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Abstract

Monitoring dryland vegetation trends and examining the drivers are of great impor-

tance to understand the dryland vegetation response to future climate changes.

Recent findings through satellite data indicate that vegetation greenness has

increased in several regions worldwide. These greening patterns are driven by human

activities or combined human activities and environmental factors. However, the ana-

lyses of greenness trend for regions without direct human activities and shrub expan-

sion in drylands are still lacking. To this end, this study investigates the vegetation

trend across the Namib sand sea over March 2000 to December 2018 using monthly

Normalized Difference Vegetation Index (NDVI) and examines several potential

drivers including precipitation, temperature and atmospheric CO2 concentration. For

the NDVI time series across the whole study region, a significant greening trend was

found over March 2000 to September 2012 based on Mann–Kendall test but not

over the whole study period. Structural equation modelling results indicated that pre-

cipitation and CO2 were the dominant drivers of greening. Temperature showed neg-

ative effects on vegetation greenness, indicating warming would reduce plant growth

in the study region. Spatially, 75% of the region showed statistically significant green-

ing over March 2000 to September 2012 and 39.30% for March 2000 to December

2018. The different vegetation trend results between the entire region and the pixel

scale implied that location-specific greening could be masked by an overall trend.

Our study suggested that precipitation (especially the large episodic precipitation

events) and CO2 are dominant drivers of the observed greening in the Namib. Our

findings fill an important knowledge gap of vegetation dynamics in regions without

direct human activities.

K E YWORD S

drylands, greening, MODIS NDVI, the Namib Desert, TRMM

1 | INTRODUCTION

Analyses of vegetation trends and the drivers could help tackle future

climate change issues because of the important role vegetation plays

in terrestrial ecosystems, atmospheric processes as well as the carbon

and water cycles (Bonan et al., 1992; D'Odorico et al., 2010; Griscom

et al., 2017; Lanning et al., 2019; Wang et al., 2014). Satellite

observation provides the suitable approach for monitoring long-term
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vegetation trends at regional and global scales (e.g., Jiao, Wang, &

McCabe, 2021; Jiao, Wang, Smith, et al., 2021). There have been

reports of significant increasing trends in satellite-derived vegetation

proxies (e.g., the Normalized Difference Vegetation Index [NDVI], the

Enhanced Vegetation Index [EVI] and the Leaf Area Index [LAI]), com-

monly regarded as the greening phenomenon, observed in several

regions worldwide (Fensholt et al., 2012; Liu et al., 2013; Zhu

et al., 2016). Based on an ensemble of LAI datasets during 1982–

2009, over 50% of the global vegetated lands (e.g., southeast North

America, the northern Amazon, Europe, Central Africa and Southeast

Asia) displayed greening trends in growing season, driven by multiple

drivers, such as CO2 fertilisation, climate factors and land cover

changes (Zhu et al., 2016). Chen et al. (2019) found that greening

occurred in 34% of global vegetated area in the past two decades

(2000–2017) using satellite-derived vegetation data. According to this

result, China and India account for nearly one-third of the observed

greening area mainly due to direct human activities, including affores-

tation programmes in China (Piao et al., 2015) and increasing

harvested area through multiple cropping in both countries (Ambika

et al., 2016; Chen et al., 2019). Moreover, unlike these greening

regions affected by direct human activities, greening trends were also

observed in dryland areas with low influences of human activities

(Fensholt et al., 2012; Helldén & Tottrup, 2008), such as the Sahel

(Herrmann et al., 2005; Olsson et al., 2005; Pausata et al., 2020), and

southern Africa (Saha et al., 2015; Tian et al., 2017).

Dryland ecosystems cover about 40% of the global land surface

(Lal, 2004; Wang et al., 2012) and have significant impacts on the live-

lihoods of approximately more than 1.8 billion people (Gilbert, 2011).

