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Abstract: A large decrease in the land surface albedo of the Loess Plateau was observed
from 2000 to 2010, as measured using satellite imagery. In particular, ecological restoration
program regions experienced a decrease in peak season land surface albedo exceeding 0.05.
In this study, we examined the spatial and temporal patterns of variation during the peak
season albedo in the Loess Plateau and analyzed its relationships with changes of anthropogenic
and natural factors at the pixel level. Our analysis revealed that increasing grassland coverage
due to returning rangeland to grassland could lead to a maximum albedo decrease of 0.030 in
peak season. This result highlighted the human-induced land use change in driving the
decreasing albedo on an annual scale. There was no significant correlation between precipitation
change and albedo reduction. Precipitation could influence the spatial pattern of albedo in
drought years by influencing the natural vegetation water requirement. However, the role of
precipitation was not obvious in the ecological restoration program regions. This article
demonstrates the substantial role that land use change could play in regional-scale albedo change
and climate. Finally, some implications for the radiative forcing of land use change are discussed.
Keywords: land surface albedo; land use change; precipitation; returning cropland to
forest/grassland; retuning rangeland to grassland; MODIS; TRMM
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1. Introduction
Land surface albedo is a fundamental earth surface physical parameter in climate change studies, as
it determines the surface radiation budget and leads to a warming or cooling at the earth’s surface [1].
There are various factors that affect the surface albedo. Human-induced land cover changes disturb the
earth surface energy balance by modifying the land surface albedo, which impacts regional and global
climate systems [2]. Land surface albedo has long been recognized as a key radiative forcing factor from
land cover changes [3]. Deforestation, agricultural and pastural expansion caused by human land use
generally can lead to increased surface albedo [1]. Afforestation and reforestation activities could reduce
surface albedo by absorbing more solar radiation [4]. Because of rapid urbanization, as observed by
remote sensing, there are sharp changes in urban landscape pattern and composition [5–7]. Significant
albedo changes in urban and surrounding areas have also been observed [8]. In addition, the snowmelt
process can reduce surface albedo significantly, and its value may decrease from 0.6 to 0.2 in only
5 days [9]. Land cover and surface water change can also play substantial roles in continental-scale
albedo trends [10]. These processes and the key role surface albedo plays in climate change have been
confirmed in observation and climate-modeling studies [3,11–13].
Generally, climate estimation models have relatively low precision and coarse spatial resolution input
parameters, which represent the key physical properties of the surface, like albedo. This means it is
difficult to extract the main drivers and complex mechanisms for surface albedo variation, like human
land-use changes, which may be ignored in climate analysis [14]. Secondly, the surface albedo in the
existing climate models tends to be set as a fixed value for land cover types. Actually, albedo changes
caused by land cover changes exhibit significant regional differences [14,15]. Thus constant parameters
cannot detect dynamic changes in albedo information and spatial difference, and would reduce the
representation of albedo in climate models [10,16–18]. Finally, a limited number of field sites could not
depict the characteristics of the spatial and temporal continuum [19]. Therefore, the diversity of albedo
could not be characterized in different regions [20].
Some researchers have considered the use of existing high-resolution remote sensing data to improve
the accuracy of estimating the surface albedo in climate models [21–23]. However, these studies used the
static LULC and ignored the time dynamic information on land cover change in inter-annual scales [24],
such as urban sprawl, which can directly affect the land surface characteristics [25–27]. These knowledge
gaps in the most important drivers of albedo change prevent the accurate estimation of albedo change at the
regional scale. Therefore, to identify the main driving mechanisms of albedo change, quantitative estimation
of realistic human-induced land cover change and the accurate variation of surface albedo in region scale
are needed.
Loess Plateau is a climate transitional zone between arid and humid that exhibits complex responses
and feedback for climate change. Because of the low cloud and high solar radiation conditions, the unique
physical properties of the underlying surface of the Loess Plateau potentially have large impacts on the
local climate and the global radiation budget in addition to a strong role in monsoon circulation [28,29].
Most studies about surface parameters change, energy balance and climate change in Loess Plateau are
based on limited field experiments, which can reflect point scale problems well [29–31]. However, less
work has been documented on the spatially continuous regional scale. In the past 10 years, large-scale
ecological restoration programs in this region have changed the land surface dramatically [32–34], which
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contributes significantly to variation in surface albedo, and the effect on climate should not be ignored
in decision-making for climate change mitigation [35].
The aim of this study is to attempt to discriminate between the anthropogenic causes and natural
driving forces of surface albedo changes in the Loess Plateau, and to demonstrate the role of land use
change in modifying regional land surface biophysical properties. Because the Loess Plateau is the
region of China with the most serious soil erosion, the Chinese government has made great efforts to
restore vegetation on the Loess Plateau to alleviate soil erosion, especially through the Grain to Green
Program (GTGP) and the Returning Rangeland to Grassland Program (RRGP). The GTGP was initiated
in 1999. The goal of the GTGP is to convert cropland on steep slopes to forests or grasslands. The RRGP
was launched in 2003 to stop the accelerated degradation of the western grassland and promote grassland
restoration. This article examines the spatial and temporal of surface albedo observed by satellite
measurements in Loess Plateau, and quantificationally evaluates the albedo changes in the GTGP and
RRGP regions. Then, the relationships between anthropogenic land use drivers and precipitation factors
were analyzed at the pixel level.
2. Materials and Methods
2.1. Study Area
The Loess Plateau, located in the middle reaches of the Yellow River basin, north China (Figure 1),
covers an area of approximately 624,000 km2 with an average annual air temperature of 4.3 °C–14.3 °C
and average annual precipitation of 200–750 mm from the northwest to the southeast [36]. The plateau
consists of entirely of two provinces (Shanxi and Ningxia) and parts of provinces: Inner Mongolia,
Qinghai, Gansu, Shannxi and Henan (Figure 1).

