI data. Then we extracted urban areas and
water bodies from MCD12Q1 data (urban area: pixel with digital
number equal to 13; water bodies: pixel with digital number equal to 17
(Menashe and Friedl, 2018)). In the present study, cities with urban
area higher than 100 km? in the year 2016 were selected as study areas
(Fig. 1). In addition, 20-25 km buffers around the urban areas were
generated and used as reference rural areas after excluding water
bodies and other urban areas (Yao et al., 2018b, b; Zhou et al., 2016).

45

Int J Appl Earth Obs Geoinformation 75 (2019) 44-53

We did not use the buffers near the urban areas since the footprint of
urbanization tend to be larger than actual urban area (Han and Xu,
2013; Liu et al., 2015; Zhang et al., 2004b). To examine the urbani-
zation in Africa, the urban areas in 59 African cities in the year 2016
were compared with 2001 (Section 3.2). Urban areas in 2016 were used
to reveal urbanization effects on VC for the period 2001-2017 (Section
3.1 and 3.3).

Annual and seasonal average (March-April-May (MAM, northern
hemisphere spring or southern hemisphere autumn), June-July-August
(JJA, northern hemisphere summer or southern hemisphere winter),
September-October-November (SON, northern hemisphere autumn or
southern hemisphere spring), December-January-February (DJF,
northern hemisphere winter or southern hemisphere summer)) EVIs
were first calculated for each pixel in this study. In addition, the AEVI
was used to represent the urbanization effects on VC (Peng et al., 2012;
Yao et al., 2017a; Zhou et al., 2014):

AEVI = EVIurban - EVIrural (1)

where the EVI ., and EVI., represent the EVI in urban and rural
areas (spatial average), respectively.

In the present study, the urbanization effects on VC were analyzed
using three indicators:

(1) AEVL The spatial characteristics of AEVI averaged from 2015 to
2017 were first analyzed (section 3.1). Then the trends of AEVI
during 2001-2017 were calculated using linear regression analyses
for each city individually (section 3.3).

(2) Area of urbanization effects on VC. In each city, pixel meeting the

following requirements was considered that the VC has been af-

fected by urbanization: 1) in urban area or 10 km buffer around the
urban area and 2) EVI lower than rural mean EVI minus standard
deviation of rural EVI (all pixels in the 20-25 km buffer of a city)

(Ward et al., 2016; Yao et al., 2017b; Zhang and Wang, 2008). The

pixels in 10 km buffer around the urban area were also included

because the footprint of urbanization may be larger than urban area

(Han and Xu, 2013; Liu et al., 2015; Zhang et al., 2004b). The

standard deviation segmenting method may reduce uncertainties

caused by arbitrarily selected threshold (Zhang and Wang, 2008).

The area of urbanization effects on VC was calculated as the total

area of all pixels that meet the two requirements in a city. The

spatial and seasonal variations of the area of urbanization effects on

VC averaged from 2015 to 2017 were first analyzed (Section 3.1).

In addition, the trends of area of urbanization effects on VC in each

city for the period 2001-2017 were calculated using linear regres-

sion analyses (Section 3.3).

Percentage of urban area with decreasing AEVI. Firstly, for each

urban pixel, we calculated the AEVI (EVI in one urban pixel minus

rural mean EVI) and then computed the trends of AEVI during

2001-2017 using linear regression analyses. Then the urban area

with decreasing AEVI was calculated as the total area of all urban

pixels with decreasing AEVI (linear changing rate of AEVI lower
than zero). Finally, the percentage of urban area with decreasing

AEVI was calculated as dividing the urban area with decreasing

AEVI by the total urban area of the city (Section 3.3).

