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In this study, we use surface data (MCD43A3), snow cover data (MOD10A?2) provided by the
Moderate Resolution Imaging Spectroradiometer, and land cover products of the European
Space Agency to analyze the spatiotemporal variation characteristics of surface albedo in
Northeast China from 2001 to 2020. We quantified the differences in surface albedo between
different land cover types under snow and nonsnow conditions. We found that the annual
average surface albedo in Northeast China from 2001 to 2020 was about 0.21. The surface
albedo has hardly changed over the past 20 years, but there are significant seasonal
characteristics. The highest is in winter (0.36), followed by spring (0.18) and autumn (0.17), and
the lowest is in summer (0.13). The overall spatial distribution characteristics are high in the east
and west and low in the north, south, and central parts. The magnitude of albedo is related to
different land cover types, mainly reflecting the significant difference in albedo between sparse
low-vegetation and dense high-vegetation areas. When dense and high vegetation transitions to
sparse and low vegetation, the albedo significantly increases, especially in winter when snow is
present. These results would be beneficial for better understanding the land cover and eco-
environment changes in Northeast China.

1. Introduction

Surface albedo refers to the ratio of solar radiation reflected by the Earth’s surface to the
incident solar radiation, reflecting the surface’s reflective capacity to solar radiation. It
determines the amount of radiation energy absorbed by the underlying surface and is one of the
most important parameters in land surface process and climate models.() Surface albedo has
been recognized as an important climate variable and a significant driving factor of climate
change.® It affects the Earth’s radiation balance by controlling the absorption and reflection of
solar shortwave radiation at the surface. Subtle changes in surface albedo can significantly affect
the radiation energy budget of the land-atmosphere system, thereby affecting local, regional, and
global climate change.
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Since Charney pointed out that an increase in surface albedo in desert regions can lead to
regional climate aridification,® the climatic effects of surface albedo have gradually become a
hot topic in Earth system science. Many scholars have conducted related research around this
issue in recent years, finding that a decrease in surface albedo caused by snowmelt or vegetation
greening leads to more solar radiation heating the surface and increasing surface temperature.
Conversely, an increase in surface albedo affects atmospheric circulation, such as the tropical
convergence zone and monsoons, leading to significant changes in precipitation and exacerbating
the trend of aridification in arid regions.”) Chen studied the distribution of and variation in
surface albedo in China on the basis of statistical data from 16 solar radiation measurement
stations in different regions.®) He believes that the spatiotemporal variation in albedo is closely
related to the natural surface characteristics and seasonal cycles of different regions. Liu et al.©
and Zhang et al.()) both demonstrated through field observations that surface albedo in vegetated
areas exhibits significant interannual variations. However, owing to the limitations of
observational data, there are significant errors in the calculation accuracy over large areas,
making it difficult to further analyze the interannual amplitude and the relationship between the
amplitude and other factors. With the continuous maturation of satellite remote sensing inversion
methods, obtaining surface albedo over large areas, even globally, through satellite remote
sensing data is considered to have a high degree of credibility.®? The Moderate Resolution
Imaging Spectroradiometer (MODIS) is a key sensor aboard the Terra and Aqua satellites that,
with 36 spectral bands and 12-bit radiometric resolution, has the highest number of spectral
bands of any global coverage moderate resolution imager. Numerous studies have verified that
the MODIS-derived albedo product (MCD43A3) exhibits high overall accuracy and significant
application value in global change research. Zhang(!®) used MODIS surface albedo products
(MCD43C3) to analyze the changes in surface albedo in the Xilingol grassland and its
relationship with temperature and precipitation, finding that temperature is significantly
correlated with surface albedo only at the beginning and end of the growing season, while
precipitation is significantly negatively correlated with surface albedo throughout the growing
season. Xu et al.1) used MODIS surface albedo products (MCD43A3) to analyze the spatial
distribution and variation characteristics of surface albedo in China from 2003 to 2017, finding
that surface albedo changes more markedly in the Tianshan and northern regions and the
northeast. Atlaskina et al.(!?) combined MODIS surface albedo products with snow cover,
temperature, vegetation index, and precipitation data to analyze the trend of surface albedo
changes north of 50°N, suggesting that snow cover has a significant impact on regional surface
albedo. Pang et al.1®) used CLARA-A2 surface albedo data from 1982 to 2015 to preliminarily
analyze the spatiotemporal changes and determining factors of surface albedo in the Tibetan
Plateau, suggesting that spatially, there is a negative correlation between albedo and vegetation.

The Northeast China region spans from the mid-temperate zone to the cold temperate zone
from south to north. The temperature has increased by 1.43 °C in Northeast China over the past
century, far greater than the global and national warming rates,(!*!3) making it a sensitive area to
climate warming and an ecologically fragile region. Additionally, owing to the diverse land
cover types from south to north in Northeast China, including forests, shrubs, grasslands,
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swamps, and croplands, it has a significant impact on the global ecological environment. The
unique underlying surface and complex terrain of the Northeast China region have a significant
impact on the changes in surface albedo. The albedo values of different underlying surface
properties may vary considerably. Therefore, analyzing surface albedo on different land cover
types within the regional spatial range is beneficial for understanding the dependence and
sensitivity of surface parameters on land cover types in a macro perspective. In this study, we
used a longer period of MODIS observation data (2001-2020) to reveal the seasonal and
spatiotemporal variation characteristics of surface albedo in Northeast China. Furthermore, on
the basis of the long-time series of Climate Change Initiative-Land Cover (CCI-LC) global land
cover products, we analyzed the differences in surface albedo under different land cover types
and studied the determining factors (underlying surface properties) related to albedo at spatial
and temporal scales to elucidate the driving factors of surface albedo changes.