Figure 1. The distribution map of land cover change in the Loess Plateau.
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2.2. Land Use and Land Cover Change
Land use and land cover change data on the Loess Plateau from 2000 to 2010 with spatial resolution
of 30 m were determined following the standardized methodology outlined in [37,38]. A hierarchical
classification system with 25 types of land use and land cover classes were further grouped into
6 aggregated classes consists of cropland, forest, grassland, water bodies, unused land and built-up areas.
The comprehensive accuracy was more than 90% [37–40]. Our analysis involved three aggregated
classes including cropland, forest and grassland, and three second-level classes—dense, moderate and
sparse grassland—to find the role of ecological land use change in modifying regional land surface
biophysical properties. Then land use changes between cropland, forest and grassland were identified
and compared for 2000–2010. The main conversion types were returning cropland to forest and returning
cropland to grassland due to the GTGP, and grassland coverage increase because of the RRGP (Figure 1).
Until now, due to the ecological restoration programs, a large amount of steep cropland has been
converted to forest and grassland coverage has improved remarkably [32–34].
2.3. Albedo Data and Composite Method
The MODIS shortwave white sky albedo (WSA) product (Collection 5 MCD43B3, 1000 m spatial
resolution, 16-day composites) (https://lpdaac.usgs.gov/products/modis_products_table /mcd43b3) and
the Normalized Difference Vegetation Index (NDVI) product (Collection 5 MOD13A2, 1000 m spatial
resolution, 16-day composites) (https://lpdaac.usgs.gov/products/modis_products_table/mod13a2) in
2000–2010 were used to estimate the albedo. Surface albedo could be sensitive to vegetation cover
change because vegetation had strong absorption in the visible band (0.3–0.7 μm) during the growing
season. Thus this article referred to albedo as the “peak season albedo (PSA)”. Peak season albedo could
effectively reflect the intrinsic relationship between the inter-annual albedo variations with the land cover
change by avoiding vegetation seasonal fluctuation. The first step in the algorithm is the annual maximum
NDVI time-flag (Flagmax-NDVI) at every pixel was extracted for each year. The Flagmax-NDVI mean a mark
when the maximum NDVI value (NDVImax) appeared in time-series data. The formula was calculated
as follows:
Flagmax  NDVI  Time( NDVI max )
(1)
The second step is generate annual PSA by taking the NDVI time-flag value which calculated from
formula 1. If the Flagmax-NDVI was nodata in some pixels, the time closed albedo value was chosed.
The formula was calculated as follows:

PSA  AlbedoFlagmax NDVI

(2)

The MODIS product data (Albedo and NDVI) covering tiles H25V5, H26V4, H26V5, and H27V5
were used to mosaic the entire Loess Plateau region.