@3

=

3. Results and discussion
3.1. Spatial and seasonal variations of urbanization effects on VC

The spatial distributions of AEVI averaged from 2015 to 2017 were
illustrated in Fig. 2. The AEVI averaged from 2015 to 2017 in each city.
For 59 cities averaged, annual AEVI was -0.116, whose absolute value
was more than twice as much as the standard deviation of urban EVI of
59 cities (0.049). This suggested that the rural EVI was significantly
higher than urban EVI. Spatially, annual AEVI differed greatly by cities,
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Fig. 1. Study area in this study. Red crosses represent selected cities. The background map is mean annual enhanced vegetation index (EVI) during 2001-2017. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

the lowest and highest annual AEVI were -0.247 (Abidjan (Coate
d'Tvoire)) and 0.010 (Khartoum (Sudan)), respectively. Negative annual
AEVIs were observed in 56 of 59 cities. Only 3 cities (Sfax (Tunisia),
Marrakech (Morocco), Khartoum (Sudan)) in desert area exhibited
positive annual AEVI. In addition, cities near the Gulf of Guinea gen-
erally showed lower AEVI than cities in other regions (Fig. 2). For ex-
ample, if we defined the 19 cities in Nigeria, Ghana, Togo, Cameroon
and Gabon as cities near the Gulf of Guinea (Fig. 2), the annual AEVI
averaged for these 19 cities was -0.167. This may be attributed to: (1)
stabler urban EVI than rural EVI (standard deviation (annual): 0.049 vs.
0.102) across cities; and (2) high background rural EVI in this region
(0.391). We showed that the spatial variations in annual AEVI were
strongly dependent on background annual rural EVI (Pearson’s corre-
lation analyses (hereafter): r=-0.896, p < 0.01). Seasonally, the spa-
tial distributions and means of AEVI were similar across seasons. The
AEVIs averaged for 59 cities were -0.128, -0.110, -0.113 and -0.113 in
MAM, JJA, SON and DJF, respectively. These may be attributed to two
main reasons. Firstly, many African cities were near the equator, the
rural EVI is high and the AEVI is low throughout a year. Secondly,
certain cities away from the equator were generally surrounded by
sparse vegetated areas (Fig. 1), thus they showed lower rural EVI and
higher AEVI across seasons. For example, there are 29 cities in the
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latitude range of = 10°. For these 29 cities averaged, the rural EVI for 4
seasons ranged from 0.337 to 0.418. The range is from 0.205 to 0.266
for other 30 cities averaged.

The area of urbanization effects on VC averaged from 2015 to 2017
was shown in Fig. 3. For 59 cities combined, annual area of urbaniza-
tion effects on VC averaged from 2015 to 2017 was 556.4 km?, ranging
from 0 (Cairo (Egypt)) to 3145.3 km? (Johannesburg (South Africa)).
The annual area of urbanization effects on VC averaged from 2015 to
2017 was significantly and positively correlated with urban area in the
year 2016 (r = 0.794, p < 0.01). In addition, a weak but statistically
significant correlation between annual area of urbanization effects on
VC and annual rural EVI was found (r = 0.320, p < 0.05). Further-
more, the spatial and seasonal variations of area of urbanization effects
on VC averaged from 2015 to 2017 were generally consistent with AEVI
(Fig. 3). The 19 cities near the Gulf of Guinea generally showed large
area of urbanization effects on VC (19 cities averaged: 668.7 km?). The
areas of urbanization effects on VC were 571.6, 552.9, 492.2 and
553.3km? in MAM, JJA, SON and DJF, respectively. Overall, these
results suggested that urbanization has had a great impact on VC in
most African cities, especially for cities near the Gulf of Guinea.
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Fig. 2. Spatial and seasonal variations in AEVI in 59 African cities during 2015-2017.
MAM: March-April-May, JJA: June-July-August, SON: September-October-November, DJF: December-January-February.

3.2. Urbanization from 2001 to 2016 Only two cities (Sfax (Tunisia) and Mbuji-Mayi (Congo)) exhibited the

same urban area between 2001 and 2016. We utilized 30 m spatial

The spatial distributions of urban area change in 59 African cities resolution Landsat data to further examine urbanization in these two

from 2001 to 2016 are illustrated in Fig. 4. The urban area change in cities. The same urban area between 2001 and 2016 derived from

each city. Urban area increased in 57 of 59 cities from 2001 to 2016. MCD12Q1 data may be attributed to: (1) slow urbanization in these two
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Fig. 3. Spatial and seasonal variations of the area of urbanization effects on vegetation cover (VC) in 59 African cities during 2015-2017.
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Fig. 4. Urbanization in 59 African cities from 2001 to 2016 as revealed by MCD12Q1 data: (A) urban area difference between 2001 and 2016; (B) percentage increase

in urban area.