Quantifying the spatiotemporal vegetation trend in dryland areas and

understanding its causes are therefore important. A few studies have

investigated the vegetation greening trend in southern Africa driven

by combined effects of climate factors and plant community composi-

tion changes (e.g., shrub encroachment) (Saha et al., 2015; Tian

et al., 2017; Yu & D'Odorico, 2014). Some findings suggest that a con-

sistent trend of increasing vegetation greenness in the Sahel region

was attributed to increasing rainfall, land-use change and migration

(Herrmann et al., 2005; Olsson et al., 2005). However, the analyses of

regional-scale greening patterns in drylands without the direct

influences of human activities and plant community composition

changes are still lacking. In these dryland areas, the vegetation green-

ness changes are only driven by environmental factors such as CO2,

precipitation and temperature.

Examining the drivers of vegetation greening is of great impor-

tance to understanding possible land degradation and improving

global carbon cycle model (Piao et al., 2020). Greening trends in

drylands have been broadly attributed to increased water availability,

increased atmospheric CO2, plant composition changes and land-use

changes (Fensholt et al., 2013; Hickler et al., 2005; Lu & Wang, 2019;

Lu, Wang, & McCabe, 2016; Olsson et al., 2005; Saha et al., 2015).

Particularly, human-related factors, such as migration and grazing

practice, are important local drivers of vegetation greenness changes

in drylands. However, for the drylands not impacted by these human

activities and plant composition changes, such as the Namib sand sea,

the contributions of environmental factors to greening remain ambig-

uous. Estimating the greening trend in drylands without the direct

anthropogenic forcing could help us understand the baseline

vegetation dynamics under the ongoing climate changes, improving

the reliability of future projected changes in vegetation. Even though

some studies reported the greening pattern at a global scale (Piao

et al., 2020; Zhu et al., 2016), the spatial patterns and temporal

dynamics of vegetation greenness in the Namib sand sea and its

reasons have not been investigated in the literature. To this end, the

specific objectives of this study are to (1) investigate the vegetation

trend across the sand dune portion of the Namib Desert using satellite

remote sensing data from the high-quality Moderate Resolution

Spectroradiometer (MODIS) product over 2000 to 2018 and (2) exam-

ine several potential environmental driving factors (i.e., precipitation,

temperature and CO2) of the observed vegetation trend.

2 | MATERIALS AND METHODS

2.1 | Study area

Since the focus of this study is drylands without the effects of direct

human activities and shrub encroachment, we limit our study in the

sand dune portion of the Namib Desert (Figure 1). The climate in the

Namib Desert is arid and has one wet season (October to April) and

one dry season (May to September) (Lu, Wang, Pan, et al., 2016). The

typical vegetation species in this region are herbaceous plants, such

as Stipagrostis sabulicola, Trianthema hereroensis, Stipagrostis

gonatostachys, Stipagrostis lutescens, Stipagrostis ciliata, Centropodia

glauca and Claradoraphis spinosa. The spatial resolution of study area

boundary pixel is 0.25� in accordance with the lowest spatial resolu-

tion of remote sensing data used in this study.

2.2 | Datasets

2.2.1 | Vegetation greenness data

There are many satellite-derived vegetation proxies, such as NDVI

and EVI, that have been extensively used to monitor and analyse the

vegetation greenness and productivity in drylands. There are other

remote sensing products to present vegetation attributes, such as LAI

or Gross Primary Production (GPP). Based on our pre-analysis, remote

sensing products of LAI and GPP are not suitable in this study because

of the poor quality of these data attributed to low vegetation cover-

age in the study area (Pfeifer et al., 2012). Furthermore, both NDVI

and EVI show good performances in representing the vegetation

dynamics in the study area (Qiao et al., 2020). This study focused on

NDVI, to analyse long-term vegetation trends in the study region. The

NDVI data were derived from a high-quality MODIS product

MCD43A4 (Schaaf & Wang, 2015), providing the daily nadir and

bidirectional reflectance distribution function adjusted reflectance

bands including MODIS spectral bands 1–7 at 500-m resolution
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(https://lpdaac.usgs.gov/products/mcd43a4v006/). We extracted this

product covering from the first complete month with available daily

MODIS images in March 2000 through December 2018 to calculate

NDVI. The NDVI pixels were quality filtered by good quality flags

according to the associated quality information product (MCD43A2).