2.4. Other Data
NDVI and precipitation data were used to reflect the coupling mechanism with albedo changes.
To explore the linkage of albedo and vegetation coverage, the NDVI was extracted from the month
MODIS vegetation indexes product (MOD13A3) [41] within the Loess Plateau. Time series of embedded
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quality data were collected spanning the time interval between January 2000 and December 2010.
Precipitation data were compiled from the Tropical Rainfall Measuring Mission (TRMM) 3B43 product [42],
which merged other satellite data to produce a month precipitation estimate on a scale of 0.25° across
the study area during the period of 2000–2010. To explore the spatial and temporal correlations between
precipitation and albedo, annual precipitation trend was calculated. The meteorological station data
including the annual precipitation were also collected, and the trend was calculated in every station to
verify the trend calculated using TRMM data at the corresponding pixels where the station was located.
The data were assembled from the National Climatic Centre of the China Meteorological Administration
(http://cdc.cma.gov.cn/) at 58 station observations between 2000 and 2010 across the Loess Plateau.

2.5. Albedo Analysis Method
PSA pixels located in the main land use change regions were extracted in 2000–2010. At the regional
scales, these data sets were analyzed by using a linear regression approach and the corresponding
R-square were calculated. In addition, to further explore the mechanisms driving changes in land surface
albedo, some interest regions where albedo had obvious change were selected to analyze time serious
variation of albedo, precipitation and NDVI. Moreover, correlation coefficient significant test were also
used in data analysis.
3. Results

3.1. Spatial and Temporal Distribution of Albedo in the Loess Plateau from 2000 to 2010
Time-series analysis of peak season albedo from 2000 to 2010 indicated that the albedo had a relative
decrease of 5.23% (reduced 0.0079) across the whole Loess Plateau (Figure 2), especially in the
northwestern region. Between 2000 and 2010, the areas with PSA values greater than 20% had been
reduced by 8.90% (~55,789 km2) over the study region. The mean PSA values across the whole Loess
Plateau in 2000, 2005 and 2010 were 0.1511, 0.1450 and 0.1432, respectively. The decreasing rate of
PSA during 2000–2005 was greater than that during 2005–2010.
Surface albedo of the whole Loess Plateau showed slight decrease, with the average reducing rate of
0.041% per year (Figure 3). The maximum decrease occurred in the northwest region with a rate
exceeded 0.05% per year, where there are also cropland and pasture ecotones, such as Etuoke Qi,
Shenmu country, Dongsheng district, and Linwu country. However, it showed a positive trend in some
regions, such as the Hetao Plain and the Guanzhong Plain, which is the typical agricultural irrigation
area along the Yellow River (Figure 3).

3.2. Effects of Land Use Change on Surface Albedo
Figure 4A showed that the area of cropland returning to grassland in the Loess Plateau reached
2482 km2 from 2000 to 2010. The cropland returning to forest was mainly distributed in central Loess
Plateau. The area of increasing grassland coverage was about 1646 km2, mainly distributed in northern
Loess Plateau. From Figure 4B, we can see the spatial extent of RRGF consists of all grassland in the arid
and semiarid northwestern region of the Loess Plateau that has an annual precipitation of less than
400 mm, accounting for 25.40% of the Loess Plateau. Trends of annual PSA statistical analysis (Figure 5)

Remote Sens. 2015, 7

2931

showed that all the three types of land use change resulted in similar decreasing peak season albedo. The
increasing grassland coverage led to a significantly decreasing PSA of about 0.030 (p < 0.05).
Further analysis revealed the good linear correlation between albedo decrease slope and percent of
grassland change (p < 0.01) (Figure 6). However, returning cropland to grassland and returning cropland
to forest led to the PSA declining only by 0.015 and about 0.017, respectively. These findings were also
consistent with the time series PSA variation in Figure 2.

Figure 2. Peak season albedo (PSA) spatial and temporal distributions in the Loess Plateau
from 2000 to 2010.