2. Overview of Study Area

The Northeast China region mainly consists of the three provinces of Heilongjiang, Jilin, and
Liaoning, located in the mid- to high-latitude areas of the Northern Hemisphere, and is also the
region with the highest latitude in China. It is bordered by the Heilongjiang River to the north
with Russia, adjoins the Inner Mongolia Autonomous Region to the west, is adjacent to Russia
and North Korea to the east, faces the Yellow Sea and the Bohai Sea to the south, with the
Liaodong Peninsula obliquely inserted in between, and is adjacent to Hebei Province to the
southwest. It extends from 118°53’E in the west to 135°05°E in the east, and from 38°43’N in the
south to 53°33’N in the north. It spans nearly 17 longitudes from east to west and 15 dimensions
from north to south (Fig. 1). The total area of the region is approximately 78.94 x 10* km? (it
does not include the Gagdaqi and Songling regions of the Inner Mongolia Autonomous Region
led by Heilongjiang Province and the surrounding islands of Liaoning Province). The region has
a distinct continental monsoon climate, generally characterized by a cold temperate to warm
temperate continental monsoon climate. It spans from the warm temperate zone in the south to
the mid-temperate and cold temperate zones in the north, with a clear north—south temperature
gradient. The annual average temperature in the northwest and northeast is less than 3 °C, while
the central plain has an annual average temperature between 3 and 7 °C. The northeast region
has a cold climate, with an average January temperature below —4 °C and an average summer
temperature above 24 °C. Precipitation decreases from the east to the central to the western
parts, with annual cumulative precipitation amounts of 600—-1000, 300—600, and 100300 mm,
respectively. Additionally, the northeast region has a diverse and complex topography, mainly
consisting of plains, mountains, and hills. The eastern part is the Changbai Mountain Range, the
northern part is the Lesser Xing’an Range, the western part leans on the Greater Xing’an Range,
and the east, north, and west are surrounded by low- and medium-height mountains. The central
part is a vast plain, which consists of, from south to north, the Liaohe, Songnen, and Sanjiang
Plains. Together, they form one of China’s largest plains, the Northeast Plain.
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Fig. 1.  (Color online) Location and administrative divisions of Northeast China.

3. Data and Methods
3.1 Datasets

The surface albedo data used in this study were derived from the MODIS BRDF/Albedo
product series - MCD43A3 dataset (https:/lpdaac.usgs.gov/products/mcd43a3v061/). This
product employs a method of cumulative observation weighting, using the data from the 9th day
of every 16-day cycle as a reference. It produces the daily albedo product by weighting the
observational data from the preceding 8 days and the following 8 days, thereby enhancing the
temporal resolution to 1 day with a spatial resolution of 500 m. The MCD43A3 dataset has been
extensively validated against ground observation data and is considered to have a high degree of
accuracy.(1%17) The MCD43A3 dataset includes black-sky albedo and white-sky albedo for seven
narrow bands and three broad bands (visible light band 0.3—0.7 um, near-infrared band 0.7-5.0
um, and shortwave band 0.3—5.0 um), as well as data quality flags. Black-sky albedo and white-
sky albedo represent the albedo under fully direct and fully diffuse solar radiation conditions,

respectively, which correspond to conditions of completely clear and completely overcast skies.
In this study, we focused on the black-sky albedo at noon (local time) in the shortwave band
because this band reflects the surface’s albedo to direct sunlight at noon and reduces the
uncertainty of the results.19 Additionally, we only selected grid data with data quality flags of 0


https://lpdaac.usgs.gov/products/mcd43a3v061/

Sensors and Materials, Vol. 38, No. 7 (2026) 3763

(best quality) or 1 (good quality) for analysis. The data are processed through the Google Earth
Engine platform and are mosaicked, clipped, and operated using the vector boundary of the
northeast region.

The snow cover data was obtained from the MODI0A2 dataset provided by the MODIS
sensor on the Terra satellite (https:/nsidc.org/data/modl0a2/versions/61). It is an 8-day
synthesized snow cover product reflecting the maximum snow cover extent during this period,
with a resolution of 500 m. MODI10A2 can effectively reduce cloud interference and meet the

requirements of long-term and high-precision snow research.(!® In this study, we utilized it to
extract the snow cover area in Northeast China in winter.

Land cover data are sourced from the CCI-LC global land cover product developed by the
European Space Agency. This dataset is not only highly accurate but also has the longest time
series (1992-2020) and has a relatively high spatial resolution (300 m) among global land cover
products.(1%29 It is highly suitable for large-scale, long-term series studies of land cover changes.
The data format is TIFF, with the coordinate system being WGS1984. The data can be obtained
through the following website (http:/maps.elie.ucl.ac.be/CCl/viewer/index.php). The CCI-LC
dataset has a fine classification of land cover types, and the product divides land use types into
22 major categories and 37 subcategories according to the land cover classification system
developed by the Food and Agriculture Organization of the United Nations. To better maintain
data consistency, we reclassified the land cover types according to a merging scheme (Table 1).