The daily NDVI data, passed the quality screening, were then

resampled into a monthly scale by averaging all valid NDVI value

(temporal average).

2.2.2 | Climate data and atmospheric CO2

concentration data

Since the study area is without the effects of direct human activities

and shrub encroachment, the potential driving factors of vegetation

greenness trends are mainly associated with environmental factors,

such as precipitation, temperature and CO2.

The precipitation data used in this study were acquired from

Tropical Rainfall Measuring Mission precipitation product (TRMM

3B43) (TRMM, 2011) (https://disc2.gesdisc.eosdis.nasa.gov/opendap/

TRMM_L3/TRMM_3B43.7/). This product provides average monthly

precipitation rates with a spatial resolution of 0.25�. The temperature

data were obtained from the European Centre for Medium Range

Weather Forecasts reanalysis dataset (ERA5) (Muñoz Sabater, 2019)

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-

land-monthly-means). The monthly average air temperature at 2-m

height with 0.25� spatial resolution provided by ERA5 was used in this

study. The spatial resolution of these climate data is lower than that

of vegetation greenness data used in this study.

The global monthly mean CO2 concentration data averaged over

marine surface sites, provided by the Global Monitoring Division of

National Oceanic and Atmospheric Administration (NOAA) Earth

System Research Laboratory (https://www.esrl.noaa.gov/gmd/ccgg/

trends/global.html) (Ballantyne et al., 2012), were used in this study.

2.3 | Data analyses

We first analysed the long-term vegetation greenness trend on a

regional scale for the whole study area. Temporal trends in monthly

average MODIS NDVI for the study area were evaluated by the

Thiel–Sen estimate of linear slope with Mann–Kendall test, which is a

nonparametric rank test to detect monotonic trends (Chen

et al., 2019; Sen, 1968; Theil, 1950). The function ‘zyp.trend.vector’

with Yue-Pilon prewhitening method in R package ‘zyp’ was applied

to conduct the Mann–Kendall test. We also estimated the significant

time series shifts (‘breakpoints’) (p < 0.05) in the monthly mean NDVI

time series from March 2000 to December 2018 using the R package

‘strucchange’. The vegetation greenness trend analyses during the

two segments separated by the breakpoint were also investigated by

the Mann–Kendall test.

Then, a structural equation model (SEM) (Grace, 2006) was

employed to examine the effects of precipitation, air temperature and

atmospheric CO2 concentration on NDVI trend from March 2000 to

December 2018 over the study area. SEM is a comprehensive statisti-

cal approach to test the structural relationship among observed and

latent variables (Hoyle, 1995). SEM statistics were calculated using

International Business Machines (IBM) SPSS AMOS version 26. A

maximum likelihood based goodness-of-fit test in SEM was used to

assess the degree of accord between observed and predicted covari-

ance structures (Grace, 2006). The calculated path coefficients, one of

the output parameters of SEM, are based on the amount of variance

explained in the response variables and they represent relative

strengths of the specific pathways (e.g., Eldridge et al., 2015; Lu,

Wang, & McCabe, 2016). Here, the path coefficients refer to the

corresponding effects of environmental factors on vegetation

changes. Another output parameter of SEM, R2 value, represents the

total variance explained by all of the contributing variables including

precipitation, temperature and CO2. Before conducting the SEM, we

used windowed cross-correlation (WCC) method (Boker et al., 2002)

to analyse the potential time-lag between vegetation greenness and

precipitation at a monthly scale (Table S1). The results showed that

vegetation had a 2-month lag response to precipitation. To remove

the lag effects of precipitation to vegetation growth, the time series

of precipitation data was moved forward by 2 months compared with

F IGURE 1 Map indicating the sand dune portion of the Namib

Desert. The background scene is a natural colour (bands 4, 3 and 2)

Landsat 8 composite (February to June 2020)
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these time series of other studied variables. The SEM was also con-

ducted for each segment study period separated by the breakpoint.

