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a b s t r a c t

Analysis of the correlation between vegetation greenness and climate variable trends is
important in the study of vegetation greenness. Our study used Normalized Difference
Vegetation Index-3rd generation data from the Advanced Very High-Resolution Radiom-
eter - Global Inventory Modeling and Mapping Studies (AVHRR-GIMMS NDVI3g), land
cover data from the Climate Change Initiative (CCI-LC), and climate data from the Climatic
Research Unit global time series (CRU TS) of climate variables (temperature and precipi-
tation, solar radiation) over the past 33 years. First, we estimated the overall trends for
vegetation greenness and climate variables over five time periods. Second, we subjected
the data to correlation, regression, and residual analyses to detect correlations between
vegetation greenness and different climate variables. Third, we extracted trends and cor-
relation results by primary land cover types for each climate zone. Our study was focused
at the global scale, and findings indicate that the largest decreasing trend of vegetation
greenness and grasslands occurred in the mid-latitude regions of the Northern Hemi-
sphere and in parts of South America, Africa, Saudi Arabia, and south and northeast Asia. In
particular, the cold climatic zones of forest (36.6%), cropland (36.6%), and grassland (14.1%)
suffered significant decline in vegetation greenness. Anthropogenic activities are mainly
responsible for declining vegetation greenness particularly in northern Africa, central and
western Asia. However, residual analysis shows an increase in vegetation greenness in
some parts of western Europe, southern Australia, and the northern part of South America.
The study also identified temperature and precipitation as the main factors responsible for
controlling vegetation growth. Hot-spot areas with the largest temperature increases were
found in the Amazon, Central America, southern Greenland, east Africa, south-east Asia,
and other areas. However, temperatures decreased in the western part of South America,
Angola, the Philippines, Indonesia, and Papua New Guinea. Precipitation decreased the
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most from March to May over most parts of the world with high correlation (r ¼ 0.88) in
Russia Canada, northeast Asia, and central Africa. In general, climate factors were the
principal drivers of the variation in vegetation greenness globally in recent years.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the dynamics of vegetation greenness and its correlation with climate variable is an important process in
understanding current situations and project future changes (Tucker and Nicholson, 1999; Eklundh and Olsson, 2003; Luo
et al., 2020). Such information is crucial for sustainable land use planning, developing resource use policies, and disaster
preparedness (Jin et al., 2019). Vegetation greening is defined as a statistically significant increase in annual or seasonal
vegetation greenness at a given location (Piao et al., 2019). Vegetation greening may be caused by many factors including
temperature, precipitation, solar radiation, increases in average leaf size, leaf number per plant, plant density, species
composition, duration of green-leaf presence due to changes in the growing season, and number of crops grown per year (Yu
et al., 2016). In the past Rasmus Fensholt et al. (2012) used AVHRR to analyze global trends in vegetation greenness in Earth’s
arid and semi-arid lands. On the other hand, De Jong et al. (2012), Chen et al. (2019) and Yao et al. (2019) estimated vegetation
greenness based on only NDVI. However, some studies have focused on the relation between NDVI and LAI that has showed
high exponential relationships with LAI (Buermann et al., 2002).

Changes in vegetation greenness have been proven to increase the uncertainties of the projected changes of the annual
means in surface fluxes and conditions, with stronger impacts on changes in sensible heat flux than on evapotranspiration
(ET), soil water content, or surface runoff (Purdy et al., 2018). In particular, regions within approximately 50e70� N latitude in
central and east Asia, northwestern north America, and the Amazon, exhibit high degree of uncertainties due to projected Leaf
Area Index (LAI) changes. In addition, climate variables have been proven to affect vegetation greenness (Zeng et al., 2005;
Fensholt et al., 2009; Fu et al., 2015). The Tibetan Plateau was identified as another regionwhere large uncertainties are found
for the projected changes in vegetation and climate (Yu et al., 2016).

Analysis of trends between the changes in vegetation greenness, temperature, precipitation, and solar radiation are
important for designing interventions to mitigate the negative impacts of climate change, human activity, and natural
disasters on the well-being of society and the environment. The Advanced Very High Resolution Radiometer (AVHRR)
Global Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI) 3 g data are
popular tools for analyzing vegetation trends at the regional to global scale as evidenced in several past studies by Anyamba
and Tucker (2005); de Jong et al. (2011); Eklundh and Olsson (2003); Helld�en and Tottrup (2008); Jeyaseelan et al. (2007);
Myneni et al. (1998); Olsson et al. (2005); Slayback et al. (2003); and Tucker et al. (2001). Same methods have also been
applied to detect changes in vegetation phenology by Heumann et al. (2007); Myneni et al. (1997); and Stockli and Vidale
(2004). Studies by Zeng et al. (2005), Fensholt et al. (2009), and Fu et al. (2015) have attempted to ascertain the causal
factors responsible for the observed changes in vegetation greenness by investigating the response of vegetation vigor to
climatic variations, represented by variables such as precipitation and air temperature. Researchers (Fensholt and
Rasmussen, 2011; Tian et al., 2015; Zhao et al., 2018) have asserted that GIMMS NDVI3g data demonstrate good reli-
ability for long-term trend analysis in arid regions, as long as provisions for humid, sub-humid, semi-arid, and hyper-arid
regions due to temporal discordances between sensors are present. To address such uncertainties in the satellite-observed
trends in vegetation growth, Guo et al. (2018) recommended more comprehensive analysis to compute an NDVI time series
against field measurements and multi-scale imagery, before attempting trend analysis to acquire demonstrative results
(Guay et al., 2014).

