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A B S T R A C T   

Urban greening can enhance quality of life by generating ecosystem services and has been proposed as a way of 
mitigating adverse consequences of global warming for human health. However, there is limited knowledge on 
global trends in urban vegetation and their relation to economic development and climate change. Here we 
studied 1,688 major cities worldwide and show that 70% (1,181) show an increase in vegetation derived from 
satellite observations (2000–2018). For 68% (1,138) of the cities studied, the increase in the urban vegetation is 
less strong as compared to the vegetation increase found in the surroundings of these cities. Overall, positive 
vegetation trends are widely observed in cities in Europe and North America, whereas negative vegetation trends 
in cities occur primarily in Africa, South America and Asia. Gross Domestic Product growth, population growth 
as well as temperature are found to be the main underlying drivers of the observed contrasts in changes in urban 
vegetation as compared to surrounding areas across continents. From a global synthesis of urban vegetation 
change, we quantify the role of social-economic development and climate change in regulating urban vegetation 
growth, and the contrasting imprint on cities of developed and developing countries.   

1. Introduction 

Urbanization is a global phenomenon and more than two-thirds of 
the human population is projected to reside in urban areas by 2030 
(Nations, 2012). Rapid and poorly managed urban growth is often 
associated with increasing environmental degradation and poverty with 
adverse impact on human health (Elmqvist et al., 2013; Satterthwaite, 
2003). Global warming may exacerbate these effects and adaptation 
strategies to mitigate further increases in temperatures in urban areas 
are needed (Gaffin et al., 2012; Pancost, 2016). Sustainable strategies to 
increase urban vegetation cover have thus received major attention in 
both developing and in developed economies over recent decades. These 
strategies focus on overcoming the physical, psychological and institu-
tional barriers to promote greening of compact cities (Jim, 2013). 

Vegetation in the urban environment is of importance for reducing 
air pollution and attenuating noise, mitigating the effect of urban heat 
islands by cooling temperatures, sustaining biodiversity (Nilon et al., 
2017; Elmqvist et al., 2013; Güneralp et al., 2018; van Vliet, 2019), 

providing places for recreation, leisure, promoting social interactions (Li 
and Liu, 2016) and lowering the risk of psychiatric disorders (Engemann 
et al., 2019). Yet, adverse effects of urban vegetation are also docu-
mented through degraded air quality increasing asthma (Eisenman 
et al., 2019). Existing studies have documented that urbanization does 
not only have adverse impact on vegetation growth by increasing 
impervious surfaces, but urbanization can also promote vegetation 
growth by sustainable management (e.g., planting trees along roads and 
establishing lawns in parks) (Dewan and Yamaguchi, 2009; Schneider, 
2012). Moreover, high CO2 concentration and air temperatures in urban 
areas may also favour vegetation growth (Zhao et al., 2016). Several 
studies have pointed out that urban vegetation change is closely related 
to economic development as well as governance (Chaparro et al., 2018; 
Dobbs et al., 2014; Jin et al., 2020; Peng et al., 2014; Rao et al., 2019), 
partly because sustainable management of urban land relies on 
governmental investments. For example, a positive relationship between 
Gross Domestic Product (GDP) per capita and urban green areas was 
reported by Li et al. (2018), as cities with a high GDP often prioritize the 
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improvement of living environments by creating green spaces. Also 
cities in countries with democratic systems and more developed econ-
omies tend to provide more ecosystem services to potentially promote 
improved human wellbeing (Dobbs et al., 2014). 