To investigate the spatial pattern of greenness trend in the study

area, we performed the Mann–Kendall statistical analyses on the pixel

scale using the MODIS monthly mean NDVI dataset at a 500-m spa-

tial resolution in the study region. This study especially focused the

heavy precipitation effects on greening using statistics of annual

extreme precipitation amount and the number of extreme precipita-

tion events. The extreme precipitation event is defined as precipita-

tion amount above the 95% quantile of all precipitation data during a

reference period (Seveviratne et al., 2012). Here, we used all available

monthly precipitation data in TRMM 3B43 from 1980 to 2018 as the

reference period to calculate the 95% quantile. The month with pre-

cipitation amount above the 95% quantile was counted as an extreme

precipitation event. The annual frequency of extreme precipitation

events is calculated by the number of months with extreme precipita-

tion divided by 12.

3 | RESULTS

3.1 | Trends in NDVI time series across the whole

study region

Figure 2 shows the temporal dynamics of all the studied variables

from March 2000 to December 2018 for the whole study region.

There is no consistently seasonal change in NDVI time series of the

study area (Figure 2). According to the NDVI time series, vegetation

greenness in the study region generally experienced a phase of grad-

ual increasing from 2000 to 2012 and then decreased until 2016.

Nonsignificant vegetation trend in the NDVI time series of the study

area during the entire study period was detected. We used breakpoint

analysis to obtain the break point timing in the NDVI time series. The

result showed a significant break point in September 2012. Based on

the break point result, we then investigated the NDVI trends before

the break point (March 2000 to September 2012), after the break

point (October 2012 to December 2018) and the entire study period

with Mann–Kendall test.

Significant greening trend in the study region was found during

the first segment (March 2000 to September 2012) before the break

point based on Mann–Kendall test using monthly mean NDVI time

series (Figure 2), and the Theil–Sen slopes is 0.00006 NDVI unit

month�1 (p < 0.05). There were no significant vegetation greenness

trends indicated by Mann–Kendall test during the second segment

and the entire study period.

For the first segment, there were three pronounced peak values

of NDVI at around 2006, 2008 and 2012, which were roughly in

accordance with the timing of peak values in precipitation, observed

by the simple moving average curves (Figure 2). Moreover, the

mean annual precipitation amount after the break point was signifi-

cantly lower than that before the break point (p < 0.01, Mann–

Whitney–Wilcoxon test), but temperature did not show significant

difference before and after the break point. These results implied

that the significant shift in the NDVI time series was related to the

precipitation variability before and after the break point. For the

overall trends of environmental factors, atmospheric CO2 concentra-

tion with the feature of seasonal cycle showed significant increasing

trends during both segments and the entire study period using

Mann–Kendall test, while no significant trends were found in tem-

perature and precipitation time series in any segment or the entire

study period.

3.2 | Relationships between NDVI trends and

climatic drivers

In order to evaluate the contributions of precipitation, air temperature

and atmospheric CO2 concentration to greening trend in the study

region, three SEMs were set up based on the two segments before

(March 2000 to September 2012) and after the break point (October

2012 to December 2018) as well as the entire study period (Figure 3).

The input data of SEM include the time series of precipitation, air

temperature, atmospheric CO2 concentration and NDVI (Figure 2).

For the first segment, SEM results show that the effect of CO2 con-

centration on vegetation greenness (path coefficient = 0.60) was

stronger than that of precipitation (path coefficient = 0.31). This

result indicated that CO2 had the dominant contribution to the green-

ing trend for the first segment in the study region. Temperature

showed the negative effects on greenness (path coefficient = �0.31),

with the same absolute value to the path coefficient of precipitation.