A recent study by Yu et al. (2016) indicated a decreasing precipitation trend in the regions of the Mediterranean,
southwestern North America, most of south America, and South Africa, accompanied by an increasing trend in the areas of
the Northern Hemisphere, south Asia, and the maritime subcontinent. A study by Jeyaseelan et al. (2007) reported that the
global mean surface temperature has increased by 0.85 �C during the period 1880e2012 and that this increase is
accompanied by an increase of 0.12 [0.08e0.14] �C per decade� in global land and ocean temperatures over the past 60
years (Jeyaseelan et al., 2007). However, the amount of warming during the last 15 years (0.05 �C/decade�1) is significantly
lower than the number computed since 1951 (Jeyaseelan et al., 2007). During this warming hiatus (Kosaka and Xie, 2013),
observational data exhibited a continued increase in hot extremes over land (Seneviratne et al., 2014). Biological events in
plant phenology are powerful indicators of the seasonality of the environment, expressing the implicit meaning of rising
temperatures on the vegetation function (Cleland et al., 2007; Zeng et al., 2011; Stockli and Vidale, 2004; Pe~nuelas et al.,
2009). Past research (Trenberth et al., 2014) has indicated that an increase in temperature from global climate change
could intensify droughts. In addition, some studies (Whittaker, 1975; Churkina and Running, 1998) have also shown that
plant growth in the northern latitudes is limited by the temperature and length of the growing season. It has also been
shown that springtime warming in the northern Hemisphere is associated with the observed increases in photosynthetic
activity, or vegetation “greening” trends (Myneni et al., 1997; Tucker et al., 2001; Zhou, 2001; Nemani et al., 2003; Wang
et al., 2011; Xu et al., 2013). Wolkovich et al. (2012) estimated the growing season onset in the northern Hemisphere to be
2
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1.1e3.3 days per decade. Past studies have generated useful information for planning land management at regional scales.
However, there is a need to use long term data to better understand vegetation greenness trends at global levels and its
interactions with climate and human factors. To respond to this need, we used Advanced Very High Resolution Radiometer
(AVHRR) Global Inventory Modeling and Mapping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI) 3 g to
study global Spatio-temporal trends and the relationship between vegetation greenness and climate factors by land Cover
types. The main differences between the results of this study and pervious study primarily showed trend of frequencies by
each ten years for NDVI, temperature and rainfall, solar radiation, and relation between of vegetation greenness and climate
factors by land cover type in climate zone.

In particular, our study provides: i) an analysis of the overall and seasonal trends of vegetation greenness and climate
variables; and ii) correlations and multi-linear regression between vegetation greenness and precipitation and tem-
perature, extracted by primary land cover type. Whereas the majority of past studies has largely focused on the long-
term assessment of vegetation greenness, our study attempts to ascertain decadal changes in the overall trends in
vegetation greenness and climate variables by primary land cover type in each climate zone at a global scale. Specifically,
our study aims to answer the following questions: (i) What are the dynamic trends of global vegetation greenness,
precipitation, and temperature during the period 1982e2014 and how have they changed in each decade? (ii) What is
the seasonality (four-season) trends of global vegetation greenness, precipitation, and temperature during the same time
period? (iii) Which results show correlations between vegetation greenness and climatic factors and climate control on
vegetation greenness? (iv) What is the vegetation greenness, the climate causal factors for the trend and correlation
observed by primary land cover type (forest, cropland, and grassland) and the trend of vegetation greenness by primary
land cover type in each climate zone? These findings will not only contribute to the analysis of vegetation greenness but
also have great significance in predicting the effects of climate change on global vegetation greenness and primary land
cover types.
2. Materials and methods

2.1. Data acquisition

2.1.1. Remote sensing vegetation data
The GIMMS-NDVI3g dataset derived from US National Oceanic and Atmospheric Administration’s (NOAA’s) AVHRR sat-

ellite record is the most recent version of the NDVI (Fensholt et al., 2012). Compared to the datasets from other sources, such
as the U.S. National Aeronautics and Space Administration’s (NASA’s) Moderate Resolution Imaging Spectroradiometer
(MODIS, February 2000epresent), the GIMMS-NDVI3g dataset is the longest global sub-monthly time series of the greenness
index. NDVI3g data were collected to represent the 33-year period spanning from 1982 to 2014 with a spatial resolution of
8 km and calculated using the average monthly NDVI from January to December (https://ecocast.arc.nasa.gov/data/pub/
gimms/). Also, we used GIMMS-LAI3g version 2.

2.1.2. Climate data
Data on the monthly average daily maximum temperature (�C) and precipitation (mm permonth) were collected from the

Climatic Research Unit Time Series (CRU TS), University of East Anglia (CRU TS v. 4.01, https://www.cru.uea.ac.uk/, Harris et al.
(2014)). The dataset has a resolution of 0.5 � � 0.5 � and is based on the analysis of records from over 4000 individual weather
station records. While the dataset makes up a large proportion of the total input records, the dataset has been homogenized
and Monthly shortwave radiation (SWD) data with a resolution of 0.5� was obtained from the CRU National Centers for
Environmental Prediction (CRU-NCEP) v7 data set. We used the monthly climate data of the same period as the NDVI time
series (1982e2014), with the average monthly temperature and precipitation of the entire season from January to December
and a total of 1188 data records for 396 months, in which one image is composed of 9,331,200 pixels.