While changes in global vegetation is widely studied from remotely 
sensed data and a general increasing vegetation trend over time 
(referred to as global greening) is attributed to climate change (e.g., 
precipitation, temperature), atmospheric CO2 rising, nitrogen deposi-
tion and land use/cover change (Zhu et al., 2016), the link to urbani-
zation is rarely investigated. In particular, land use/cover changes are 
profoundly triggered by a worldwide accelerating urbanization, and it 
has been predicted that urban land cover will increase by 1.2 million 
km2 by 2030, which is approximately a tripling of the urban areas since 
2000 (Seto et al., 2012). At present our knowledge on temporal changes 
in urban vegetation and their relation to economic development and 
climate change is mostly limited to regional-scale studies at national or 
continental scale (Guan et al., 2019; Schwarz et al., 2011; Jin et al., 
2020). For instance, Jin et al. (2020) documented divergent trends in 
vegetation green space in Asia and North American cities during recent 
decades, regardless of increased GDP observed in all cities. Based on 100 
cities in America, Australasia, Europe and Africa, Dobbs et al. (2017) 
found multiple factors (demography, socioeconomic factors, climate 
factors and topographic characteristics) to interact in shaping the spatial 
structure of urban vegetation, and the anthropogenic variables (popu-
lation and economy) were key factors influencing the degree of frag-
mentation and loss of vegetation cover. A recent study reported different 
urbanization patterns (urban expansion, population growth, and urban 
greenness change) of major cities divided into different categories of 
economic level at a global scale (Sun et al., 2020). Overall, significant 
greening trends were observed in cities of East Asia, Europe, and North 
America, and the ratio of the area of the pixels with a significant 
increasing trend was found to decrease for upper-middle-lower-income 
countries (Sun et al., 2020). These aforementioned studies show how 
urban vegetation is subject to changes governed by socio-economy and 
climate change. Yet, no studies have quantified the combined effects of 
economic development, population change and climate changes on 
urban vegetation at a global scale or attempted to relate urban vegeta-
tion trends with the overall greening Earth trends (Zhu et al., 2016). 
Furthermore, current studies focus primarily on the effects of urban 
expansion on vegetation changes and less so on vegetation changes in 
areas of permanent build-up during recent decades (Lennard et al., 
2019; Liu et al., 2019). 

In this study, these major unknowns are addressed by using global 
gridded datasets on vegetation, climate and socio-economy. We quantify 
and characterize the patterns of vegetation change for 1,688 major cities 
worldwide, using satellite remote sensing time series of MODIS 
Normalized Difference Vegetation Index (NDVI) covering the period 
2000–2018. Greening (indicating increasing vegetation greenness), can 
in this study be a result of various combinations of increases in vege-
tation cover in space, increases in density of vegetation and/or the 
length of the growing season. MODIS NDVI provides two decades of 
dense temporal coverage with satellite images that allow studying subtle 
changes over time at a spatial resolution of 250 m. The spatial resolution 
is sufficient to track vegetation over changes at a level of spatial detail 
that allows resolving spatio-temporal patterns at the inter-city level, but 
can also inform about temporal changes at the intra-city level even 
without being able to identify all individual objects (such as street trees 
and residential vegetation) underlying the per-pixel changes in vegeta-
tion cover. We studied selected cities in detail using temporal snapshots 
of very high resolution imagery from Google Earth to link spatio- 
temporal patterns in MODIS data with detailed changes in vegetation 
cover. Global urban areas mapped by MODIS 500 m data (2001–2002) 
(Schneider et al., 2010) were used to delineate major urban clusters. 
This approach was taken as the study focusses on changes in vegetation 
within the urban class under the assumption that most major metro-
politan areas have only rarely contracted during recent decades, and 

thereby ensured that the studied areas have been urban over the full 
period of analysis. Trends in urban vegetation were then compared with 
trends of the surroundings of the cities, to separate the impact of ur-
banism and management from overall vegetation trends. We further 
quantified the impact of socio-economic development (including GDP 
indicators: GDP growth and GDP per capita, population changes) and 
climatic factors (aridity, precipitation and temperature) on urban 
vegetation changes. 

2. Methods 

2.1. MODIS NDVI data 

We used a time series of data from the MOD13Q1 C6 product 
providing 16-day Normalized Difference Vegetation Index (NDVI) 
composites, at a spatial resolution of 250 m from 2000 to 2018. MODIS 
NDVI products are computed from atmospherically corrected bi- 
directional surface reflectances that have been masked for water, 
clouds, heavy aerosols, and cloud shadows. We used annually averaged 
NDVI values of high quality (QA = 0). While finer spatial resolution 
satellite date such as Landsat series data (30 m) could potentially pro-
vide long-term cover of vegetation in urban areas, the lower revisit-time 
of Landsat data renders such data source less ideal for a robust charac-
terization of subtle continuous changes in vegetation of the urban 
environment, as done here from the use of time series trend analysis. 

