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Abstract

Background Grasslands in drylands are increasingly influenced by human activities and climate change, leading
to alterations in albedo and radiative energy balance among others. Surface biophysical properties and their inter-
actions change greatly following disturbances. However, our understanding of these processes and their climatic
impacts remains limited. In this study, we used multi-year observations from satellites and eddy-covariance towers
to investigate the response of albedo to variables closely associated with human disturbances, including vegeta-
tion greenness (EVI) and surface soil volumetric water content (VWC), as well as snow cover and clearness index (T)
for their potential relationships.

Results EVIand VWC during the growing season were the primary factors influencing albedo. EVI and VWC were
negatively correlated with albedo, with VWC’s total direct and indirect impacts being slightly smaller than those
of EVI. During the non-growing season, snow cover was the most influential factor on albedo. VWC and Ta nega-
tively affected albedo throughout the year. We estimated the impact of variations in EVI and VWC on climate to be
in the range of 0.004 to 0.113 kg CO, m~2yr~' in CO, equivalent.

Conclusions This study indicates the significant impacts of climate change and human disturbances on vulnerable
grassland ecosystems from the perspective of altered albedo. Changes in vegetation greenness and soil properties
induced by climate change and human activities may have a substantial impact on albedo, which in turn feedback
on climate change, indicating that future climate policies should take this factor into consideration.

Keywords Albedo, Global warming potential, Grassland, Disturbance

Introduction

Among the changes in land surface properties, changes
in surface albedo directly influence regional and global
climate (Betts 2000; Lee et al. 2011; Carrer et al. 2018;
Sciusco et al. 2020, 2022; Abraha et al. 2021; Ouyang et al.
2022; Lei et al. 2023). The magnitude and the spatiotem-
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poral changes of surface albedo, the ratio of reflected to
incoming short-wave radiation, represents the amount
of radiation leaving the earth system. In turn, this leads
to warming or cooling regulations on climate, together
with the effects of greenhouse gases (GHGs, e.g., CO,,
CH, and N,0O) and atmospheric conditions (e.g., aero-
sols, clouds) (Forster et al. 2021). In its 6th Assessment
Report, the Intergovernmental Panel on Climate Change
(IPCC) indicated that albedo-induced radiation forcing
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(RF) was 0.20+0.10 W m™>, accounting for 9.3% of the
total RF attributed to increasing CO, concentrations
(2.16+£0.25 W m™2). This may be underestimated com-
pared to other results in the literature (Betts 2000; Lee
et al. 2011; Lei et al. 2023).

Dryland regions in Eurasia have experienced rapid
changes in ecosystems and associated surface proper-
ties due to both the warming climate and socioeconomic
development (Groisman et al. 2009; Qi et al. 2017; Chen
et al. 2022b). Native grasslands are the dominant eco-
system type in this region. These ecosystems have been
extensively converted through agricultural intensifi-
cation, urbanization, desertification, and overgrazing
among other land use changes (John et al. 2009; Chen
et al. 2018; Zheng et al 2019; Venkatesh et al. 2022a,
2022b; Yuan et al. 2022). Tian et al. (2014, 2017) exam-
ined the spatial relationships between albedo and vegeta-
tion on the Tibetan and Mongolian plateaus and found
close spatial coherencies. While other human activities,
such as grazing and harvesting, may not cause explicit
changes in land cover types, they have been found to sig-
nificantly influence canopy cover, leaf area, snow cover,
and soil moisture, consequently leading to changes in
albedo (Dedieu et al. 2014; Zhang et al. 2014; John et al.
2016; Dong et al. 2021; Venkatesh et al. 2022a). As cli-
mate change and the coupling between ecosystems and
societal systems strengthen, grasslands may face height-
ened anthropogenic disturbances, further inducing alter-
ations in albedo and feedback on climate. The ecological
impacts of disturbances on ecosystems and the potential
radiation forcing (RF) induced by albedo changes have
long been research foci in dryland regions.