3.2 Methods
3.2.1 Trend analysis

Trend analysis on the time series of albedo was carried out by the linear trend estimation
method.

y=ax+b (D

Here, a and b are constants, and x represents the year. The trend coefficient a and the regression
coefficient b are obtained by least squares. The value of a being positive or negative represents
the direction of the data series change with time, and the absolute value of a represents the rate
of change.()

3.2.2 Variance analysis

One-way analysis of variance is used to study whether different levels of a control variable
have a significant impact on the observed variables. The analysis of » groups, each containing &
observations, is called a one-way analysis of variance with equal numbers of observations
between groups.?)
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Table 1
Land cover types consolidation scheme of CCI-LC.
Rainfed cropland 10 cropland, rainfed; 11 herbaceous cover; 12 tree or shrub cover
Irrigated cropland 20 cropland, irrigated or post-flooding
: >300 :
Mosaic cropland 30 mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover)
(<50%)
. . 40 mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / cropland
Mosaic vegetation (<50%)
0

Evergreen broadleaved forest 50 tree cover, broadleaved, evergreen, closed to open (>15%)

60 tree cover, broadleaved, deciduous, closed to open (>15%); 61 tree cover,
Deciduous broadleaved forest broadleaved, deciduous, closed (>40%); 60 tree cover, broadleaved, deciduous, open

(15-40%)

70 tree cover, needleleaved, evergreen, closed to open (>15%); 71 tree cover,
Evergreen needleleaved forest needleleaved, evergreen, closed (>40%); 72 tree cover, needleleaved, evergreen,
open (15-40%)
80 tree cover, needleleaved, deciduous, closed to open (>15%); 81 tree cover,
needleleaved, deciduous, closed (>40%); 82 tree cover, needleleaved, deciduous,
open (15-40%)
90 tree cover, mixed leaf type (broadleaved and needleleaved); 100 mosaic tree and
shrub (>50%) / herbaceous cover (<50%)

Deciduous needleleaved
forest

Mixed forest

Mosaic herbaceous 110 mosaic herbaceous cover (>50%) / tree and shrub (<50%)
Shrubland 120 shrubland; 121 evergreen shrubland; 122 deciduous shrubland
Grassland 130 grassland; 140 lichens and mosses

150 sparse vegetation (tree, shrub, herbaceous cover) (<15%); 151 sparse tree (<15%);
152 sparse shrub (<15%); 153 sparse herbaceous cover (<15%)
160 tree cover, flooded, fresh or brackish water; 170 tree cover, flooded, saline

Sparse vegetation

Swamp water; 180 shrub or herbaceous cover, flooded, fresh/saline/brackish water
Urban areas 190 urban areas

Bare areas 200 bare areas; 201 consolidated bare areas; 202 unconsolidated bare areas
Water 210 water bodies

Ice 220 permanent snow and ice

In the calculation of one-way analysis of variance, the following equations are used:

2

55, =33 (%~ %y) . ©

i=1 j=1

. 2
55, =3 3(%, - %) . ®

i=1 j=1

2
s, =Y ¥ (Xi-Xy) . @
F=Llizj=1
T _
MS = > (X, -xi) - 5)
N=T i j=l
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The samples of each random variable are called a group, and X is the mean value of group i.
The mean value of all Xj; is called the overall mean value. SS; is the sum of the squares of the
deviations between the mean values of each group and the overall mean value, i.e., the sum of
the squares of the deviations between groups, reflecting the differences among groups. SSj is the
sum of the squares of the deviations in each group, reflecting the difference in each group. The
degree of freedom of SS, is v; = » — 1. The degree of freedom of SSy is v, = r(k — 1). MS is the
mean-square deviation between groups, and MSg, is the mean-square deviation within groups.

3.2.3 Coefficient of variation
The coefficient of variation, also known as the “coefficient of dispersion,” is a normalized

measure of the degree of dispersion of a probability distribution and is defined as the ratio of the
standard deviation to the mean value:

, 6)

where ¢ is the standard deviation and x is the mean value.)
3.2.4 Mann—Kendall test

The Mann—Kendall (M-K) test is a type of nonparametric statistical test method.?? Its
advantage is that it does not need the sample to follow a certain distribution, and it is not affected
by a few outliers. It is more suitable for type and sequence variables, and the calculation is more
convenient.

For time series X with n sample sizes, a rank series is constructed:

Sk :Zf'llri (k=2,3,4,...,n), (7)
where
NV STEN ®)
= =1,Z..., .
! 0 else / !

S, 1s a rank sequence composed of the cumulative count of values at time 7 that exceed those
at subsequent time points.
Under the assumption of random independence of time series, a statistic is defined as
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[ S —E(S;)]

UFk =
Var(Sk)

(k=12,...,n), )

where UF; = 0, E(S;) and Var(S;) are the mean and variance of S, respectively. When x, x5, ...,
x, are independent of each other and have the same continuous distribution, they can be
calculated using the following formulas:

E(S;)=——, (10)

Var(Sk)z n(n—lgg2n+5)‘ an

UF; is the standard normal distribution. At a given significance level a, look up the normal
distribution table. If UF; |> U,, it indicates that there is a clear trend change in sequence.
According to the time series X in reverse order (x,, x,_;, ..., X1), the above process was repeated,
and the variables UB, = —UF,, k=n,n— 1, ..., 1, UB;, = 0 were constructed.

The advantage of the M—K test is that it is not only simple to calculate, but can also determine
the time of mutation initiation and point out the mutation region. Therefore, it is a common
method to analyze mutation.

3.2.5 Pettitt test

We performed the Pettitt test as it has been proven to be one of the most convenient statistical
methods for detecting abrupt changes in time series data.?® The formula is given as

n
Upp=U,+ Y sgn(x,—x), t=23,...n, (12)

i1
where x, and x; represent the rth and ith time series samples, respectively. If  meets the condition
Kt = maxlggn ‘Ut,n‘ . (13)

then point # is the mutation point. We establish the test statistic p to verify the significance of the
mutation point. The formula is given as

p=2exp| -6(K2)/(n*+1?) . (14)
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If p < 0.05, the detected mutation point is deemed statistically significant; conversely, it is
considered nonsignificant.