2.1.3. Land cover data
The CCI 300 m annual global land cover time series from 1992 to 2015 was released by the Climate Change Initiative (CCI)

land cover partnership https://www.esa-landcover-cci.org/(Feng et al., 2015). Five different satellite missions support the
reprocessing of the land-cover data. The ENVISAT-MERIS full and reduced resolution reflectance dataset recorded from 2003
to 2012 is the main data source for land-cover discrimination, owing to its 15 spectral bands at 300 m resolution. The CCI data
comprise the NOAA-AVHRR HRPT (high-resolution picture transmission) dataset, recorded at 1 km covering the period from
1992 to 1999. The AVHRR dataset, along with the SPOT-Vegetation time series spanning from 1998 to 2012 and the PROBA-V
from 2013 to 2015 are used for land-cover detection. Using these datasets, annual global land-cover maps are produced at a
1 km resolution to serve as input to the change detection algorithm.
3
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2.2. Methodology

2.2.1. Preprocessing
As CRU-TS and GIMMS-NDVI3g data were provided as NetCDF format from the original source, we converted the NetCDF

data to single-raster format. The output is a TerrSet format raster layer (Kvamme, 2018). Following the NDVI3g data (8 km),
the data cell size was changed to 0.083 and is indicated in column 4320, row 2160. We then resampled from the original
resolution of 0.5 � � 0.5 � for all climate data to an 8 km resolution by the downscale scenario model within the Climate
Change Adaptation Modeler, which is used to produce a high-resolution image from a low-resolution image (Fig. 1)

The model works either by generating anomalies between the coarse-resolution future and baseline scenarios or using
previously calculated anomalies at the coarse resolution, which are then applied to a fine-resolution baseline image to
determine the fine-resolution future scenario. This model can be used for a single image or for multiple images contained in
the climatology data. The downscaling method used here is one of the downscaling methods from Terrset software used for
rescaling data to a higher resolution. A common use of these data is species scenario modeling, and the method described
here is adapted from Tabor and Williams (2010).

2.2.2. Mann-Kendall monotonic trend

2.2.2.1. Temporal trend analysis. The Mann-Kendall monotonic trend is a non-parametric test used to determine trends in
time-series data. The test considers the significance of the Theil-Sen (TS) slope (Sen, 1968). The advantage of this method is
that the data does not require a normal distribution, and it is not sensitive to outliers in the dataset (Sen, 1968; Fensholt et al.,
2012). The datasets are required to transform one rank order into another to demonstrate the steadily increasing and
decreasing trends. Trends vary from �1 to þ1. The þ1 value represents a continuously increasing trend and �1 indicates a
continuously decreasing trend (Neeti and Eastman, 2011). Pixels with significant trends in vegetation greenness were
determined by Z scores of the non-parametric Mann-Kendall significance test at the 95% significance level, which is
commonly recommended for trend test for the TS procedure (Eastman et al., 2009; Luo et al., 2019; Lyu et al., 2019). For each
pixel, we examined trends for vegetation greenness and climate variables by using a non-parametric trend test technique
(ManneKendall test) to evaluate trends for each month, for four seasons, and for each decade during the 33-year study
period, considering the integrated vegetation greenness, temperature, and rainfall derived from the satellite NDVI product
and CRU data. The ManneKendall statistic (S) is as follows:

S¼
Xn�1

i¼1

Xn
j¼iþ1

sign
�
NDVIj �NDVIi

�

In this equation, if NDVIj and NDVIi are the NDVI value of times i and j, then:
Fig. 1. Framework of the study.
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sign
�
NDVIj �NDVIi

�¼
8<
:

1; if
�
NDVIj � NDVIi

�
>0

0; if
�
NDVIj � NDVIi

� ¼ 0
�1; if

�
NDVIj � NDVIi

�
<0
The variance of S is calculated as:

VARðSÞ¼nðn� 1Þð2nþ 5Þ
18

with n from 1982 to 2014 (n ¼ 33).
The normalized test statistic Z is estimated as follows:

Z¼

8>>>>>><
>>>>>>:

S� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VARðSÞp ; if S>0

0; if S ¼ 0

Sþ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VARðSÞp ; if S<0
The statistic S is closely related to Kendall’s t as given by:

t¼ S
D

where.D ¼
0
@1 nðn� 1Þ � 1Pp tjðtj � 1Þ

1
A

1=2 �
1nðn� 1Þ

�1=2
2 2 j¼1 2

2.2.2.2. Seasonal trend analysis. The Mann-Kendall statistic for the gth season is calculated as:

Sg¼
Xn�1

i¼1

Xn
j¼iþ1

sign
�
NDVIjg �NDVIig

�
; g ¼ 1;2;…::m
According to Hirsch et al. (1982), the seasonal Mann-Kendall statistic, S1, for the entire series is calculated according to:

s¼
Xm
g¼1

sg
2.2.3. Statistical analysis
We applied linear regression analysis to analyze the spatial and temporal fluctuations of the vegetation greenness and

climate variables by assessing the per-pixel values from 33 years of overlay monthly observations (January 1982 to December
2014). Furthermore, we used correlation and multiple regression between vegetation greenness and climate factors such as
rainfall and temperature at the global level. The correlation coefficient, denoted by r, is a measure of the strength of the linear
relationship between two variables. Multiple regression describes how the changes in each independent variable are related
to changes in the dependent variable. Regression also statistically controls every variable and estimates the effect that
changing one independent variable has on the dependent variable while holding all the other independent variables
constant.

Residual maps were created to identify the local differences more clearly. With the dependent variable of NDVI and the
independent variables of temperature and precipitation for each pixel, we examined trends for vegetation greenness and the
linear regression of each climate variable, using the multiple linear regression model. Residual analysis can segregate the
NDVI changes caused by human activity from those resulting from climatic variations (Evans and Geerken, 2004). As
described byWessels et al (2012), the NDVI residuals were calculated for each pixel. The best relationship between the mean
NDVI and climatic factors was acquired by usingmultiple correlation regression. Then, the predicted NDVI could be computed
using this relationship. The NDVI residuals were obtained as the differences between the predicted and observed NDVI values.
The residuals were also analyzed to detect trends over time.When the changing trend of the NDVI residuals was insignificant,
changes in NDVI were explained by climatic trends. In contrast, when the changing trend of the NDVI residuals was signif-
icant, changes in the NDVI were not explained by climatic trends and may have been caused by human activity. Based on the
linear regression method, the influences of human-induced vegetation changes were obtained. If the residuals show no trend
over time, the observed changes in vegetation are considered to be affected by climatic factors. Meanwhile, a decreasing trend
5
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indicates that human activity has a negative impact on vegetation cover changes and an increasing trend describes that
human activities (afforestation and population migration are assumed) have contributed to vegetation growth.