Regarding the second segment from October 2012 to December

2018, precipitation exhibited a positive effect on the NDVI

trend (path coefficient = 0.40), both temperature and CO2

concentration showed negative effects on vegetation trend (path

coefficient = �0.39 for temperature and path coefficient = �0.22 for

CO2). For the entire study period, both precipitation and CO2

concentration had positive effects on greening in this region (path

coefficient = 0.38 for precipitation and path coefficient = 0.23 for

CO2). Temperature presented the similar negative effects on

F IGURE 2 Monthly mean time series of Normalized Difference

Vegetation Index (NDVI), precipitation rate, air temperature and

atmospheric CO2 concentration from March 2000 to December 2018

for the study region outlined in Figure 1. SMA refers to simple moving

average with a window size of 12 months
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vegetation trend during the first segment and the entire study period

(path coefficient = �0.31). These results indicate that precipitation

performed the consistent positive effects on greenness across the

study periods, whereas the temperature effects were negative. This

result reveals that warming could reduce vegetation growth in this

study area. The effect of CO2 concentration on greenness was posi-

tive when the vegetation presented significant greening trend, while

CO2 effects for the periods without significant vegetation trends were

not consistent.

3.3 | Spatial patterns of vegetation greenness

trends

To better understand vegetation greening pattern observed in the

study region, we evaluated the spatial distribution of trends in

monthly averaged NDVI during March 2000 to September 2012 and

the entire study period using the Mann–Kendall test. Figure 4 illus-

trates the spatial extent of significant vegetation trends at a 500-m

resolution. The trends with p < 0.1 were considered to be statistically

significant (Chen et al., 2019), and there was similar pattern at

p < 0.05. About 74.79% of the study region exhibited significant

greening trend over March 2000 to September 2012; the value was

39.30% for the entire study period. Only 0.67% was characterised by

significantly negative trends over March 2000 to September 2012

and 3.33% for the entire study period. The average pixel-level NDVI

changes over March 2000 to September 2012 and March 2000 to

December 2018 in the study region were 0.0032 and 0.00243 per

month, respectively. These results implied the larger spatial extent

and higher magnitude of greening trend from March 2000 to

September 2012 compared with those of the entire study period. For

the entire study period, it is noteworthy that there were still many

parts (�39.30%) of the study region with significant greening trends,

even though no statistically significant trend was observed across the

whole study region. The implication of this result is that regional

greening could be masked by the overall trend, and detailed changes

in greenness observed at a fine spatial scale should be considered for

vegetation trend estimations.

F IGURE 3 Structural equation modelling of the effects of precipitation (P), air temperature (T) and atmospheric CO2 concentration (CO2) on

greenness (Normalized Difference Vegetation Index [NDVI]) for the study area. Relationships between NDVI and potential drivers in March 2000

to September 2012, October 2012 to December 2018 and the entire study periods were shown in panels (a), (b) and (c), respectively. Arrow

thickness is proportional to path coefficient

F IGURE 4 Spatial distribution

patterns of vegetation trends in monthly

average Moderate Resolution

Spectroradiometer (MODIS) Normalized

Difference Vegetation Index (NDVI)

covering March 2000 to September 2012

(a) and March 2000 to December 2018

(b) in the study area. Pixels with

statistically significant trends (Mann–

Kendall test, p < 0.1) are colour coded.

The unit of vegetation trend is NDVI �

month�1
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The greening trends in the inland were stronger than that in the

coastal area from March 2000 to September 2012 (Figure 4a). For the

entire study period, however, most of vegetation in the inland did not

show significant trend, whereas the significant greening trends could

still be detected in the coastal area (Figure 4b). The spatial patterns of

vegetation change trends in the second segment in Figure S2 showed

negative vegetation trends in parts of the inland areas. These areas of

negative vegetation trends in the second segment can offset the

greening trend during the first segment and result in negative vegeta-

tion trends in the entire study period. These results reveal that the

greenness trends in the study region have distinct spatial variabilities

over different time periods.