cities from 2001 to 2016; (2) relative low accuracy of MCD12Q1 data
(Figs. S1 and S2). For 59 cities averaged, urban area increased from
262.8 km? in 2001 to 309.8 km? in 2016. City with the fastest growth in
urban area was Lagos (Nigeria) (from 541.9 km? in 2001 to 884.1 km?
in 2016). In addition, cities with faster growth of urban area were
mainly concentrated in the region near the Gulf of Guinea (19 cities
averaged: 87.31 km?). Furthermore, the increase in urban area from
2001 to 2016 was significantly and positively correlated with urban
area in 2001 (r = 0.362, p < 0.01). Thus cities with larger urban area
in 2001 may show greater increase in urban area during 2001-2016.

Percentage change in urban area from 2001 to 2016 was also ana-
lyzed (Fig. 4b). For 59 cities averaged, urban area increased 17.9%
from 2001 to 2016. City with the highest percentage increase in urban
area was lIkorodu (Nigeria, 203.3%, from 77.3 km? in 2001 to
234.4km? in 2016). Cities in the Gulf of Guinea generally showed
higher percentage increase in urban area than cities in other region (19
cities averaged: 28.7%). In addition, the percentage increase in urban
area from 2001 to 2016 was insignificantly correlated with urban area
in 2001 (r=-0.132, p = 0.320).

3.3. Trends of urbanization effects on VC during 2001-2017

3.3.1. Trends of EVI and AEVI during 2001-2017

The AEVI decreased significantly (p < 0.05) in most cities for the
period 2001-2017 (Fig. 5). Annual AEVI decreased significantly in 44 of
59 cities (Table 1). The highest decreasing rate of annual AEVI was
observed in Ikorodu (Nigeria, —0.0081/year, p < 0.01), while the
highest increasing rate of annual AEVI was found in Mbuji-Mayi
(Congo, 0.0024/year, p < 0.01). As mentioned in Section 3.2, Mbuji-
Mayi showed slow urbanization (the same urban area between 2001
and 2016), thus little vegetation is affected by urbanization. Ad-
ditionally, in Mbuji-Mayi, annual urban EVI increased significantly
during 2001-2017 (0.00213/year, p < 0.01), while rural EVI was
stable (—0.00025, p > 0.05). Thus the significant increasing trend of
AEVI in Mbuji-Mayi may be related to the urban greening policies. For
59 cities averaged, the annual AEVI decreased at the rate of
-0.00268 + 0.00208/year (mean and standard deviation, hereafter)
(Table 2). In addition, the trends of AEVI differed little by seasons. The
numbers of cities with significant decreasing trends of AEVI in MAM,
JJA, SON and DJF were 43, 35, 35 and 43, respectively (Table 1). The
trends of AEVI decreased at the rate of —0.00282 = 0.00250/year,
—0.00257 + 0.00222/year, —0.00270 + 0.00264/year and
-0.00265 * 0.00295/year in MAM, JJA, SON and DJF, respectively
(Table 2). Finally, most cities near the Gulf of Guinea showed
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significant decreasing trends of AEVI (19 cities averaged: -0.00462/
year).

The urban EVI decreased significantly in most cities during
2001-2017 (Fig. 6). Annual urban EVI decreased significantly in 41 of
59 cities (Table 1). The highest decreasing rate of annual urban EVI was
observed in Ikorodu (Nigeria, -0.0081/year, p < 0.01), while the
highest increasing rate of annual urban EVI was found in Mbuji-Mayi
(Congo, 0.00213/year, p < 0.01). For 59 cities averaged, the annual
urban EVI decreased at the rate of —0.00257 * 0.00243/year
(Table 2). As mentioned above, annual AEVI decreased at the rate of
-0.00268 + 0.00208/year, thus the decreased AEVI can primarily be
attributed to decreased urban EVI. In addition, the spatial and seasonal
variations in urban EVI tend to similar with AEVI (Fig. 6 and Table 2).