Figure 3. Peak season albedo changes from 2000 to 2010 across the Loess Plateau.
Interest Regions: (A) Etuoke Qi. (B) Lingwu country. (C)Shenmu country. (D) North of Shenmu.
(E) Dongsheng district.
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(A)

(B)
Figure 4. Spatial distributions of three types of land use change (A), and three degrees
(dense, moderate and sparse coverage) of grassland (B) across the Loess Plateau from 2000
to 2010.
During 2000–2010, the total vegetation coverage increased from 31.60% to 42.40%. Shannxi, Neimenggu
and Ningxia province are major regions of GTGP and RRGF. In our analysis, forest had the lowest albedo
value, and cropland and sparse coverage grassland had the highest albedo value (Figures 5 and 6).
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Figure 5. Trends of peak season albedo in regions with the three types of land use change
from 2000 to 2010.

Figure 6. Relationship between the percent of grassland coverage change and the percent
PSA change across the RRGP region.
3.3. Effect of Annual Precipitation Change on Surface Albedo
Figure 7 showed that precipitation exhibited obvious spatial variations. Although there was an
increasing trend in the northern region and a decreasing trend in the southern, the statisticall total trend
for the whole region showed a weak increase of 1.55 mm·yr−1. The 58-station observation analysis also
found a weaker increasing trend of 0.44 mm·yr−1.
The scatter plot suggested no relationship between precipitation and albedo (Figure 8), which
indicated that precipitation variation could not explain the observed albedo decreases. More detailed
quantitative analysis was needed related to test these hypotheses.
3.4. Relationships among Precipitation, Vegetation Coverage and Surface Albedo
The annual variations of precipitation, vegetation, and PSA in the five interest regions over the Loess
plateau are illustrated in Figure 9. Overall, regions A and B had lower precipitation and higher PSA
values than region C, D and E. This is reflected in the spatial distribution; precipitation could play an
indirect role in the formation of regional-scale spatial patterns of the surface albedo of vegetation zones.
In Figure 9, interest region A and B showed NDVI dropped below 0.15, which was consistent with
the annual precipitation anomalies during 2005–2006. Therefore, much of the bare soil exposed caused
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an abnormal increase in albedo. However, on a long-term scale, the NDVI gradually increased in the
five regions from 2000 to 2010. During 2005, interest region C showed that although the precipitation
significantly reduced, which is unfavorable to vegetation growth, the NDVI showed a recovery in growth
and increased every year. Also, there was a small decrease in albedo (from 0.171 in 2004 to 0.170 in
2005). The whole albedo had a significant decrease (p < 0.001).

Figure 7. Trends of annual precipitation based on TRMM and station observation data across
the Loess Plateau.

Figure 8. Scatter map of the trends of albedo and precipitation in the 58 stations from 2000 to 2010.
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Figure 9. Time-series variation of monthly precipitation (mm), peak season albedo (%) and
NDVI at five interest regions (3 × 3 pixels). The red bar indicates the drought year. The letters
from A to E are interest Regions: (A) Etuoke Qi. (B) Lingwu country. (C)Shenmu country.
(D) North of Shenmu. (E) Dongsheng district.
4. Discussion
4.1. Restoration Programs and Albedo Decrease
Land use change could significantly change the biophysical properties of the surface and alter the
albedo [43]. Because of intensive human activities and the complexity of the underlying surface, factors
leading to albedo variations are difficult to understand and predict. For example, grazing might have an
important impact on the albedo of grassland by reducing vegetation coverage and height [44]. This research
suggests that land use could play an important role in albedo change through ecological restoration
programs. However, the GTGP was mainly distributed in the steep cropland (>25 degree), and the RRGP
was mainly conducted in the plains and demonstrated good spatial consistency. Therefore, the albedo
trend in RRGP region was better than that in GTGP region at the 1 km pixel scale (Figures 4 and 5).
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Furthermore, the rise in the grassland coverage reflects the improving effectiveness of RRGF, which
could induce more apparent albedo decreases than the other two land cover change types.

4.2. Precipitation and Albedo
Figure 7 indicated that the water requirements of natural vegetation are met by precipitation in arid
and semiarid regions. Generally, precipitation is an important limitation for plant growth in arid and
semiarid areas, especially for grasslands [45]. Therefore, the grassland albedo was more sensitive to
precipitation, which controls the growing season leaf area index and production of shallow-rooted
growth forms in areas of seasonal water deficit [46]. However, there was no significant correlation
between precipitation changes and albedo reductions over the decade (Figure 8), although precipitation
could influence the albedo value in drought years (Figure 9, red pillars).
Figure 9 also showed that the gradual increase of the NDVI could cause a significant decrease of the
albedo (A, C, D, E: p < 0.001; B: p < 0.01), although the precipitation showed a decreasing trend in the
same period (Figure 9). This also confirmed that precipitation was related with albedo only on a
short-term (monthly and annual) time scale [19]. Changes in vegetation cover represented the most direct
and rapid reasons for albedo change. Therefore, albedo changes were highly sensitive to the low
coverage of vegetation in the arid region. This phenomenon might be caused by the large difference of
the albedo values between grassland and bare soil. Consequently, albedo change was not driven by
precipitation, and ecological restoration programs had contributed to the decreasing albedo.