2.2. GDP data 

Economic indicators include GDP annual growth (%) and GDP per 
capita (USD), which were derived from the Word Bank (https://data. 
worldbank.org/indicator/) (Gross Domestic Product (GDP)). GDP in-
dictors were averaged for 2001–2018 and used to reflect global eco-
nomic development at country level. 

2.3. Population density maps 

The global human population density at 30 arc-second (approxi-
mately 1 km) grid cells was derived from the Gridded Population of 
World Version 4 (GPWv4) Revision 11, for the years of 2005 and 2015 
(Center for International Earth Science Information Network - CIESIN - 
Columbia University, 2017). Population density per grid cell is derived 
from statistics of census and administrative units, collected around 
2010, and extrapolated to the other years (Center for International Earth 
Science Information Network - CIESIN - Columbia University, 2017). 
These population density grids contain estimates of the number of per-
sons per square kilometer consistent with national censuses and popu-
lation registers. We used the difference of population density between 
2005 and 2015 to study the development of the cities. 

2.4. Aridity index 

The Global Aridity Index (Global-Aridity_ET0) and Global Reference 
Evapotranspiration (Global-ET0) Version 2 datasets provide high- 
resolution (30 arc-seconds) global raster climate data for 1970–2000, 
related to rainfall deficits for potential vegetative growth, based on the 
Penman Monteith Evapotranspiration equation. The dataset is based on 
the WorldClim 2.0 data (http://worldclim.org/version2). The aridity 
Index represent the ratio between precipitation and evapotranspiration, 
thus rainfall over vegetation water demand (aggregated on annual 
basis). Aridity Index values are high under humid conditions, and low 
under arid conditions. 

2.5. Precipitation and temperature data 

The monthly precipitation and temperature data with a spatial res-
olution of 0.5◦ were derived from the Climate Research Unit (CRU) 
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TS4.04, provided by the University of East Anglia, available from 1901 
to present with global coverage. Monthly precipitation was aggregated 
to annual precipitation and monthly temperatures were averaged to 
annual temperature. The average and change of precipitation and tem-
perature for 2000–2018 were used in this study. 

2.6. CO2 emission data 

We extracted monthly anthropogenic CO2 emissions at 0.1◦ from the 
European Copernicus Atmosphere Service (CAMS) data. The data are 
available since 2000 and based on various existing data sets (e.g. na-
tionally reported emissions, EDGAR, ECLIPSE and CEDS), which ensures 
good consistency between the emissions of greenhouse gases, reactive 
gases and aerosol particles and their precursors. 

3. Analysis 

Given the fact that the impacts of urban expansion on vegetation in 
urban domains have been extensively exploited, this study focus on the 
vegetation changes in the ‘core-urban’ area, which is defined here by the 
urban boundaries defined by satellite data in the years of 2001–2002. 
Note we cannot exclude the potential case that a few urban areas that 
have qualified for this analysis (see next section) may have contracted 
during recent decades and thereby do include some areas of non-urban 
land cover. 

3.1. Urban extent 

The extent of urban areas was obtained by using the urban delin-
eation conducted by Schneider et al. (2010) based on MODIS data for the 
years of 2001–2002. The minimum size for an urban cluster was 100 
km2, which was also used to define large cities including also multiple 
cities with lower population numbers (the low-density cities) (Sun et al., 
2020). Note for some rare cases the city clusters derived (using the 
Schneider et al. (2010) data, see methods section) may include several 
cities, which will be considered as one city. This leads to a total of 1,688 
urban clusters used in our study. 

3.2. Calculation of vegetation change per city 

Theil–Sen estimator was calculated based on the annually averaged 
NDVI. Theil–Sen estimator of all pixels within an urban cluster were 
averaged to represent the vegetation change for a city, as shown in the 
equation (1): 

Vegetation trendsper city =

∑N
i=1SLi

N
(1)  

where SLi is the Theil–Sen estimator of a pixel and N is the total number 
of pixels within an urban cluster. 

Vegetation trends aggregated to city scale can potentially conceal the 
diversity of trends observed within an urban area. Therefore, the per-
centage of pixels within each urban cluster that shows a positive trend in 
NDVI (abbreviated here as PT) and the percentage that shows a negative 
trend in NDVI (abbreviated here as NT) were calculated to show changes 
in vegetation characterized by either positive or negative trends. 