Most cities showed insignificant trends of rural EVI during
2001-2017 (Fig. 7). Insignificant trends of annual rural EVI were ob-
served in 49 of 59 cities (Table 1). Significant positive and negative
trends of annual rural EVI were found in only 7 and 3 cities, respec-
tively. In addition, annual rural EVI increased at the rate of
0.00012 = 0.00093/year averaged for 59 cities (Table 2). The highest
and lowest changing rates of annual rural EVI were observed in Algiers
(Algeria, 0.00197/year (p < 0.05)) and Port Harcourt (Nigeria,
—0.00293/year (p < 0.01)), respectively. Finally, trends of rural EVI
did not show significant spatial and seasonal variations (Fig. 7 and
Table 2). The insignificant trend of rural EVI was different from pre-
vious studies, which showed that the earth is greening (Zhu et al., 2016;
Zeng et al., 2017). This was possibly because the study period (17
years) in this study is much short than previous studies (approximately
30 years) (Table 3).

Yao et al., (2018a) showed that the interannual standard deviation
of EVI was generally lower in urban than in rural areas, since EVI was
much lower in urban than in rural areas. Thus the decreasing AEVI may
be attributed to higher increasing rate of rural EVI than in urban EVI,
especially in the context of global greening (Zhang et al., 2017). That is
one of the reasons why we further analyzed urban and rural EVI se-
parately. In this study, insignificant trends of rural EVI were found in 49
of 59 cities. The number of cities with significant decreasing trends of
annual AEVI for the period 2001-2017 was 44. Among them, there are
34 cities showed significant decreasing trends of annual urban EVI and
insignificant trends of annual rural EVL. Overall, these results suggested
that the significant decreasing trends of AEVI during 2001-2017 can
primarily be attributed to the reductions in urban EVI and stable rural
EVI in most African cities. In addition, urbanization may play an im-
portant role in it. Finally, the results of this study were similar to pre-
vious studies, which examined the land use/land cover change at local



R. Yao et al.

(b) MAM

0 1500 3000 6000 km

I T Y S S B |

Int J Appl Earth Obs Geoinformation 75 (2019) 44-53

Legend

® Significant decreasing trend
Insignificant trend

e Significant increasing trend

m Countries near the
Gulf of Guinea

Fig. 5. Spatial distribution of trends of AEVI in 59 African cities from 2001 to 2017.

Table 1

Trends of enhanced vegetation index (EVI) and AEVI in 59 African cities from
2001 to 2017. The numbers of cities with increasing and decreasing trends of
AEVI were listed at left and right, respectively. The numbers of cities with
significant (p < 0.05) trends of AEVI were shown in the brackets. MAM:
March-April-May, JJA: June-July-August, SON: September-October-November,
DJF: December-January-February.

Annual MAM JIA SON DJF
AEVI 3(2), 5(2), 5(1), 54(35)  8(3), 3(2),
56(44) 54(43) 51(35) 56(43)
Rural EVI  36(7), 31(4), 28(5), 31(6)  35(1), 42(9),
23(3) 28(0) 24(7) 17(1)
Urban EVI  9(4), 7(3), 11(2), 9(2), 7(5),
50(41) 52(39) 48(40) 50(39) 52(41)

scales. Previous studies showed that the urbanization significantly oc-
cupied vegetated area in Cairo (Egypt), Kumasi (Ghana), Accra (Ghana)
and Onitsha (Nigeria) (Megahed et al., 2015; Nwaogu et al., 2017;
Coulter et al., 2016). This study showed that the urban EVI and AEVI
decreased significantly in all these four cities.

3.3.2. Trends of area of urbanization effects on VC for the period
2001-2017

The area of urbanization effects on VC increased in most African
cities (Fig. 8). The changing rate of area of urbanization effects on VC.
Annual area of urbanization effects on VC increased significantly 40 of
59 African cities. For 59 cities averaged, annual average area of