We evaluated the statistical significance for 10 observations at different effect sizes. The calculation used the approach
described by Cohen (1988) and was implemented in packages pwr and asbio for the R language. This approach links the type I
error, type II error, sample size, and effect size. The minimum effect value is indicated, which is statistically significant for 10
years of observation. For a detailed clarification of the calculation mechanism, the authors can readily provide a script in R.

The technical background for the trend of vegetation greenness by primary land cover type in each climate zone and
correlation by land-cover analysis was provided by ArcGIS 10.6. In this case, we used the Spatial Analyst tools/Extraction/
Extract by Mask tool we made mask for our image, such that each zone would be represented by pixels in the raster. This
provides a raster, which is used to create a polygon of the area.

3. Results

3.1. Trend of vegetation cover change and climate factors in the five periods

At a global scale, our analysis at 10-year intervals shows that between 1982 and 2014, the overall vegetation greenness has
decreased, with the largest decrease recorded in Argentina, western-south America, North America, Canada, Central Africa,
North Africa, Saudi Arabia, South Asia, and northeast Asia. However, we found increased vegetation greenness in southern
Australia, a small area in north Africa, the Amazon, the Sahel region of central Africa, Spain, India, and southeast China
Fig. 2.2(e). For three 10-year time periods of this study, in most of the regions, vegetation greenness exhibited an upward
trend (0.28e0.51) from 1993 to 2002. However, in the next ten-year period (2002e2014), most vegetation greenness
decreased (�0.11 to �0.49) in the arid and semiarid regions and in the desert or sandy land, with smaller decreases in
southern Africa, western Australia, South and North America, Canada, and Russia Fig. 2.2(b). We also estimated the precip-
itation trend for 3 time periods of 10 years each. It should be noted that the precipitation decreased inmost areas over the past
Fig. 2. 2.2. Overall trend of vegetation greenness for five periods 2a) 1982e1992; 2 b) 1993e2002; 2c) 2003e2014; 2 d) 1982e2003; 2e) 1982e2014. The index
ranges from �0.56 to þ0.66, and plus values denote a continuously increasing trend whereas minus values indicate a decreasing trend. 2f) Map of classified
overall trend of vegetation greenness. 2.3. Overall trend of precipitation for five periods 3a) 1982e1992; 3 b) 1993e2002; 3c) 2003e2014; 3 d) 1982e2003; 3e)
1982e2014. The index ranges from �0.35 to þ0.42, and plus values denote a continuously increasing trend whereas minus values indicate a decreasing trend. 3f)
Map of classified overall trend of precipitation. 2.4. Overall trend of temperature for five periods 4a) 1982e1992; 4 b) 1993e2002; 4c) 20,032,014; 4 d)
1982e2003; 4e) 1982e2014. The index ranges from �0.35 to þ0.47, and plus values denote a continuously increasing trend whereas minus values indicate a
decreasing trend. 4f) Map of classified overall trend of temperature.2.5. Overall trend of solar radiation for five periods 5a) 1982e1992; 5 b) 1993e2002; 5c)
2003e2014; 5 d) 1982e2003; 5e) 1982e2014. The index ranges from �0.16 to þ0.16, and plus values denote a continuously increasing trend whereas minus
values indicate a decreasing trend. 5f) Map of classified overall trend of solar radiation.
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Fig. 4. Long term trend of Leaf area index (LAI) and correlation between NDVI and LAI.
4a) Trend of LAI 1982e2014, 4 b) Correlation between NDVI and LAI 1982e2014.

Fig. 3. Trend of NDVI min, max, Temperature min, max, Precipitation min, max and Solar radiation min max by 3 decades.
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33 years Fig. 2.3(e). Nevertheless, in some smaller regions, an upward trend was observed, such as in Yemen in the Arabian
Peninsula and in Somalia and Namibia in Africa. Results also indicate that during the last 33 years, the temperature increased
the most in the Amazon, Central America, southern Greenland, east Africa, and Southeast Asia Fig. 2.4(e). However, western
south America, Angola, the Philippines, Indonesia, and Papua New Guinea saw decreased temperatures. Those areas included
in the equatorial zone showed the greatest upward and downward trend differences. From 1982 to 1992, most upward trends
cover the central part of south America, south Africa, northern Australia, and south Asia, whereas most downward trends are
located in the Sahel of Africa, some areas in south Asia, and northern South America.

The 1992e2002 period shows the same results as the previous decade in many areas except the Sahel of Africa, where the
downward trend became an upward trend. The last cycle (2002e2014) shows a decreasing trend in the Sahel and other
Table 1
Results of seasonal trend analyses using Mann-Kendall test on the total grid points of last 33 year’s climate variables data (Z).