3.3. Difference in vegetation change between the urban center and its 
surroundings 

The overall footprint of urban areas on land phenology had been 
estimated to be<20 km away from the urban perimeter as demonstrated 
in several studies (Zhang et al., 2004; Zhou et al., 2015). A band 
covering the area between 25 and 30 km distance outward from each 
urban cluster perimeter (a doughnut-shaped area hereafter called sur-
rounding areas) was generated as reference baseline for quantifying 

vegetation trends of the urban surroundings that was used to examine 
the difference of vegetation change between urban areas and their sur-
rounding areas. The difference was calculated with equation (2): 

Diff = Vegetation trendscity − Vegetation trendsbuffer 25-30km (2)  

3.4. Boosted regression trees (BRT) model and sensitivity test 

The BRT model (Elith et al., 2008) was used to determine the main 
controlling drivers of vegetation change over global cities, with the 
explanatory variables including economic indicators (GDP growth (%), 
GDP per capita (USD)), difference of population between 2005 and 2015 
(Population change), climate variables (changed/averaged precipita-
tion, temperature and aridity), changed/averaged CO2 concentrations 
and urban size. The BRT model has the following advantages: it involves 
regression trees (models that relate a response to their predictors by 
recursive binary splits) and boosting (an adaptive method for combining 
many simple models to give improved predictive performance), and can 
handle different types of predictors. Moreover, a multiple regression 
model was used to determine the sensitivity of vegetation change 
including average vegetation changes and the proportion of positive 
areas to the related explanatory variables (rescaled). These analyses 
were implemented with vegetation change and the proportion of posi-
tive area as the response variable, respectively. We further detected the 
impacts of GDP indicators on vegetation change at country level (GDP is 
only available for countries) to characterize the relationship between 
vegetation changes and human development. The sensitivities of vege-
tation change (both average greening/browning and the proportion of 
areas of positive/negative change) to the related explanatory variables 
(rescaled) was determined from a multiple regression model. At the 
same time, a stepwise model selection using the Akaike information 
criterion (AIC) (with both backward and forward directions) was used to 
determine the best linear model. This method automatically repeats the 
procedure (1,000 times) for the best model selection. Finally, we used 
partial dependence plots based on the BRT models to visualize the 
relationship between explanatory covariates and vegetation changes, 
independent of other covariates. Partial dependence provides the mar-
ginal effect of a covariate on the response variable, so the y-axis is only 
interpretable within and not across covariates. 

4. Results 

4.1. Spatial patterns of vegetation change across global cities 

Pronounced differences in vegetation trends were observed across 
global cities during the period 2000–2018 (Fig. 1a). Overall, most cities 
of Northern America, Europe and Northern Asia show increasing urban 
vegetation trends (zoom-in maps of North America, Europe and Asia in 
Supplementary Fig. 1a-c), whereas cities in South America, Africa, 
Southeast Asia, and East Asia (except cities in Japan and Korea) largely 
show negative vegetation trends. Major urban areas in Australia show 
only minor temporal variations. A total of 70% (1,181) of all major cities 
show an increase in vegetation during recent decades. The 10 countries 
with the largest increase/decrease in vegetation (average of all city 
clusters within each country) are provided in Supplementary Table 1. 
We calculated the difference between vegetation trends in urban areas 
and trends of the surrounding areas (represented by a represented by a 
band covering the area between 25 and 30 km distance outward from 
each urban cluster perimeter (Methods)) for each city. This was done to 
assess urban vegetation trends, at the same time normalizing for the 
impact from global scale vegetation change patterns. Clear differences in 
vegetation trends between cities and their respective surroundings are 
visible at the continental scale (Fig. 1b). Many cities in North America 
and Europe characterized by urban greening show stronger increasing 
vegetation trends in their surroundings (Fig. 1a-b) (78% and 45%, 
respectively). Also in Japan and Korea, the increasing urban vegetation 
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Fig. 1. Vegetation trends in global urban areas. a, Change of NDVI over 2000–2018 across global cities (n = 1,688). b, Difference of NDVI change between urban 
areas and their surrounding areas (negative values indicate that the averaged NDVI trend in urban areas is smaller than in the surrounding areas and positive values 
indicate a stronger increasing vegetation trend in urban areas as compared to their surroundings) (n = 1,662; for 26 cities trends of surroundings could not be 
assessed). c, Averaged vegetation change for global cities and their surroundings per continent and error bars represent s.e.m. (standard error of the mean). d, 
Percentage of pixels within each urban cluster with positive trend in NDVI (PT) for global cities. Density distributions based on city characteristics are inserted for a, 
b and d. 
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trend is generally less pronounced compared to the vegetation increase 
of the urban surroundings. At the global scale 68% of the cities (1,138) 
show smaller increase in urban vegetation than observed in the sur-
rounding areas. Yet, multiple cities in central Europe and northeastern 
US show higher greening trends in urban areas as compared to their 
surroundings (green labels in both Fig. 1a and b, zoom-in maps in 
Supplementary Fig. 1d-f). An increase in vegetation trend of urban 
surroundings is observed across all continents, which could partly sup-
port the findings of a greening Earth (Zhu et al., 2016) (Fig. 1c). How-
ever, most urban areas do not follow the large scale patterns of 
surrounding areas, and show distinctly different trends that vary greatly 
between continents (Fig. 1c). Overall, urban vegetation trends are most 
positive in Europe and North America, while urban areas in Africa, Asia 
and South America have predominantly negative vegetation trends, 
contrasting the increase in vegetation in their surrounding areas. 