4.3. Uncertainties, Errors and Accuracies
Figure 9 indicated that the volatility of the albedo change showed its effect when caused by vegetation
restoration was slower than the albedo change caused by vegetation clearing (deforestation, forest fire,
flood, etc.). Our analysis of the PSA change was based on the decadal scale. Because the vegetation
growth was a long-term process, the albedo decrease was more obvious in the first five years (Figure 2).
This also reflects the fact that albedo change from land use change (cropland to forest or grassland, etc.) is
more obvious than that from vegetation growing on an interannual scale. Also, the GTGP and RRGP had a
greater extent of implementation during the first five years [47], which may be another cause.
To quantitatively calculate the land cover effects for climate change, an accuracy of 0.02–0.05 for
albedo values within 5–10 years in climate and ecological models is required [48,49]. However,
approximately 4.4% of the Loess Plateau exhibited an albedo decrease exceeding 0.05 from 2000 to
2010 (p < 0.01). Without this analysis, the relationship between albedo change drivers of land use (such
as ecological restoration programs) and climate model estimates is tenuous. Realistic quantitative albedo
decreases may promote our comprehension of what role land cover change could play in anthropogenic
climatic modification. Nevertheless, whether there is a feedback mechanism such as the Charney
hypothesis, which considers a large change of albedo from 0.14 to 0.35 associated with land cover
change [50], decadal change analysis may be insufficient.
The effects of surface albedo change can be quantified through radiative forcing [2]. This could be
used to compare the contribution of land cover change with other drivers of climate change [1]. However,
the drivers of land-use-related radiative forcing remain poorly understood [1,51]. Our results suggested
that the peak season albedo decreased by 0.0079 (about 5.23%) across the Loess Plateau. This variation
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was not uniform and depended on the types of land use change. If the average amount of shortwave
energy reaching the top of the atmosphere (TOA) over the entire planet is assumed to be 341 W/m2 [52],
the 0.0079 decrease of albedo could cause a 2.69 W/m2 reduction. According to the Cess Algorithm [53],
this reduction would cause a minimum temperature reduction of 1.2 °C. Generally, snow has higher
albedo value than other land cover types and can amplify the albedo change due to land use change [16].
Therefore, further research will consider the impact of snow and use the true surface solar radiation to
analyze the radiative forcing related to these complex human-induced land use changes.
5. Conclusions
In this study, we examined the spatial and temporal pattern variations in the albedo in the Loess
Plateau and analyzed its relationship with changes in anthropogenic and natural factors at the pixel level.
The main finding of this study is that surface albedo change was correlated with changes in
human-induced land cover across the Loess Plateau. This change was mainly due to the lower albedo
from vegetation restoration programs associated with natural vegetation and dense grassland.
Analysis revealed that grassland coverage changes could lead to a significant albedo decrease of 0.030
in peak season (p < 0.01). For the three types of land use change, grass cover increase showed the greatest
correlation with albedo change (R2 = 0.80, p < 0.01). Although precipitation could play an indirect role
in albedo decrease by influencing the natural vegetation water requirement in drought years, albedo
decrease at the decadal scale was not driven by precipitation, but rather by the ecological restoration
programs. Between 2000 and 2010, most of the areas in the ecological restoration program region
underwent an albedo decrease that exceeded 0.05 during the peak season in the Loess Plateau. The
analysis of MODIS albedo highlighted the role of human-induced land use change in driving the
decreasing albedo on an annual scale. Our research demonstrated the substantial role that land use could
play in regional scale albedo change. In addition to modelling albedo change from deforestation, we
should improve the ability to model realistic land use change and complex albedo changes from
ecological restoration during future climate studies, especially in arid and semi-arid regions.
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