Grid variable (1982e2014) Trend P 33 year Winter Spring Summer Autumn

Vegetation greenness Positive (increasing) 0.05 1,866,240 3,265,920 1,399,680 3,172,608 2,799,360
Negative (decreasing) <0.01 4,665,600 3,545,856 2,985,984 5,878,656 3,639,168

Rainfall Positive (increasing) 0.05 1,399,680 2,052,864 746,496 1,679,616 839,808
Negative (decreasing) <0.01 5,598,720 5,692,032 6,625,152 3,359,232 2,892,672

Temperature Positive (increasing) 0.05 3,732,480 4,852,224 7,278,336 7,464,960 2,146,176
Negative (decreasing) <0.01 933,120 2,706,048 1,492,992 1,119,744 4,758,912

Solar radiation Positive (increasing) 0.05 3,172,608 3,919,104 6,345,216 3,825,792 2,052,864
Negative (decreasing) <0.01 3,732,480 2,892,672 1,772,928 3,452,544 3,919,104

7



Fig. 5. Seasonal trend. 5.1) Seasonal trends of vegetation greenness, 5.2) Seasonal trend of precipitation, 5.3) Seasonal trend of temperature, 5.4) Seasonal trend of
solar radiation over the last 33 years for the four seasons (plus value denotes a continuously increasing trend whereas the minus value indicates a decreasing
trend.).
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countries of central Africa, eastern south America, and some areas of south Asia and an increasing trend in northern south
America. Generally, in the low latitudes (equatorial zone), the temperature increased from 1982 to 2003, but decreased from
2004 to 2014. Our analysis shows an overall decreasing solar radiation trend over the past 33 years in the mid-latitude region
Fig. 2.5(e). However, solar radiation increased the most (0.04e0.12) in central Africa, northern Australia and central Asia
regions. The graph of NDVI trend, Temperature, Precipitation, and Solar radiation by 3 decades showed in Fig. 3. Also, we
explored the trend of Leaf area index (LAI) 1982e2014 and correlation between NDVI and LAI 1982e2014 (Fig. 4). NDVI
showed medium exponential correlation with LAI and for graminoids was medium with R ¼ 0.24.
Fig. 6. Trend of NDVI min, max, Temperature min, max and Precipitation min, max, Solar radiation min, max by 4 seasons for 1982e2014.
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Table 2
Trend of vegetation greenness by primary land cover type in each climate zone for 1982e2014 (area km2 and %).

Primary cover type Vegetation Greenness Trend Climate zones

Cold km2. % Arid km2% Temperate km2 % Tropical km2 %

Forest Decreasing 4,788,771.22 26.8 e e e e 3,546,754.38 23.5
Normal 12,359,889.90 69.2 e e e e 6,787,588.39 45.0
Increasing 687446.60 3.8 e e e e 4,730,514.79 31.4

Cropland Decreasing 1,846,814.43 36.6 e e 1,062,145.63 26.9 902706.87 24.4
Normal 3,039,070.80 60.3 e e 2,291,018.07 58.1 2,025,880.24 54.8
Increasing 153,810.99 3.05 e e 589,035.41 14.9 762,509.16 20.6

Grassland Decreasing 418,302.22 11.9 1,478,899.45 25.7 299,919.48 14.1 e e

Normal 3,004,889.27 86.0 3,711,150.14 64.5 1,555,448.64 73.5 e e

Increasing 67,110.39 1.92 562,866.98 9.7 260,072.65 12.2 e e
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3.2. Seasonal trend analysis of vegetation greenness and climate variables

Findings of the overall seasonal trend analysis using Mann-Kendall test is presented in Table 1 and Figs. 5 and 6. It is show
both increasing and decreasing trends at 0.05 and 0.01 significant levels for vegetation greenness, precipitation, temperature,
and solar radiation across all the seasons. This is also evident from Fig. 5.1. In the first season (December to February), the
largest amount of browning occurs in northeast Asia, central Asia, some regions of north America, southern Africa, and
southern South America. However, a greening trend is detected in India, some areas of south Asia, the Sahel, north Africa,
northern South America, central North America, and western Europe. The second season (March to May) shows a decreasing
trend in the majority of areas. For the period from June to August, the results show the largest upward trend in northern
Russia, Europe, northern North America, northern South America, and southern Australia. However, the largest decreasing
trend occurs in northern and southern Africa and central Asia. The last analysis period is September to November, which
shows an increasing trend in the Sahel, south Asia, Europe, and the Amazon, and the same decreasing trend as the previous
period.

Seasonal precipitation trends are shown in Fig. 5.2. The largest decreasing trend ranged between �0.01 and �0.10 and
occurred during the MarcheMay season in most of the areas, with Kazakhstan (0.32) and western Russia (0.37) showing an
increasing trend. JuneeAugust is the growing and summer season in the mid-latitude regions of the Northern Hemisphere;
however, most of these regions show a decreasing trend for precipitation during all four seasons (�0.01 to e 0.10).

Seasonal temperature trends (Fig. 5.3) show decreasing temperatures (�0.02 to �0.19) across all of the Northern Hemi-
sphere from September to November. Northeast Asia, north-central Asia, Russia, and northern Australia show a decreasing
trend between December and February, whereas, over the four seasons, a decreasing trend is always observed inwest-central
Africa, the Philippines, Indonesia, Papua New Guinea, Peru, and Chile. In the other regions, increasing temperatures are
Fig. 7. The increasing and decreasing trend of vegetation greenness by primary land cover type for each climate zone.
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Fig. 8. Minimum statistically significant value of the correlation coefficient.
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observed for all four seasons. Results also indicate that the temperature of the hot spot areas increased the most in the
Amazon, southern Greenland, Madagascar, Ethiopia, Somalia, Kenya, Indonesia, Singapore, Malaysia, Cambodia, and southern
Vietnam. In the spring, the Northern Hemisphere shows the largest temperature trend increase (0.14e0.35). Fu et al. (2015)
reported that winter and spring temperatures have increased over the past three decades.

Fig. 5.4 shows the spatial distribution of the four season’s solar radiation from 1982 to 2014. We observed relatively high
increasing rate (0.06e0.16) of solar radiation in the north part of globally and spring season of march to May (Fig. 2 (5d)),
however, were found decreasing rate (�0.07 to 0.17) in the southern Africa and western Australia.
3.3. Trend of vegetation greenness by land cover in climate zone

Compared with other climate zones in the forest, cropland, and grassland cover, the cold climate zone shows a fast
decreasing vegetation greenness (Fig. 7). Our analysis also indicates higher increasing vegetation greenness in the forest and
cropland areas in the tropical zone.