Vegetation trends aggregated to city scale can conceal the diversity 
of trends within urban areas and we calculated the percentage of pixels 
within each urban cluster that shows a positive trend in NDVI (Fig. 1d) 
and the percentage that shows a negative trend in NDVI (Supplementary 
Fig. 2). The 10 countries with the largest values in PT/NT (average of all 
city clusters per country) are provided in Supplementary Table 2. At 
global scale, the PT shows a similar overall pattern as the vegetation 
trends (Fig. 1a), yet the inserted histograms show more a right skewed 
distribution in Fig. 1d than in Fig. 1a, indicating that more cities of low- 
moderate increasing vegetation trends within urban areas are countered 
by smaller areas of stronger negative trends. Combining vegetation 
trends and the PT reveals information about the uniformness in 
magnitude of positive and negative vegetation trends at the city level 
(Fig. 2a) (zoom-in maps provided in Supplementary Fig. 3). Most cities 
are characterized by coinciding positive average vegetation trends and 
PT > 50% (n = 1,165) or negative average vegetation trends combined 
with a PT < 50% (n = 419), which corresponds to our expectations. Yet, 
a few cities (n = 16) show a different combination of positive trends and 
PT < 50% (blue), indicating that pixels with positive trends are stronger 
in magnitude as compared to the pixels with negative trends. A larger 
share of cities (n = 88) shows a combination of negative vegetation 
trends and PT > 50% (yellow), indicating that pixels showing negative 
vegetation trends are stronger in magnitude as compared to the pixels 
with positive trends. 

Six cities are selected to showcase the different urban vegetation 
dynamics as quantified in Figs. 1 and 2. The cities of Paris (France) and 
Pittsburgh (USA) (Fig. 3a-b) represent cities of overall positive vegeta-
tion trends and high PT (green cases in Fig. 2a), with a medium clus-
tering of trends. The city of Beijing (China) (Fig. 3c) shows strong 
negative vegetation trends clustering in the periphery of the city 
resulting in an overall negative trend, despite a majority of pixels 
showing positive trends (PT > 50%) largely clustered in the more central 
parts of the city (yellow case in Fig. 2a). There are various reasons for 
urban land cover changes leading to such changes in vegetation trends 

and a few examples are given for the case of Beijing based on high 
resolution Google Earth imagery (Supplementary Fig. 4). Ahvaz (Iran) 
(Fig. 3d) represents one of the few cities globally (blue case in Fig. 2a), 
where the overall trend is positive, despite PT being below 50%, 
meaning that the number of the pixels showing an increase in vegetation 
outweighs the number showing a decrease in vegetation. Jinan (China) 
and Bengaluru (India) represent cases of overall negative vegetation 
trends and PT < 50% (red cases in Fig. 2a), with both cities displaying a 
high degree of clustering of pixels with negative trends. However, a 
pronounced increasing vegetation trend is observed in the surroundings 
of both cities driven by agricultural intensification (Zhu et al., 2016). 
Both cities (being regional central hubs of > 8 million people) represent 
cases of urban development probably with little attempts to develop 
sustainable strategies of urban greening. 