4 | DISCUSSION

As shown in Figure 2, large monthly precipitation events, such as April

2001, February 2002, April 2006, March 2008, January 2011 to May

2011, March 2012 and March 2013, induced the increases in green-

ness about 2 months later. This result implied that increases in vegeta-

tion greenness were associated with the occurrence of large

precipitation event in this region. These large precipitation events

could result in infiltration into deeper soil layers protected from sur-

face evaporation, and the stored precipitation can support vegetation

growth later (Lehmann et al., 2019). Moreover, the relatively humid

conditions after the heavy precipitation enable most of plant seeds

(e.g., S. sabulicola and T. hereroensis) to germinate (Seely, 1990), and

then low precipitation and other water resources (e.g., fog and dew)

could support these new plants to survive in the extremely arid envi-

ronment of the Namib Desert (Ebner et al., 2011; Kaseke et al., 2017;

Qiao et al., 2020). The results of annual extreme precipitation amount

and the number of extreme precipitation events shown in Figure 5

indicated that extreme precipitation with precipitation above the 95%

percentile (0.0309 mm/h) can stimulate vegetation growth. It is note-

worthy that the increased NDVI in 2011 without extreme precipita-

tion events could also be related to heavy precipitation events,

because there were heavy rainfall events that occurred during five

consecutive months (from January to May) in 2011 with the precipita-

tion greater than the 87% percentile (0.0184 mm/h). The distribution

of monthly precipitation over the study period was presented in

Figure S1. In addition, the average annual frequency of extreme pre-

cipitation events during 2000 to 2012 is 0.0705, while the value is

0.0139 from 2012 to 2018. These results suggest that extreme pre-

cipitation events play a role in the long-term vegetation greening

trends in the study region. This study also explored trends of precipi-

tation time series shown in Figure 2 using Mann–Kendall test. How-

ever, no significant increased trends in precipitation were found

during both March 2000 to September 2012 and March 2000 to

December 2018. The SEM results (Figure 3) revealed the positive

trends in NDVI over March 2000 to September 2012, which could be

primarily attributed to CO2 concentration and precipitation. These

results indicated that precipitation was still a main positive driver of

vegetation greening in this area even though it did not present

increasing trends. This finding is different from previous studies which

suggested that increasing precipitation trend was the main reason of

observed greening trends in many drylands like Sahel and southern

Africa (Fensholt et al., 2012; Hickler et al., 2005; Zhu et al., 2016). The

results in our study implied that intensity and frequency of extreme

precipitation should also be considered in the investigation about the

effect of precipitation on vegetation trends in drylands.

Elevated atmospheric CO2 concentration was another main driver

of observed greening trends in the study area (Figure 3). On the one

hand, CO2 fertilisation effects, caused by increased levels of atmo-

spheric CO2 concentration, can enhance plant growth by accelerating

the rate of photosynthesis (Farquhar & Sharkey, 1982). On the other

hand, rising atmospheric CO2 concentration can induce decreases in

leaf stomatal conductance and increase plant water use efficiency

(Keenan et al., 2013; Lu, Wang, & McCabe, 2016). More soil water

could be remained under the same productivity levels through

increasing water use efficiency (Donohue et al., 2013; Lu, Wang, &

McCabe, 2016) and is expected to positively affect vegetation green-

ness particularly over arid regions constrained by water availability.