The study detected the largest decreasing trend of vegetation greenness in the forest cover of northeast Asia, southeast
Russia, the part of Canada in the cold climate zone, and central Africa (Fig. 7). Because this trend occurred in the main forest
land cover of the world, it may have an important impact on CO2, which plays a major role in the global carbon balance. We
examined the increased cropland area and confirmed the change in the trend of vegetation greenness for the cropland-
covered areas. Most of the decreased vegetation greenness in the cropland was found in northeast China, North Korea,
northern Kazakhstan, southwestern Russia, and eastern and southern Africa. However, in the cropland regions, the NDVI
increased in north and east China, India, Europe, and North America. Our results are in agreement with the conclusion that
cropland areas tend to increase in all regions (Huang et al., 2018) and that the increase in the peak vegetation growth occurred
in areas of intense agricultural activities, such as northern China, India and North America. In cropland regions, the NDVI
increased in central North America, India, and mid-eastern China (Guo et al., 2018). The trend of vegetation greenness for the
grassland cover over the past 33 years has decreased in central, south, and northeast Asia, Australia, and Africa (Fig. 7).

In Table 2, we evaluated the area of the increasing and decreasing trend of the vegetation greenness by primary land cover
type for each climate zone. The result suggests that 26.8% of the total forest cover of the cold zone exhibits decreasing
vegetation greenness. Increasing vegetation greenness was observed in 31.4%, while a decreasing trend characterized 23.5% of
the forest cover of the tropical zone. The cropland cold zone exhibits decreasing vegetation greenness by 36.6%. In the
temperate zone, 26.9% of the total cropland showed decreasing vegetation greenness, and 20.6% showed an increasing trend.
Generally, 11.9% of the cold zone exhibited decreasing vegetation greenness, and this decreasing trend was observed in 25.7%
of the arid zone. However, only 14.1% of the grassland cover in the tropical zone demonstrated decreasing vegetation
greenness during the last 33 years. In the cold climate zone, the forest, cropland, and grassland areas primarily exhibited
decreasing vegetation greenness, indicating that more attention may need to be paid to the cold climate zone.
3.4. Regression analysis, correlations between vegetation greenness and climate factors by mainland cover

We computed the correlation coefficient, results of the analysis of test power (the analysis was made using the R language
with the use of an additional package asbio) for the duration of the study at 10-year intervals. Overall, correlation coefficient
values (r) larger than 0.77 are considered statistically significant (at 95% confidence level) however, correlation coefficients
10
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larger than 0.58 and 0.47 are also considered statistically significant for 20 and 33 years, respectively (Fig. 8). The x axis
indicates the duration of the study by decades and the Y axis shows NDVI values.

In this section, we estimated the extent to which vegetation greenness is controlled by climate variables (precipitation and
temperature). Fig. 9 illustrates the climate control on vegetation greenness for the entire globe. Fig. 9(a) indicates a higher
positive correlation value (r ¼ 0.64) over most regions, confirming that precipitation is an important factor in the vegetation
growth in the Northern Hemisphere, the southern part of Africa, and some parts of South America. However, negative cor-
relation values were found in north Africa, the Amazon, southern South America, western North America some regions of
south and southeastern Asia, western Australia, western Europe, a small area of India, and Myanmar. Meanwhile, the other
cropland areas showed high correlation (r ¼ 0.87). Vegetation greenness is controlled by temperature, showing a negative
correlation between vegetation greenness and temperature r ¼ �0.53 in most of the Northern Hemisphere, whereas a
positive correlation was found in the Southern Hemisphere for cropland. We infer that while, temperature has the greatest
Fig. 9. Frequency graph of distribution, and each correlation model of dependent variable is vegetation and independent variable is climatic factors with or
without time lag. (a) vegetation greenness and precipitation; (b) vegetation greenness and temperature; (c) vegetation greenness and solar radiation (d) spatial
distribution map of the multiple linear regression model of vegetation greenness and climatic factors considering time-lag effects between 1982 and 2014, (e)
trend residual of vegetation greenness, f) trend residual of types from 1982 to 2014.

11



M. Lamchin, S.W. Wang, C.-H. Lim et al. Global Ecology and Conservation 24 (2020) e01299
impact in the Northern Hemisphere, precipitation has a higher global impact in all cropland areas (Fig. 9(b)). The areas with
significant negative correlations include Australia, the Sahel, part of southern and northern Africa, central South America, and
some regions of south Asia. Fig. 9(c) indicates that both precipitation and temperature greatly impact the vegetation in the
Northern Hemisphere.

Our analysis also shows a strong and positive correlation (r¼ 0.89) between vegetation greenness and solar radiation over
a 33-year period in the northern hemisphere (Fig. 9c). However, a negative correlation was detected (r ¼ -0.47) for Australia,
southern Asia and northern Africa.

The linear regression analysis based on the vegetation greenness residuals (Fig. 9d) showed a slightly increasing trend in
the vegetation greenness residuals in India, central Africa, and Europewith positive rates. The vegetation greening up in these
areas has largely exceeded the climate-only explanation, suggesting that improvements in vegetation conditions may be due
to afforestation and ecological projects as well as population migration (positive impact) or increased cropland. A slight
decreasing trend in the vegetation greenness residuals in the southwest Asia, central Asia, and north Africa is evident. Here,
vegetation growth was lower than climate change expectations, indicating that human activity may lead to vegetation
degradation (negative impact). The proportion of the area of significant decrease in vegetation greenness of residuals is
approximately 30.5%, and insignificant change in vegetation greenness of residuals is 52.2%. The areas with significant
increasing trends in the vegetation of the residuals accounted for 15.3%.