4.2. Determinants of vegetation changes across global cities 

Vegetation change in urban areas is a consequence of numerous 
actions related to land use/cover conversion, in where natural land 
covers (e.g., trees, grass, soil) within urban areas are being converted to 
impervious surfaces (e.g. buildings, roads, parking lots). Here we 
adopted the conceptual distinction between proximate causes (translate 
here to types of land use/cover conversion) and the underlying causes 
(determinants of these conversions) (Geist and Lambin, 2002), to clarify 
the role of underlying causes related to climatic factors (and changes 
herein) as well as changes in the human footprint, reflected here by 
population dynamics and the gross domestic product (GDP) growth rate. 
The BRT models were used to determine the major drivers of vegetation 
change over global cities. Results show that the spatial patterns of urban 
vegetation trends as compared to the vegetation trends of their urban 
surroundings are primarily controlled by GDP growth followed by 
population density changes and mean annual temperature (Fig. 4a). The 
variables of CO2 change, aridity and average precipitation had a mod-
erate contribution as explanatory variables for vegetation trends (the 
latter two likely representing some similarity as explanatory variables). 
The percentage areas of change are primarily controlled by population 
density changes followed by mean annual temperature and GDP per 
capita. Again, the variables of aridity, average precipitation and CO2 
change moderately contributed as explanatory variables (descending in 
the order mentioned) (Fig. 4b). Overall, the stepwise regression models 
explain 28% of the overall trend and 25% of percentage area of change 
(Supplementary Table 3). 

The major controlling factors affecting urban vegetation trends and 
percentage of pixels of change (GDP growth, population change, average 
temperature and GDP per capita; Fig. 4a-b) are further studied using a 
BRT model to assess the response functions (Fig. 5). A negative relation 
is observed between urban vegetation trends and GDP growth (Fig. 5a), 
indicating that many countries scoring high on the GDP growth scale 
(primarily developing countries) represent cases where urban green 

Fig. 2. Uniformness in magnitude and spatial distribution of vegetation trends. a, Combined vegetation trends and percentage area of vegetation change 
divided into cities of positive/negative trends and PT larger/smaller than 50% (2000–2018) (see zoom-in maps in Supplementary Fig. 3) (n = 1,688). 

W. Zhang et al.                                                                                                                                                                                                                                  



Global Environmental Change 71 (2021) 102385

6

spaces have low priority in the urban planning. Contrary, a positive 
association is observed between PT and GDP per capita (Fig. 5f) indi-
cating that countries with an overall high GDP have taken measures to 
increase vegetation cover as a consequence of the increased focus on 

improved life quality from urban greening initiatives. From the deter-
minant population density change available at the city level (Fig. 5b and 
d), a strong negative relation is observed between vegetation trends/PT 
and population density change. The negative relation in both cases 

Fig. 3. Example cities with contrasting vegetation trends. (a-b) Vegetation increases in Paris and Pittsburgh. (c-d) Clustered and highly divergent vegetation 
trends in Beijing and Ahvaz (with opposite overall vegetation trends). (e-f) Strong and clustered vegetation decline in Jinan and Bengaluru. All analyses are based on 
MODIS 250-m resolution NDVI data 2000–2018. 

Fig. 4. Controlling factors of vegetation changes. a, Relative contributions of 11 controlling factors to vegetation trends in urban areas as compared to the trends 
of their surroundings (n = 1,662) and b, the percentage of pixels with positive change in NDVI (n = 1,688). 
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levels off before population change rates of ~ 1,000 people km− 2. A 
negative relation is observed between vegetation trends/PT and air 
temperature, where the impact from temperature in both cases changes 
from positive to negative in the interval between 10 and 15◦C (Fig. 5c 
and e). 