4. Results and Analysis
4.1 Temporal variation in surface albedo in Northeast China

The average annual surface albedo in Northeast China from 2001 to 2020 is approximately
0.21, with the highest value occurring in 2013, around 0.26, and the lowest value in 2019, around
0.17, a difference of 0.09. The coefficient of variation is 0.10, indicating that the interannual
variation in surface albedo in Northeast China is close to 10%. It can be observed from the
interannual changes (Fig. 2) that over the past 20 years, the rate of change in annual surface
albedo in Northeast China has been about 0.001/10a (P > 0.05), which does not pass the
significance test. The results of the M—K test show that the surface albedo in Northeast China
has not changed significantly over the past 20 years. Multiple mutation points were detected
within the 20042010 period in Northeast China’s surface albedo data; however, the mutation
test did not pass the significance level test, indicating that although there are mutations in the
surface albedo changes in Northeast China, there is no significant mutation year.

Surface albedo, which typically depends on the solar zenith angle, varies considerably with
the seasons. Therefore, analyzing the temporal variation in surface albedo in different seasons is
of significant importance. From 2001 to 2020, the average surface albedo values in Northeast
China for spring, summer, autumn, and winter were 0.18, 0.13, 0.17, and 0.36, respectively. It can
be observed that the surface albedo is highest in winter, followed by spring and autumn, with the
lowest surface albedo in summer, approximately one-third of that in winter. From the interannual
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Fig. 2. (Color online) Interannual variation in surface albedo from 2001 to 2020 in Northeast China. (a) annual
variation and (b) M—K test.



3768 Sensors and Materials, Vol. 38, No. 7 (2026)

change trends for each season (Fig. 3) over the past 20 years, the rate of change in surface albedo
for each season in Northeast China has been less than 0.001/10a (P > 0.05), and none have passed
the significance test. Therefore, there has been almost no change in surface albedo on an
interannual scale for spring, summer, autumn, and winter. The coefficients of variation in
surface albedo in spring, summer, autumn, and winter are 0.13, 0.02, 0.08, and 0.15, respectively.
The variation range of surface albedo in winter and spring is larger, about 15%, which is
significantly higher than that in summer and autumn. It is mainly related to the degree of snow
cover. The snow-covered underlying surface will significantly increase the value of surface
albedo.

The results of the M—K test showed that the seasonal surface albedo changes in Northeast
China have not been significant since 2001, but there are multiple mutation points in the surface
albedo in spring, summer, and winter (Fig. 4). The main distribution is between 2004 and 2008
and 2016-2020, but the mutation test did not pass the significance level test. There is only one
mutation point in autumn, but there is no significant change trend before and after the mutation
point. Combining the results of the Pettitt test, we found that the mutation point does not pass the
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Fig. 3.  Seasonal variation in surface albedo in Northeast China from 2001 to 2020. (a) SPR, (b) SUM, (C) AUT,
and (d) WIN.
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significance test, indicating that although the surface albedo in different seasons shows a
mutation, there is no significant mutation year.

In this study, we compared the differences in surface albedo among spring, summer, autumn,
and winter seasons through analysis of variance. The results showed that there is a highly
significant difference (P < 0.01) in surface albedo between winter and spring, summer, and
autumn in Northeast China (Fig. 5), with winter surface albedo being significantly higher than
in other seasons. There is also a highly significant difference (P < 0.01) in surface albedo
between summer and spring, and summer and autumn, with summer surface albedo being
significantly lower than in other seasons. However, there is no significant difference in surface
albedo between spring and autumn. Therefore, it can be seen that the level of albedo is mainly
related to the nature of the underlying surface, especially the presence or absence of snow cover.
The study area is located in a mid to high-latitude region with distinct seasons and complex
underlying surface characteristics. This area experiences snow accumulation in winter and lush
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Fig. 5. (Color online) Bar chart of surface albedo and results of variance analysis in different seasons.

vegetation in summer. The spring and autumn seasons are the snowmelt and snow accumulation
periods, respectively. Hence, the surface albedo in Northeast China shows a significant
difference in comparison with other seasons during winter.

4.2 Spatial distribution characteristics of surface albedo

Figure 6 shows the spatial distribution of the annual average surface albedo in Northeast
China from 2001 to 2020. It can be observed that over the past 20 years, the annual average
surface albedo in Northeast China has exhibited strong spatial heterogeneity, with a general
pattern of higher values in the east and west and lower values in the south, north, and central
areas. Specifically, the reflectance is relatively high in the eastern, western, and northern parts
of the study area, such as the Sanjiang Plain, Songnen Plain, and Heihe region, with the highest
reflectance reaching 0.46. In contrast, the surface albedo is relatively lower in the southwestern
and southeastern parts of the study area, such as Liaoning, Mudanjiang, Yanbian, and Baishan,
as well as in the northern and northwestern parts, including Yichun and the Daxing’anling
region, with albedo values ranging between 0.10 and 0.20. Overall, it shows that the surface
albedo in the Songnen and Sanjiang Plains is significantly higher than that in the mountainous
areas of the Greater and Lesser Xing’an Mountains.

Figure 7 shows the spatial distribution of surface albedo in different seasons in Northeast
China from 2001 to 2020. It can be observed that over the past 20 years, the surface albedo in
each season in Northeast China has shown significant spatial heterogeneity, particularly in
winter. The albedo values are distributed across the range from 0.1 to 0.9, generally being higher
in the east and west and lower in the south, north, and central areas. The high albedo values are
mainly related to snow cover and the nature of the underlying surface, especially in agricultural
fields and areas with low and sparse vegetation, such as the Sanjiang Plain, Songnen Plain, and
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Fig. 6. (Color online) Spatial distribution of annual average surface albedo in Northeast China from 2001 to 2020.