urbanization effects on VC increased at the rate of 9.7 + 9.6 km?/year,
ranging from 42.9km?/year (p < 0.01) in Johannesburg (South
Africa) to —7.7 kmz/year (p < 0.01) in Mbuji-Mayi (Congo). Ad-
ditionally, most cities near the Gulf of Guinea witnessed significant
increasing trends of annual area of urbanization effects on VC (19 cities
averaged: 13.85 km?/year). Furthermore, the area of urbanization ef-
fects on VC differed little by seasons (Table 4). The spatial distributions
of area of urbanization effects on VC were similar across seasons
(Fig. 8). Finally, the trends of area of urbanization effects on VC during
2001-2017 were significantly and positively correlated with the in-
crease in urban area from 2001 to 2016 (annual: r = 0.631, p < 0.01;
MAM: r = 0.645,p < 0.01; JJA:r = 0.545p < 0.01; SON: r = 0.581,
p < 0.01; DJF:r = 0.669, p < 0.01). The correlations between trends
of area of urbanization effects on VC and the increase in urban area
were stronger than between AEVI (annual: r=-0.519, p < 0.01;
MAM: r=-0.477, p < 0.01; JJA: r=-0.489 p < 0.01; SON: r=-
0.463, p < 0.01; DJF: r=-0.420, p < 0.01) (Fig. 9).

3.3.3. Percentage of urban area with decreasing AEVI

For 59 African cities averaged, significant increasing and decreasing
trends of annual AEVI were observed in 60% and 4.6% of the urban
area, for the period 2001-2017. The highest and lowest percentages of
urban area with decreasing annual AEVI were 100% (Kano (Nigeria),
Black Corner (Congo) and Lubumbashi (Congo)) and 5.4% (Mbuji-Mayi
(Congo)), respectively. Spatially, most cities near the Gulf of Guinea
showed percentages of urban area with decreasing annual AEVI (19
cities averaged: 79.3%). In addition, the spatial distributions of

Table 2
Temporal trends of EVI and AEVI averaged (mean and standard deviation, hereafter) for 59 African cities from 2001 to 2017 (unit: 10’3/year).
Annual MAM JJA SON DJF
AEVI —2.68 £ 2.08 —2.82 = 2.50 —2.57 * 2.22 —27 + 2.64 —2.65 £ 1.95
Rural EVI 0.12 = 0.93 0.20 = 1.30 —-0.31 += 1.46 —-0.11 * 1.31 0.68 = 1.15
Urban EVI —2.57 £ 243 —2.62 + 2,59 —2.88 = 3.09 —2.81 * 2.82 —-1.97 = 1.90
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Fig. 6. Spatial distribution of trends of urban EVI in 59 African cities for the period 2001-2017.

percentages of urban area with decreasing AEVI differed little by sea-
sons (Table 5). The percentage of urban area with significant in-
creasing, insignificant increasing, insignificant decreasing and sig-
nificant decreasing AEVI from 2001 to 2017.

3.4. Potential consequences of decreased urban EVI
The reductions in VC in urban area may affect human activities and
the living environment. Firstly, vegetation can reduce land surface

temperature through transpiration. Yao et al. (2017b) showed that the
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decreased AEVI was an important reason for the increase in surface
urban heat island intensity in China for the period 2001-2015. The
reductions in AEVI may increase the surface urban heat island intensity
in Africa. Unfortunately, there are many gaps in the MODIS land surface
temperature data in the region near the equator, probably because the
continuous cloudy and rainy weather in this region. Thus it is hard to
analyze the spatiotemporal variations of surface urban heat island in
Africa. Secondly, urban expansion often occupies croplands. Bren
d’Amour et al. (2017) showed that urbanization will occupy 1.8-2.4%
global cropland by 2030. Thus urbanization may decrease croplands

Legend

¢ Significant decreasing trend
Insignificant trend
-‘ﬁ e Significant increasing trend
. m Countries near the
Gulf of Guinca

Fig. 7. Spatial distribution of trends of rural EVI in 59 African cities during 2001-2017.
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Table 3
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Trends of area of urbanization effects on vegetation cover (VC) in 59 African cities from 2001 to 2017. The numbers of cities with increasing and decreasing trends of
area of urbanization effects on VC were listed at left and right, respectively. The numbers of cities with significant trends were shown in the brackets.

Annual MAM

JJA SON DJF

Area of urbanization effects on VC 54(40), 4(1)

54(34), 5(1)

52(34), 7(1) 48(32), 11(2) 53(39), 5(0)

(a) Annual

0 1500 3000 6000km

S S T L I L 1
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Legend

e Significant increasing trend
Insignificant trend

e Significant decreasing trend

m Countries near the
Gulf of Guinea

Fig. 8. Spatial distribution of trends of area of urbanization effects on VC in 59 African cities during.2001-2017.