5. Discussion 

5.1. Vegetation trends and drivers 

Our study focuses on vegetation changes within areas of permanent 
build-up across major urban hubs globally, being complementary to refs 
(Krishnan and Borges, 2018; Liu et al., 2020; van Vliet, 2019) who study 
the impacts of urban expansion on vegetation dynamics. A recent study 
also analyzed vegetation trends of major urban cities/clusters globally 
(Sun et al., 2020), and our results partly support their findings of posi-
tive vegetation trends in European and North American cities. However, 
we find a widespread decrease in vegetation for cities in China, where 
Sun et al. (2020) found a pronounced increase in urban vegetation 
(totaling 32% of the 841 global cities included in their study), but Zhou 
et al. (2014) found a decrease in vegetation in most of the major cities in 
China. Regardless of looking at the trends of urban areas (Fig. 1a) or the 
difference of NDVI changes between urban areas and their surrounding 
areas (Fig. 1b), we find trends of Chinese cities to be similar to the 
overall negative trends of cities of Southeast Asia, Africa and South 
America (Fig. 1c). The different results are likely related to the different 
methods of including or excluding areas that have changed from non- 
urban to urban during the period of analysis, potentially making a 
large difference in the case of cities that are rapidly increasing. From our 
urban extent definition (Methods), we have explicitly chosen to exclude 
pixels undergoing a transition from non-urban to urban during the 
period of analysis, to better focus on vegetation trends within build-up 
areas only. 

Greening in European build-up areas has been shown to be caused by 
global warming advancing the phenological phases of leaf development 
and delaying the phenological phases of leaf senescence (Wohlfahrt 
et al., 2019). The effect of climate change, in particular referring to 

increasing air temperature, is most pronounced in cold areas (Li et al., 
2019; Wohlfahrt et al., 2019), which corresponds well with our findings 
(Fig. 1a). Moreover, the greening of cities across the Northern Hemi-
sphere, related to a prolonged growing season has been found to be 
governed partly by elevated atmospheric CO2 and the effect of urban 
heat islands, exposing urban vegetation to higher temperatures than the 
surrounding areas (Wang et al., 2019; Zhou et al., 2016). By comparing 
the urban greening with the greening of their surrounding areas, our 
results provide an indication of the respective importance of global 
warming and the effect of urban heat islands for vegetation trends at the 
city level. In agreement with the literature global warming seemingly 
plays an important role in the urban greening of higher latitudes (ma-
jority of cities showing a positive vegetation trend in Fig. 1a). However, 
only a subset of these cities show a positive vegetation trend that is 
stronger than the corresponding trend of the urban surroundings (Fig. 1b 
green colored cities), which might indicate an additional effect from 
urban heat island phenomenon. The overall growing season in urban 
areas has been found to be longer than that of rural areas in 32 major 
China cities, and the effects related to land surface temperature (urban 
heat island) on vegetation phenology is found to decrease toward rural 
areas (Zhou et al., 2016). Also, Li et al. (2017) observed a longer 
growing season in urban areas compared with surrounding urban areas 
in the United States, which is consistent among climate zones (Li et al., 
2017). The impact of an extended growing season on NDVI trends from 
the effect of urban heat islands, is however not clear from the observed 
changes in vegetation in our study for most Chinese cities showing 
stronger increases in vegetation of the surroundings as compared to 
urban areas (Fig. 1b), as it is the case for a large share of cities also in 
Europe, North America and other countries in Asia. A relatively longer 
growing season in urban areas from the impact of urban heat islands will 
impact the annual average NDVI (the basis for the vegetation trend 
calculations), yet it should be kept in mind that this will not impact on 
the urban vegetation cover in the spatial domain. Our results suggests 
that other effects than the one from an extended growing season caused 
by the urban heat island effect is important for the observed vegetation 
trends in urban areas, such as elevated atmospheric CO2, global warm-
ing and management-related factors (Wang et al., 2019; Wohlfahrt et al., 