Heihe region, where surface albedo is high, reaching above 0.5. In contrast, in the Greater and
Lesser Xing’anling regions and the Mudanjiang area, where the vegetation is dense with forests,
the albedo is relatively lower, generally below 0.5. Note that in Liaoning, owing to its southern
latitude and lower snow cover, the albedo is also relatively low, with a minimum value of around
0.02. In spring, as the snow melts, the spatial heterogeneity of surface albedo gradually
decreases. The Songnen Plain, Sanjiang Plain, and western side of the Daxing’anling region in
northern Heilongjiang have a relatively high albedo, around 0.4. In Liaoning Province, eastern
Jilin Province, southeastern Heilongjiang, and areas such as Yichun in central and northern
Heilongjiang, the albedo is relatively lower, generally below 0.2. In summer, the surface albedo
across the entire study area tends to be consistent, maintaining between 0.1 and 0.2, with only
the Baicheng and Songyuan areas in western Jilin Province reaching an albedo of 0.3. In
autumn, the albedo in the western Songnen Plain and the eastern Sanjiang Plain of Heilongjiang
has increased to around 0.3, and the albedo in other areas generally remains below 0.2.

4.3 Spatial variation characteristics of surface albedo

The interannual spatial variation in surface albedo plays an indispensable role in assessing
surface radiation balance, especially in a long timescale, where the interannual spatial variation
in surface albedo can have a significant impact on regional climate. Therefore, in this study, we
employed Eq. (1) to conduct a trend analysis on the surface albedo for the entire year and the four
seasons—spring, summer, autumn, and winter—from 2001 to 2020. The aim is to reveal the
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Fig. 7. (Color online) Spatial distribution of seasonal average surface albedo in Northeast China from 2001 to
2020.

characteristics and determining factors of the interannual changes in surface albedo over the
past two decades.

In this study, a trend analysis was performed on the albedo values of each grid cell in the
study area over the past 20 years. When slope a is positive, it indicates an increasing trend in
reflectivity; when « is negative, it indicates a decreasing trend. To more accurately represent the
spatial trend changes in albedo, we only select grid points that meet the significance test for
analysis. Figure 8 shows the spatial trend of the annual average surface albedo.

Figure 8 indicates that from 2001 to 2020, the interannual change trend of surface albedo in
most areas of the northeast region is not significant, with only 11.41% of the total area showing
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Fig. 8.  (Color online) Spatial distribution of interannual variation in surface albedo in Northeast China from 2001
to 2020.

significant changes. Approximately 7.29% of the grid points exhibit a significant decreasing
trend, with an average change rate of about —0.02/10a, mainly distributed in the northwestern
Daxing’anling area of the study region. Grid points showing a significant increasing trend
account for about 4.12% of total area and are concentrated in areas such as the northern part of
Heilongjiang Province around Nenjiang, the southern part of Jilin Province around Siping, the
eastern part around Baishan and Yanbian, and the southwestern part of Liaoning Province
around Chaoyang and Huludao. In the southern, central, and northern parts of the study area,
significant changes are only sporadically distributed. Notably, in areas such as the west of
Qigihar, the west of Huma, the south of Xinlin District, and the city of Mudanjiang, the
increasing rate is relatively large, above 0.05/10a.

Figure 9 illustrates the spatial trend of surface albedo changes for spring, summer, autumn,
and winter. It can be observed that both spring and winter surface albedo values are
predominantly characterized by significant decreases, with the areas of significant decrease
concentrated in the northwestern Daxing’anling region. In spring, the grid points showing a
significant decrease account for approximately 6.50% of the total area, with a reduction rate of
about —0.03/10a. The grid points showing a significant increase only account for 2.75% of total
area, mainly concentrated in the west of Qiqihar, with an average change rate of about 0.02/10a.
In winter, the grid points showing a significant decrease account for about 6.44% of the total
area, distributed across the Greater and Lesser Xing’anling regions and the southern part of
Liaoning Province, including Jinzhou, Panjin, Liaoyang, and Yingkou, reaching the highest
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Fig. 9. (Color online) Spatial distribution of interannual seasonal variation in surface albedo in Northeast China
from 2001 to 2020.

reduction rate of —0.04/10a. The grid points showing a significant increase in winter account for
about 2.09% of the total area, with more concentrated distributions in the central part of Yanbian,
Hegang, and in the southern part of Hegang, with an average change rate of about 0.07/10a.

The land surface albedo increased significantly in summer and autumn, and the area with the
significant increase in summer accounted for about 39.98% of the total area of the whole region,
and the change rate was about 0.01/10a on average, which was mainly distributed in most areas
of Jilin and Liaoning provinces. In addition, it is also continuously distributed in the Songnen
Plain, Sanjiang Plain, and northern Huma County of Heilongjiang Province. The areas of
significant decrease in summer accounted for about 7.62% of the total area of the whole region,
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mainly scattered in Baicheng, Daqing, Songyuan, and Harbin, and the average decrease rate was
about —0.01/10a. The areas with significant increases in autumn were mainly distributed in the
Songnen Plain. In addition, the Sanjiang Plain in eastern Heilongjiang Province and Mudanjiang,
Ning ‘an, and Muleng in southeast Heilongjiang Province also had a lamellate distribution,
accounting for 14.97% of total area of Heilongjiang Province, and the increase rate was about
0.04/10a on average. In addition, some areas in the northern part of the Greater Hinggan
Mountains showed a significant decrease trend. It accounted for about 1.68% of the total area,
and the reduction rate was about —0.03/10a on average.