Table 4
Temporal trends of area of urbanization effects on VC averaged for 59 African cities from 2001 to 2017 (Unit: km?).
Annual MAM JJA SON DJF
Area of urbanization effects on VC 9.7 = 9.6 8.9 + 8.4 8.7 £ 11.1 7.4 + 9.4 10.3 = 12.0

and grain output in Africa. Unfortunately, it is well known that the
problem of food shortage is more serious in Africa than in other regions
(de Waal and Whiteside, 2003; Downing, 1991). Thirdly, Nowak et al.
(2006) showed that urban vegetation in the American cities can remove
about 711,000 metric tons of air pollutants in a year. Thus the miti-
gation effects of vegetation on air pollution may decrease in African
cities. Thus urbanization and its effects on VC in Africa should arouse
more attentions.

3.5. Uncertainties and future works

Note that this study used moderate spatial resolution data
(MCD12Q1 and MOD13A3) to analyze urbanization and area of urba-
nization on VC in 59 African cities. Moderate spatial resolution data is
widely used to study urbanization and related environmental impacts
for a large area, since it can be processed conveniently and rapidly (Liu
et al., 2015; Yao et al., 2017a; Zhou et al., 2014). It is very time con-
suming to use higher spatial resolution data (e.g. Landsat data) to ex-
amine urbanization and area of urbanization on VC for the whole
Africa. In addition, higher spatial resolution data generally have lower
temporal resolution. However, the accuracy of using moderate
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resolution data may be lower than that using higher resolution data.
Future studies should use multi-sensor fusion (e.g. Landsat series and
MODIS) method to investigate urbanization in a specific city or a small
region (e.g. cities near the Gulf of Guinea) in Africa (Cheng et al., 2017;
Liu et al., 2017; Shen et al., 2016; Zeng et al., 2013). In addition, the
present study showed that urbanization significantly reduced VC in
most of the African cities studied. However, the consequence (e.g. in-
crease urban heat island and air pollution, and decrease grain output) of
decreased VC remains unclear and should be analyzed in future studies.

4. Conclusions

Urbanization effects on VC were poorly understood in Africa. In this
study, MODIS land cover and EVI data were used to reveal urbanization
effects on VC in 59 African cities for the period 2001-2017. It was
found that: (1) Negative annual AEVI (i.e. urban EVI lower than rural)
averaged from 2015 to 2017 were observed in 56 of 59 cities. (2) For 59
cities combined, urban area increased 17.9% from 2001 (262.8 km?) to
2016 (309.8 km?). (3) For 59 cities combined, annual AEVI decreased at
the rate of -0.00268 = 0.00208/year for the period 2001-2017.
Annual average area of urbanization effects on VC averaged for 59
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Fig. 9. Spatial distribution of percentage of urban area with decreasing AEVI in 59 African cities during 2001-2017.

Table 5
Percentage of urban area with decreasing AEVI averaged for 59 African cities
for the period.2001-2017.

Annual MAM JIA SON DJF
Significant increasing trend 4.6% 3.9% 3.6% 5.2% 3.4%
Insignificant increasing trend 10.6% 15.1% 16.1% 17.3% 12.3%
Insignificant decreasing trend  24.8% 33.8% 39.3% 36.2%  30.3%
Significant decreasing trend 60% 47.2%  41% 41.3%  54.0 %

cities increased at the rate of 9.7 *+ 9.6 km?/year. For 59 cities aver-
aged, the percentage of urban area with significant decreasing and in-
creasing trend of annual AEVI was 60% and 4.6%, respectively. Cities
near the Gulf of Guinea showed more significant decreasing AEVI. In
addition, the trends and spatial distributions of urbanization effects on
VC differed little by seasons.

Overall, for the first time, this study comprehensively investigated
urbanization effects on VC in Africa. The results showed that urbani-
zation and its effects on VC in Africa should arouse more attentions.
Future studies could: (1) use higher resolution data to analyze urbani-
zation and its effects on VC; (2) examine consequence of decreased VC.
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