The negative effect of CO2 in the nonsignificant vegetation trend dur-

ing the second segment (Figure 2) could result from the phenomenon

of structural overshoot (Jump et al., 2017), a process of increased

aboveground biomass development due to more favourable water

availability in the past and the consequent temporal mismatch

between water availability and demand. The favourable precipitation

condition in the first segment could stimulate vegetation growth and

lead to high water use, thereby increasing drought stress and plant

mortality associated with competition for limited soil water resources

under the lower precipitation condition of the second segment (Yu

et al., 2019; Zhang et al., 2021). The increasing drought stress and

plant mortality could offset any positive plant-growth effects of CO2

fertilisation in the second segment (Jump et al., 2017).

About 75% of the study region experienced significant greening

during March 2000 to September 2012, while the proportion of

greening areas in the entire study period decreased to 39.30%

(Figure 4). To illustrate the reason of lower greening trend in the

F IGURE 5 The distribution of annual Normalized Difference

Vegetation Index (NDVI) values, the annual extreme precipitation

amount and the number of extreme precipitation events from 2000 to

2018 for the study region outlined in Figure 1
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entire study period, this study calculated the percentage change in

precipitation before (March 2000 to September 2012) and after the

break point (October 2012 to December 2018) (Figure 6). The result

revealed that most of the study region showed a substantial reduction

in precipitation after the break point and the average pixel-wise per-

centage change in precipitation was �38.16%. Since precipitation is a

key driver of vegetation greening in this study region, the reduction in

precipitation over October 2012 to December 2018 could account

for the lower greening trend observed in the entire study period

compared with the greening in March 2000 to September 2012.

Moreover, the area of negative vegetation trends in the entire study

period concentrated in the north of the Namib Sand Sea is larger than

that during March 2000 to September 2012. As the diminished pre-

cipitation in the north area of this study region (Figure 6) after the

breakpoint, the larger area of negative vegetation trend in the entire

study period than that in the period of March 2000 to September

2012 could be associated with the low water input over October

2012 to December 2018.

The significant vegetation greening distribution, especially in the

northern area of the study region, exhibited a line-shaped feature

(e.g., the ripple shape of sand dune) (Figure 4). The line-shaped feature

could be observed in the spatial patterns of averaged NDVI (Figure 7)

as well. This spatial feature of greening might be attributed to the

morphology features of sand dunes and characteristics of vegetation

coverage caused by the complex moisture gradient in dune slopes.

There are distinct dune morphology patterns in the Namib Sand Sea:

transverse dunes in the west, linear dunes in the centre and star

dunes in the east (Livingstone, 2013). Previous studies suggest that

vegetation coverage at the middle of dune slopes is much higher than

that at dune base and interdune areas, while the top areas of

dune with the maximum rate of sand movement are largely devoid of

vegetation (Ronca et al., 2015; Seely, 1990; Yeaton, 1988). Thus, the

linear sand dunes and relatively high vegetation coverage on dune

slopes could form the line-shapes pattern in the greening

distributions.

The greening trend in the inland of the study region was strikingly

stronger than that in the coastal zone during March 2000 to

September 2012 (Figure 4a), which indicated that the greening rate of

vegetation in the inland was obviously faster than the coastal zone

during the first segment. We also found the similar spatial patterns in

averaged NDVI for both the first segment and the entire study period

(Figure 7)—vegetation greenness increasing from the coastal zone to

the inland. These results indicated that the greening rate was gener-

ally faster in denser vegetated areas during the first segment, the

period with relatively higher frequency of extreme precipitation

events compared with the entire study period. In turn, the gradient of

vegetation greening rate from the coastal zone to the inland could

increase spatial heterogeneity in vegetation greenness in the study

region.