In general, the surface albedo in all seasons in the plain area is significantly higher than that
in the mountain area, especially in the Greater and Lesser Hinggan Mountains areas in winter,
which is significantly lower than that in the Songnen and Sanjiang Plains. The lower albedo in
the Liaohe Plain in spring and winter is mainly attributed to the low snow cover caused by the
southerly latitude because relative to the snow and ice underlying surface, the surface albedo in
the Liaohe Plain is significantly lower than that in the Songnen and Sanjiang Plains. The surface
albedo of a snow-free surface is relatively low. The underlying surface properties are the main
factors affecting the levels of land surface albedo. The underlying surface properties in the
Greater and Lesser Hinggan Mountains are mainly forest, whereas the underlying surface types
in the Songnen and Sanjiang Plains are mostly cropland. We conclude that different land cover
types have clear effects on land surface albedo, especially the differences between forest and
cropland in winter. From the perspective of the spatial variation trend of surface albedo in
different time periods in Northeast China, the surface albedo in the Greater and Lesser Hinggan
Mountains showed a significant decrease trend in winter, which was largely related to the change
in the degree of snow cover. After spring, the surface albedo increased significantly in the
Songnen, Sanjiang, and northern Liaohe Plains. This may be related to the change in vegetation
phenology caused by the change in land cover type.

4.4 Differences in surface albedo in different land cover types

To select the typical land cover types in the study area for analysis, we calculated the area and
percentage of various land cover types in Northeast China in 2020. As shown in Table 2,
although there are various types of land cover in Northeast China, including forest land,
cropland, grassland, marsh, bare land, and water area, cropland and forest land are the two main
types of land use in Northeast China, accounting for 88.42% of the total area of Northeast China,
of which cropland area is the largest, followed by forest land. They account for 47.23 and 41.18%
of the total area of Northeast China, followed by grassland, which accounts for 3.15%, and
mosaic vegetation and urban areas, which account for 2.31 and 2.29% of the total study area,
respectively. Specifically, the rainfed cropland is the main part of the cropland in Northeast
China, accounting for 82.98% of the total cropland area, and the irrigated cropland is about
13.03%. The mixed cropland area is the smallest, accounting for only 1.88% of the total area in
Northeast China. On the other hand, the forest land in Northeast China is mainly dominated by
deciduous broadleaved forest and deciduous needleleaved forest, which account for more than
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Table 2

Types of land cover in Northeast China and their areas and percentages.

il?l?r(isi(zgn Land cover type Number of cells (X10A5rlejn2) Peri;?)t age
Re Rainfed cropland 4641107 3.13 39.19
Ic Irrigated cropland 729047 0.49 6.16
Mc Mosaic cropland 222919 0.15 1.88
Mv Mosaic vegetation 273293 0.18 2.31
Ebf Evergreen broadleaved forest 3643 0.00 0.03
Dbf Deciduous broadleaved forest 3771707 2.54 31.85
Enf Evergreen needleleaved forest 23236 0.02 0.20
Dnf Deciduous needleleaved forest 928234 0.63 7.84
Mf Mixed forest 150008 0.10 1.27
Mh Mosaic herbaceous 38150 0.03 0.32
Sb Shrubland 15945 0.01 0.13
Gl Grassland 372962 0.25 3.15
Sv Sparse vegetation 40302 0.03 0.34
Sw Swamp 124596 0.08 1.05
Ua Urban areas 270825 0.18 2.29
Ba Bare areas 52105 0.04 0.44
Wb Water bodies 183376 0.12 1.55

95% of the forest land area in Northeast China, 77.34 and 19.03%, respectively. From the
perspective of spatial distribution, cropland is mostly distributed in the Songnen, Sanjiang, and
Liaohe Plains, while forest land is mostly distributed in the Greater Khingan Mountains in the
northwest, the Lesser Khingan Mountains in the north, and the Changbai Mountains in the
southeast (Fig. 10).

In summary, land cover types with an area percentage greater than 2% were selected as
typical land cover types in this study, which mainly included deciduous broadleaved forest,
deciduous needleleaved forest, rainfed cropland, irrigated cropland, grassland, mosaic
vegetation, and urban land cover types, accounting for 92.79% of the total area of Northeast
China (Table 2).

In this study, the land surface albedo data for 20 years from 2001 to 2020 were used to
analyze the seasonal changes in land surface albedo over different land cover types. Owing to
the impact of human activities and climate change, land cover in Northeast China has undergone
certain changes over the past 20 years. In an effort to eliminate the effect of land cover change
on surface albedo, a total of 20 periods of CCI-LC land cover type data spanning from 2001 to
2020 were utilized in the present study. The average land surface albedo of different land cover
types in Northeast China from 2001 to 2020 was extracted and analyzed annually to reveal the
seasonal changes and differences in surface albedo of different land cover types in Northeast
China.