Our study detected a higher correlation (r ¼ 0.88) between vegetation greenness and precipitation in the forest cover of
Russia, Canada, northeast Asia, and central Africa. The results from our study (Fig. 10(a)) are in agreement with previous
research by Seftigen et al. (2018), with vegetation greenness and temperature in the forest cover in the northern latitudes, and
the highest negative correlation value (r¼�0.60) was confined tomost of Canada, North America, Europe, northeast Asia, and
east China, whereas the Southern Hemisphere forest cover exhibited positive correlation, and in small areas, there was a
lower correlation. There were medium correlations between vegetation greenness and precipitation in the forest cover of
Europe; however, therewas no correlation between vegetation greenness and precipitation in the forest cover of the Amazon,
as was previously mentioned (Zhao et al., 2017), for western and southeastern North America, southeastern Asia, and western
Europe. We found that between 1982 and 2014, the vegetation greenness trend decreased overall, with the largest declines
detected in Argentina, western South America, North America, Canada, Central Africa, northern Africa, Saudi Arabia, south
Asia, and northeast Asia. These findings were also confirmed by Piao et al. (2014). To discover how the ongoing climate factors,
Fig. 10. Correlations of vegetation greenness and climate factors between 1982 and 2014 extracted by primary land cover. (a) Forest area: (top) vegetation
greenness and rainfall; (bottom) vegetation greenness and temperature.(b) Cropland: (top) vegetation greenness and rainfall; (bottom) vegetation greenness and
temperature. (c) Grassland: (top) vegetation greenness and rainfall; (bottom) vegetation greenness and temperature.

12



M. Lamchin, S.W. Wang, C.-H. Lim et al. Global Ecology and Conservation 24 (2020) e01299
affect primary land cover (forest, cropland, and grassland), we analyzed the correlations between the vegetation greenness
and climate factors (precipitation, temperature) on the forest cover in Fig. 10(a). The correlation results for grassland were
tested statistically and are shown in Fig. 10(c). It was found that the vegetation greenness is highly correlated with rainfall in
central Asia, North America, and Africa for grassland; however, some of the grassland regions of Australia and south Asia
exhibited no correlation. The correlation distribution of the estimated values of vegetation greenness and temperature
occurring within the grassland area is given in the bottom part of Fig. 10(c). In most of the Northern Hemisphere, there is a
high negative correlation; however, in the Southern Hemisphere, we found a positive correlation in the grassland area.
4. Discussion

Our findings signal caution in the last 33 years, in which vegetation greenness exhibits a downward trend in the four
seasons in the mid-latitude regions and in the southern part of the world. Similar findings were also reported by Hansen et al.
(2013). A study by de Jong et al. (2011) have also reported that greening was mainly found in areas with relatively sparse
vegetation cover in the Australian rangelands, African open shrubland, and the Sahel, mostly in combination with gradual
browning, whereas abrupt browning was detected in more densely vegetated regions of the broadleaf forest in Europe and
North America, and in the humid grasslands. Increasing temperature and decreasing precipitation are significantly correlated
with decreasing vegetation greenness in our study. Specifically, temperature and vegetation greenness are indirectly
correlated while precipitation is directly positively correlated. Under the current global warming scenario, both temperature
increase and precipitation decrease are caused by global climate change (Zhao et al., 2018; Wang et al., 2011). Similar findings
were also published by other researchers (Zhao et al., 2018; Wang et al., 2011; Lamchin et al., 2016), who confirmed that
greening appears to have stopped and browning may have become predominant in the last decade in the Northern Hemi-
sphere. However, the same studies reported more permanent browning periods in the Southern Hemisphere, especially in
some parts of Argentina and Australia (De Jong et al., 2012). Some researchers reported that, three major driving factors
affecting vegetation growth are climatic factors (Peteet, 2000; Nemani et al., 2003; Pearson et al., 2013; Peng et al., 2013),
human activity, and natural disturbances (Bala et al., 2007; Malhi et al., 2008; Choat et al., 2012; Sterling et al., 2013; Brando
et al., 2014; Zhang and Liang, 2014). A study by Wu et al. (2015), confirmed that human activity and natural disturbances are
the key drivers of variations of vegetation growth. Human activity can positively or negatively impact vegetation greenness.
For example, a study by Hicke et al. (2002) found that vegetation greenness has significantly increased over the past 27 years
in eastern and southern America, owing to forest management interventions. The study also confirmed that there was no
change in the climatic factors during the study period. On the contrary, cropland abandonment related to human activity,
population growth, and livestock grazing is proven to negatively impact the NDVI (Jiang et al., 2017a,b; Erb et al., 2017).

An interesting finding is that the vegetation greenness of three cycles calculated over 10 years across global tropical
drylands in the Amazon, Sahel, and in western Australia, indicated an upward trend from 1992 to 2002 (Fig. 2). However, a
reverse trend was detected for the next ten years (2002e2014) in the same area. Factors such as lack of rainfall and drought
could have contributed to this decreasing trend between 2002 and 2014. Our study indicated an increasing trend in pre-
cipitation in the first 10 years of our study, which could have led to increasing vegetation greenness. However, precipitation
decreased during the second decade of our study, causing drought, which is related to decreasing vegetation greenness
during that period. In fact, a drought was reported in the tropical drylands in 2010 (Xu et al., 2011). Such an incidence of
drought can generate browning effects, causing vegetation greenness to drop. Although the discourse on whether greenness
declined in the early part of the 21st century is not well settled (Medlyn, 2011; Samanta et al., 2011; Zhang et al., 2017; Zhao
and Running 2010, 2011,bib_Zhao_and_Running_2010,bib_Zhao_and_Running_2011; Pan et al., 2018), scientists have
converged to the fact that vegetation is decreasing at the regional scale. Other anthropogenic factors, including cropland
expansion (Lamchin et al., 2016) and fallow land (Seftigen et al., 2018; Jiang et al., 2017a,b), have exacerbated the decreasing
vegetation trends.