Over March 2000 to December 2018, the large coherent areas

with greening trends were observed in the coastal area in Figure 4b. It

could result from fog water input (Lancaster et al., 1984). Since the

typical plant species in this study area, such as S. sabulicola and

T. hereroensis, can survive by taking up fog water through leaves or

shallow roots (Ebner et al., 2011; Wang et al., 2019), fog water can be

an important water supply for vegetation growth under the prolonged

low precipitation condition (Adhikari & Wang, 2020; Li et al., 2018;

Qiao et al., 2020; Wang et al., 2017). Previous studies suggested that

the mean amount of fog water for the northern Namib Sea Sand

increased from 34 mm per year in the coast to a maximum of 184 mm

35- to 60-km inland and decreased sharply thereafter to 15 mm or

less in the east of the desert (Lancaster et al., 1984). Other findings

indicated that the southwest region received quite regular fog events

due to the upwelling Benguela Current of the southern African coast

(Ebner et al., 2011). These regular fogs in the coastal zone could

improve plant water stress and maintain vegetation function in the

low precipitation period (October 2012 to December 2018). In addi-

tion, since the effects of temperature on plant growth are negative in

the study region (Figure 3), the cool temperature in the coastal zone,

relative to the hotter inland area (Lancaster et al., 1984;

Lancaster, 2002), might reduce heat stress on vegetation growth in

the coastal zone. Thus, the divergent greening patterns in the coastal

zone and inland areas during the entire study period might be associ-

ated with the higher fog water input and lower temperature in the

coastal zone.

F IGURE 6 The percentage change in precipitation before (March

2000 to September 2012) and after the break point (October 2012 to

December 2018) in the study area
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Other factors might also affect the vegetation greening in the

study region, such as dew water, mineral content gradient. It has

been reported that dew water could improve plant water status in

the arid environment (Wang et al., 2019). Variations in iron oxide

and clay minerals from inland to coastal regions generated a pat-

tern of red sands in the east, grading into yellowish brown sands

in the west (White et al., 2007). This mineral content gradient

from inland to coastal regions might affect vegetation growth

(Fink et al., 2016).

This study identified the regional greening in the Namib sand

sea without direct human activities and shrub expansion using the

high-quality MODIS dataset and explored its potential driving

factors including precipitation, temperature and CO2. The results

suggested that the significant greening trends were mainly driven

by precipitation and increasing atmospheric CO2 concentration in

the study region. Especially, the amount and frequency of extreme

precipitation could be important hydrological variables in under-

standing the effect of precipitation on vegetation trends in

drylands.

5 | CONCLUSION

Our research examines the vegetation greening trend in the Namib

Sand Sea. This study complements previous studies for greening

trends in many drylands influenced by direct human activities and spe-

cies composition changes (e.g., shrub encroachment). The study region

exhibited significant greening trends over 2000 to 2012, primarily

driven by precipitation and increasing atmospheric CO2 concentra-

tion. Warming could reduce plant growth in the study region, which

was inferred from the negative effects of temperature on greenness.

The amount of extreme precipitation, rather than the trend of

precipitation, seems to play an important role in the observed green-

ing trends. This finding is different from the previous studies which

suggested that increasing precipitation trend was one main reason for

greening in many drylands. These results imply, apart from the precipi-

tation trend, that intensity and frequency of extreme precipitation

should be also considered in future investigations about vegetation

greening in drylands.

Spatially, about 75% of the study region was undergoing a sta-

tistically significant greening trend from March 2000 to September

2012, and the value decreased to 39.30% for 2000 to 2018 mainly

caused by the reduction in precipitation after 2012. The greening

trend presented distinct spatial variability over different study

periods, such as higher greening rate in the inland than the coastal

area for 2000 to 2012 and significant greening trends in the coastal

area over 2000 to 2018. These pronounced spatial features in

greening distribution over different study periods might be related

to spatial variations in vegetation density and fog water in the study

region. The different vegetation trend results between the entire

study region and the pixel scale patterns over 2000 to 2018 implied

that significant changes in greenness could be masked if only aver-

age value was used for a large region. This study fills an important

knowledge gap of vegetation dynamics in regions without direct

human activities. Our findings significantly improve the understand-

ing of the contributions of climate factors to vegetation dynamics

and the spatial feature of vegetation greening in the Namib

Sand Sea.
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