Figure 11 shows the seasonal variations in land surface albedo on typical land cover types in
spring, summer, autumn, and winter in Northeast China. The surface albedo values of the seven
land cover types in Northeast China reach their maximum in winter, with the albedo values of
all these land types exceeding 0.2. The albedo values of different land cover types, arranged
from high to low, are rainfed cropland, irrigated cropland, grassland, mosaic vegetation, urban
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Fig. 10. (Color online) Spatial distribution of land cover in Northeast China in 2020.

areas, deciduous needleleaved forest, and deciduous broadleaved forest. Among them, the albedo
value of rainfed cropland is approximately 0.463, which is nearly twice that of the deciduous
broadleaved forest. The surface albedo reaches its minimum in summer, and the albedo values of
different land cover types, arranged from high to low, are irrigated cropland, grassland, rainfed
cropland, mosaic vegetation, urban areas, deciduous needleleaved forest, and deciduous
broadleaved forest. However, the albedo values of these seven land types exhibit little variation,
ranging from 0.12 to 0.15. The surface albedo values of different land cover types in spring and
autumn are higher than the corresponding value in summer, and the surface albedo values range
from 0.13 to 0.21. Note that in winter with snow, the surface albedo values of different land cover
types are significantly higher than the albedo values in summer without snow. Owing to the
significantly higher albedo values of snow than those of natural vegetation, in winter, the albedo
values of sparse low-vegetation areas are higher, whereas those of dense high-vegetation areas
are relatively low, primarily due to the shielding effect of the vegetation canopy. For instance,
during winter, the albedo values of cropland exceed 0.41. In contrast, the albedo values of
deciduous broadleaved forest and deciduous needleleaved forest remain relatively low, ranging
only from 0.2 to 0.3. During summer, the surface albedo values of different land cover types in
Northeast China show little disparity, where the difference between the irrigated cropland
having the highest albedo values and the deciduous broadleaved forest with the lowest albedo
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Fig. 11. (Color online) Surface albedo seasonal variations of different land cover types. (The abbreviations of land
cover types in the figure follow those given in Table 3.)

values is lower than 0.03. According to the previous analysis, different land types exhibit
pronounced seasonal fluctuations in surface albedo values.

In this study, we selected winter and summer to analyze the difference in surface albedo
between of different land cover types in Northeast China. The results show (Table 3) that the
albedo values of rainfed cropland in winter are the highest and are extremely significant
compared with those of the other land types. The albedo values of irrigated cropland and
grassland are second, with no significant difference between them. In winter, the albedo values
of grassland, urban areas, and mosaic vegetation exhibit no significant difference. However,
significant differences exist between these three land types and the other two, deciduous
needleleaved forest and deciduous broadleaved forest. In summer, irrigated cropland exhibits the
highest albedo, which shows extremely significant differences from that of all land types except
grassland. Rainfed cropland shows extremely significant differences from all land types except
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Table 3
Variance analysis results of surface albedo for different land cover types in winter and summer.

Significance

Land cover type Mean value 0.05 001
Rainfed cropland 0.463 a A
Irrigated cropland 0.414 b B
Grassland 0.385 bc BC
Winter Mosaic vegetation 0.362 c C
Urban area 0.362 c C
Deciduous needleleaved forest 0.297 d D
Deciduous broadleaved forest 0.238 e E
Irrigated cropland 0.146 a A
Grassland 0.145 a A
Rainfed cropland 0.142 b B
Summer Mosaic vegetation 0.142 b B
Urban area 0.137 c C
Deciduous broadleaved forest 0.132 d D
Deciduous needleleaved forest 0.117 e E

mosaic vegetation. Moreover, urban areas also have extremely significant differences from other
land types. Furthermore, significant differences exist between deciduous needleleaved forest
and deciduous broadleaved forest in summer. The data reveal that the surface albedo values vary
significantly between different land cover types, especially in winter, which may be related to
SNOW COVer.

We quantitatively analyzed the surface albedo values of different land cover types under
snow and nonsnow conditions. On the basis of MCD43A3 surface albedo data (average
calculated every eight days) and MODI0A2 snow cover data from 2001 to 2020, we extracted the
average surface albedo of seven land cover types under different conditions (with and without
snow) and calculated their standard deviation. The albedo under snow conditions was extracted
from the winter period (December to February of the following year), and the albedo under
nonsnow conditions was obtained from the summer (June to August).

As shown in Table 4, under nonsnow conditions, the albedo values of different land cover
types, arranged from high to low, are irrigated cropland, grassland, rainfed cropland, mosaic
vegetation, urban areas, deciduous broadleaved forest, and deciduous needleleaved forest.
Among these, the albedo of irrigated cropland is the highest, about 0.146, and that of deciduous
needleleaved forest is the lowest, 0.117. The albedo values of rainfed cropland and deciduous
broadleaved forest are 0.142 and 0.132, respectively. The predominant land cover types in
Northeast China are forest land and cropland. However, under snow conditions, the albedo
values, arranged from high to low, of different land cover types are rainfed cropland, irrigated
cropland, grassland, mosaic vegetation, urban areas, deciduous needleleaved forest, and
deciduous broadleaved forest. The surface albedo of rainfed cropland reaches 0.587, which is
four times that under nonsnow conditions. Deciduous needleleaved forest and deciduous
broadleaved forest exhibit relatively low surface albedo values, which are only two to three
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Table 4
Surface albedo values and standard deviations of different land cover types.
Land cover type Albedo Stat}dgrd Albedo Stal}dgrd
(no snow) deviation (snow) deviation
Rainfed cropland 0.142 0.003 0.587 0.077
Irrigated cropland 0.146 0.003 0.543 0.092
Mosaic vegetation 0.142 0.002 0.429 0.052
Deciduous broadleaved forest 0.132 0.003 0.311 0.035
Deciduous needleleaved forest 0.117 0.003 0.324 0.035
Grassland 0.145 0.003 0.519 0.062
Urban areas 0.137 0.003 0.362 0.063