We observed that in the first ten-year period, precipitation trends upwards or downwards. In the next ten-year period, the
trends are reversed, and in the final ten-year period showed trends that similar to the first ten-year period. For example, in the
southeastern part of Australia, precipitation shows an upward (0.18) trend from 1982 to 1992 but a downward trend (�0.15)
from 1993 to 2003 and an upward (0.14) again from 2004 to 2014 (Fig. 3). The study confirmed that the precipitation declined
in all four seasons in southern South America and showed the same downward trend in the MarcheMay and JuneeAugust
periods from 1982 to 2014 in Australia. This demonstrates decreased precipitation in the southern part of the globe over the
last 33 years. We also found that the trend of precipitation decreased the most in the MarcheMay season in the majority of
the areas. This season is also the most important time (onset) for vegetation growth in the Northern Hemisphere. A study by
Angert et al. (2005) asserted that the earlier onset of greening in spring might be counter-balanced by lower productivity in
the late summer. However, our study shows a greening trend in central South America, southern Africa, western Europe, and
some parts of Australia. Moreover, during this time, in eastern China, western Kazakhstan, and western North America, in-
creases in both greening and temperature were exhibited.

JuneeAugust is the growing and summer season in the mid-latitude regions of the Northern Hemisphere; however, as
noted above in our study, rainfall decreased in all four seasons in many regions, whereas in the DecembereFebruary and
MarcheMay seasons, increased temperature may influence ongoing drought and is related to the resulting vegetation
greenness, with a downward trend in all four seasons in the mid-latitude region and Southern Hemisphere.
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The temperature was found to be an important factor in influencing the forest areas in northern part and decreasing the
forest cover; however, the temperature showed a lower correlation and was not the most important factor in the southern
part of the globe in the Amazon and tropical zone. Similar findings were reported by other studies (Seftigen et al., 2018; Wu
et al., 2017; Yang et al., 2018). Globally, for the recent 12-year period, gross forest cover losses accounted for 60.7Mha (Hansen
et al., 2013). Forest cover plays an important role in sequestering CO2 and regulating water resources (Frank et al., 2015). The
significant, highest positive correlations mainly appear in the Northern Hemisphere, suggesting that temperature is the most
important factor that controls vegetation growth. Similarly, radiation, precipitation, and temperature were reported as major
factors for rainforest, arid and semi-arid areas, and northern latitudes, respectively (Nemani et al., 2003; Wu et al., 2015;
Lamchin et al., 2018). Our study confirmed that solar radiation was significantly correlated with vegetation greenness.

We confirm that a decreasing vegetation greenness for grassland cover during the last 33 years in central, south, and
northeast Asia, Australia, and Africa. A loss of global grasslands by over 40% since the industrial era has led to a decline in
ecosystem services (Veldman et al., 2015; White et al., 2000).

Our result finds decreasing precipitation trends in the desert of some part in north Africa, north part of Arabia and
rainforest areas; however, in the greenness did not decrease. This can be attributed to desert plants that have better adaptive
capacities, particularly to drought (Lamchin et al. 2015, 2018,bib_Lamchin_et_al_2018,bib_Lamchin_et_al_2015).

5. Conclusions

Climatic factors, especially temperature, precipitation, and solar radiation are known to affect vegetation greenness by
reducing or increasing vegetation growth. This relationship has increasingly become complex with unpredictable impacts of
climate change, making it difficult to ascertain global trends. This study used remotely sensed, climate and land cover data
over 33 years to determine the relationship between vegetation greenness and climate variables by season, over 10-year
intervals. Key conclusions from the study are enumerated below:

� Overall, our results indicate that vegetation greenness decreased over the study period, especially in the Northern
Hemisphere. Our study also found that this period was associated with an increasing trend for temperature and a
decreasing trend for precipitation, largely in the Northern Hemisphere. This leads us to conclude that this decrease is
directly correlated with precipitation and indirectly correlated with temperature.

� Further, we conclude that this decreasing trend is more prominent during the spring seasons (MarcheMay), especially in
the Northern Hemisphere. This is an interesting finding, as spring should be the start of the growing season and it is
expected to be associated with increasing vegetation greenness. This anomaly is probably a confirmation that spring is
arriving later in most areas of the world. However, the trend reverses for the period of June to August, especially in the
Northern Hemisphere, and this could be attributed to the impact of increasing precipitation. This finding is confirmed by
the negative correlation between vegetation greenness and temperature (r ¼ �0.92) in most parts of the Northern
Hemisphere, whereas, a positive correlation (r ¼ 0.39) was found in the southern hemisphere for cropland.

� The result suggests decreasing vegetation of greenness in 26.8% of the total forest cover in the cold zone. Furthermore,
increasing vegetation of greenness was observed in 31.4%, whereas a decreasing trend was observed in 23.5% of the forest
cover in the tropical zone.

� Further analysis by main land cover types showed a significant decrease in forest cover (P < 0.05) associated with
increasing cropland. Increasing cropland has the potential to reduce vegetation greenness by 9.7% and, together with
decreasing forest cover, was partly responsible for causing the vegetation greenness to decline.

In summary, we conclude that increasing temperature triggers drought conditions and amplifies desertification, especially
in the semi-arid areas of the globe. This, topped with decreasing forest cover and increasing cropland, has primarily resulted
in a global decrease in vegetation greenness. In addition, the strange variabilities of relationships between vegetation
greenness in our study lead us to infer that climate change impacts are becoming unpredictable, highlighting the importance
of trend monitoring analysis. Given this, we recommend further research to identify best practices to counter the loss of
vegetation, desertification, and alleviate climate change impacts without hurting the livelihoods of the local people in the
mid-latitude region.
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