Fig. 5. Response of vegetation changes to controlling factors. a-c, Vegetation trends (NDVI) and percentage of positive area (PT) of global urban areas 
(2000–2018) as a function of GDP growth (%), population change (people km− 2) and averaged temperature (℃), each showing vegetation change across a single 
variable while holding the other variables constant. d-f, PT as a function of population change (people km− 2), averaged temperature (℃) and GDP per capita ($), 
each showing vegetation change across a single variable while holding the other variables constant. Note NDVI trends (unitless) and PT (% pixels) values are centered 
by subtracting their mean. 
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2019; Dobbs et al., 2017). Our analysis of determinants of the difference 
in vegetation trends of urban areas as compared to their surroundings 
conducted at the global scale (Fig. 4) showed that GDP growth, popu-
lation density changes and mean annual temperature were more 
important in explaining trends than the variable CO2 change. These 
findings synthesize the global set of observations, and different con-
clusions are expected to be reached for individual cities characterized by 
different climatic conditions and stages of urban development in the 
developed and developing countries. 

In many European and North American cities, policies encouraging 
the implementation of nature-based solutions or green infrastructure 
have increased dramatically during the last two decades (Du et al., 2016; 
Faivre et al., 2017; Meerow and Newell, 2017). Nature-based solutions 
in urban areas can include raingardens, vegetated swales and green 
roofs, all of which help to manage stormwater, support biodiversity and 
mitigate urban heat island effects. Green roofs can shift previously un- 
vegetated areas into vegetated areas and have rapidly grown in popu-
larity in recent years, however still make up<1% of the area of most 
major European cities (Versini et al., 2020). Other green spaces that may 
be contributing to the observed increasing vegetation trends include 
parks, open spaces, residential gardens, and street trees. These types of 
areas have also been observed to be increasing in European cities, in part 
due to new brownfield and interim use developments (Kabisch and 
Haase, 2013). The negative vegetation trends in the majority of cities in 
developing countries across Africa, South America and Asia on the other 
hand are likely to reflect the situation of cities of increasing populations, 
in where limited specific initiatives focusing on urban greening are 
being implemented. 

5.2. Limitations of current study 

Certain limitations exist in relation to the use of MODIS satellite data 
(250 m) for monitoring urban vegetation trends globally. The spatial 
resolution of MODIS data does not allow us to resolve information about 
the impacts of individual components of urban green infrastructure such 
as street trees, small lawns and other residential vegetation due to the 
coarse resolution of 250 m. Yet, even single vegetation objects associ-
ated with nature-based solutions cannot be identified because of the 
spatial resolution, the reflectance signal from these objects is still 
measured by the satellite as an integral measure and thereby do affect 
the per-pixel changes in vegetation measured by the MODIS instrument. 
MODIS data provide the only opportunity for obtaining at the same time 
long-term, high revisit and reliable observations for vegetation changes 
(including phenology and vegetation productivity) in cities. The only 
viable alternative would be using data from the Landsat series offering a 
higher spatial resolution (30 m) and historical observations, but at the 
expense of a dense temporal coverage of data. This prevents accurate 
estimates of subtle changes in vegetation, as the exact timing of the 
selected cloud-free Landsat imagery during the course of the growing 
season often substantially impact on the results. Moreover, the GDP 
related metrics (GDP growth and GDP per capita) are only available at a 
country level when conducting a global scale study, which do not always 
reflect the economic development of individual cities. Largely uneven 
economic development across cities might exist in some countries like e. 
g., urban areas in eastern and western regions of China (Sun et al., 
2020). This may cause some uncertainties in the current results on the 
impacts of GDP on urban vegetation changes. Finally, our selection and 
the threshold of 100 km2 to define urban extent over globe of course 
does involve some level of arbitrariness. A fixed threshold of 100 km2 

was used here to define urban extent over globe as it was also done in the 
study of Sun et al (2020) for better comparability. 

5.3. Synthesis of current research 

Our research, based on freely available economic, environmental 
and demographic remote sensing data demonstrates an approach for 

systemically and repeatedly monitoring the process of urban greening 
worldwide and understanding the forcing mechanisms of various socio- 
economic development and climate factors. The results are essential to 
elucidate the uneven urban greening of the past several decades and can 
provide a scientific basis to improve urban planning and governance, 
especially in lower income countries where other supporting data may 
be lacking. A growing understanding of the combination of drivers of 
urban greening may support decision making which maximizes the 
many benefits of urban vegetation, leading to the development of more 
livable cities with increased biodiversity, cleaner air and water and more 
natural hydrologic cycles. 
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