times that under nonsnow conditions. It can be seen that forest loss leads to a significant increase
in surface albedo, an effect that is particularly pronounced under winter snow cover. For
instance, when deciduous needleleaved forest transitions to rainfed cropland, the surface albedo
in summer without snow cover increases from 0.117 to 0.142, showing an increase of 0.025. In
winter, owing to the presence of snow, the surface albedo increases from 0.324 to 0.587, an
increase of 0.263, which is 10.5 times the increase in summer. On the other hand, against the
backdrop of global warming, changes in the degree of snow cover will also cause different land
cover types to shift from snow to nonsnow, and the albedo will inevitably change. As an
illustration, take rainfed cropland where the albedo would shift from 0.587 to 0.142, a change of
0.445, which is greater than the 0.263 difference in albedo caused by forest loss under snow
conditions. For other land cover types, this change remains substantial. For instance, the albedo
of deciduous needleleaved forest decreased from 0.324 to 0.117, representing a reduction of
0.207. Therefore, the effect of snow cover changes on the albedo of different land types is
extremely significant.

5. Discussion and Conclusions
5.1 Discussion

MODIS is a key sensor on board the Terra and Aqua satellites for Earth observation,
providing abundant information for land, ocean, and atmosphere studies on a global scale. In
this study, we utilized the MCD43A3 surface albedo product and the MOD10A2 snow cover
product, both derived from the MODIS sensor, as well as the CCI-LC products provided by ESA,
to analyze the interannual and seasonal variation characteristics of surface albedo in Northeast
China. We quantitatively analyzed the relationship between these changes and surface cover
types, especially the differences in surface albedo among different land cover types under snow
and nonsnow conditions.

Williams et al. suggested that vegetation cover significantly affects the level of surface

albedo, and a decrease in vegetation coverage will cause an increase in surface albedo.?*
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Davidson and Wang also found that the mean albedos of cropland and grassland are higher than
those of broadleaved, needleleaved, and mixed forests, and that the effects of snow on the
surface albedo differ considerably among cover types.>>) Weber et al. considered that the effect
of forestation on surface albedo was more pronounced at higher latitudes than in the tropics
owing to the lower albedo of the forest and seasonal snow cover (which considerably increases
albedo for periods of the year when snow can settle on nonforested land).2%) As revealed in this
study, the surface albedo variation process between different land cover types confirms these
scientific conclusions. There are significant differences in albedo between sparse low-vegetation
areas and dense high-vegetation areas, and forest land area reduction will cause a significant
increase in albedo, particularly in winter when there is snow. This increase is 10.5 times that in
summer.

The relationship between albedo and land cover could be affected by uncertainty in the data
from different sources. The satellite-based data tend to have higher uncertainty in the Northeast
region of China than in other areas owing to the complex surface conditions. In addition, the
snow on different types of vegetation has different light-absorbing impurities and physical
properties (e.g., grain size and density),?”) which also brings uncertainty to the research results.
The effects of the uncertainty are difficult to quantify as the ground-based observational data
are far from being sufficient, and the understanding of surface albedo over the study area is just
beginning. In the future, generating high-quality satellite remote sensing data with finer
resolution and more abundant ground-based observation data will enable a more accurate
quantification of the relationship between albedo and land cover, and thus assess the effects of
albedo changes on energy budget and ecosystems in depth.

5.2 Conclusions

In this study, we first utilized MODIS surface albedo product data (MCD43A3) to establish a
long-time series database of surface albedo in Northeast China from 2001 to 2020. On the basis
of this sequence, the spatiotemporal variation characteristics of surface albedo in Northeast
China from 2001 to 2020 were analyzed. The results show the following: (1) The average annual
surface albedo in Northeast China over the past 20 years has been about 0.21. From a temporal
perspective, there has been almost no change in surface albedo over the past two decades, but
there is a significant seasonal characteristic, with the highest surface albedo in winter, averaging
about 0.36, followed by spring and autumn, at 0.18 and 0.17, respectively, and the lowest in
summer, at only 0.13. There are significant differences among surface albedo across different
seasons; specifically, there is a highly significant difference between winter and summer
(P < 0.01), and both winter and summer seasons show highly significant differences compared
with spring and autumn (P < 0.01), whereas there is no significant difference in surface albedo
between spring and autumn. (2) Spatially, the surface albedo in Northeast China from 2001 to
2020 exhibits distinct heterogeneity; it is generally characterized by higher values in the east and
west, and lower values in the south, north, and central areas during winter, spring, and autumn.
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In summer, the surface albedo exhibits uniformity across the entire study area, and the spatial
heterogeneity is unclear. The spatial distribution characteristics of surface albedo are closely
related to the land cover types in the study areas. The predominant land cover types in Northeast
China are forests and cropland, collectively constituting approximately 88.42% of the total area
of Northeast China. Forests are predominantly distributed in the northern, northwestern, and
southeastern parts of the study area. In contrast, the eastern and western regions are the Sanjiang
and Songnen Plains, respectively, where the land cover is mainly cropland. In terms of spatial
variation, there is a significant decreasing trend in surface albedo in the northwestern
Daxing’anling area during spring and winter. The regions with substantially increased surface
albedo during summer and autumn are predominantly distributed in the southern part of the
study area and the Songnen Plain, which is located in the west of the study area. (3) To explore
the relationship between land cover and surface albedo, we statistically analyzed surface albedo
on typical land cover types within the study area and found that the surface albedo varies
significantly across different land cover types in each season, which is mainly manifested as the
significant difference in albedo between sparse low-vegetation and dense high-vegetation areas.
This difference is particularly pronounced in winter when there is snow, notably after forests
give way to cropland, and the increase in albedo is 10.5 times that in summer.
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