Previous studies have highlighted a broad spatial link
between the greening of vegetation and decreased albedo
during the growing season due to changes in vegetation
structure and further radiative transfer processes based
on satellite data (Tian et al. 2014). Through in situ obser-
vations, it has been found that albedo of sparsely vege-
tated surfaces (e.g., grasslands, deserts, and shrublands)
is especially susceptible to factors such as soil moisture,
snow cover, and atmospheric conditions (Briegleb et al.
1986; Lobell and Asner 2002; Wang et al. 2005; Yang
et al. 2014; Li et al. 2019). However, little is known about
albedo dynamics in grassland ecosystems that undergo
frequent disturbances. These disturbances not only
impact above-ground vegetation cover characteristics,
such as vegetation structure and biomass, but also affect
soil properties. The dynamics of these properties drive
changes in albedo. Previous studies using satellite obser-
vations often simplified the modelling of albedo changes
since they can only observe the land surface over short
periods. This approach may overlook other factors influ-
encing albedo and its dynamics. Currently, there is a lack
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of detailed investigations and assessments of the various
factors influencing albedo in disturbed grassland ecosys-
tems through ground measurements which offer higher
spatial and temporal resolutions. Additionally, there is
limited research quantifying albedo-induced RF (RE,,)
after disturbances, leading to a lack of understanding of
the impact of post-disturbance albedo on climate (Betts
2000; Abraha et al. 2021; Chen 2021; Ouyang et al. 2022;
Lei et al. 2023).

In this study, we used multi-year in situ observations
of albedo, soil moisture, vegetation indices, snow cover,
and microclimate measurements (e.g., temperature) from
ten grasslands sites that have available datasets in Asian
dryland regions. After illustrating the magnitude and
dynamics of albedo at these sites, we examined the multi-
ple forcing mechanisms for the growing season (GS) and
non-growing season (NGS) through multiple regression
analyses and structural equation modelling (SEM) on
albedo (a) and albedo-induced global warming impact
(GWI,,). We aim to address the following questions:
(1) How do canopy cover, soil, and snowfall directly and
indirectly affect albedo across seasons? (2) How impor-
tant is GWI,, following ecosystem perturbations?

Materials and methods

Study sites

Our study includes ten grassland sites located in an area
between 37°N to 48°N and 101°E to 124°E. Eddy-covar-
iance flux measurements were conducted on six sites in
China and four in Mongolia (Fig. 1; Table 1). The sites
cover a gradient of arid, semi-arid, and alpine climate.
Precipitation is low and the annual Palmer Drought
Severity Index varies from —3.87 to 0.18. Temperature,
precipitation, radiation, soil volume moisture content,
and carbon flux were observed separately during the
growing season (April to October) and non-growing
season.

Three observation sites were established in 2014 in
shrub grassland (MG-SHB), temperate grassland (MG-
TPL), and meadow grassland (MG-MDW) locations in
Mongolia. The northernmost meadow grassland site is
located in Inner Mongolia, China, and is clipped annu-
ally at the end of August (HAI-CMDW). A pair of sites
are in Jilin, China: one is degraded saline alkali land that
has been fenced from grazing (Cha-NENU) since 2000,
and the other is harvested at the end of August (Cha-
CMDW). A site in Qinghai (CN-HAM) is part of the
FLUXNET2015 (https://fluxnet.org/), and another in
Qinghai (QHB) and the Kherlenbayan Ulaan site (KBU)
are part of the AsiaFlux (http://asiaflux.net/). The KBU
site is fenced grassland. CN-ham is a winter-grazed
grassland and QHB is a seasonally grazed grassland. All
sites experience seasonal snowfall during the winter.
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Fig. 1 Location of ten study sites in East Asia (triangles). The coloured background shows the annual average precipitation (MAP) based

on the WorldClim Bioclimatic variables V2 dataset (Fick and Hijmans 2017)

Table 1 Location, data spans, and annual Palmer Drought Severity Index (PDSI) of ten eddy-covariance flux sites in Mongolia and

China

Site id Region Latitude Longitude Data span Altitude (m) PDSI References
MG-MDW Ulaanbaatar, Mongolia 47.75°N 104.71°E 2014-2018 1485 —3.715 Chen et al. (2022a)
MG-SHB TOV, Mongolia 47.88°N 105.32°E 2014-2018 1281 —2677 Chen et al. (2022a)
MG-TPL Ulaanbaatar, Mongolia 47.69°N 107.27°E 2014-2018 1448 —3.788 Chen et al. (2022a)
CHA-NENU Jilin, China 44.59°N 123.51°E 2018-2021 141 - 1301 Dong et al. (2021)
CHA-CMDW Jilin, China 44.65°N 123.54°E 2018-2021 139 —1.405 Dong et al. (2021)
HAI-CMDW Inner Mongolia, China 49.33°N 119.99°E 2018-2021 632 —2393 Dong et al. (2021)
CN-CNG Jilin, China 44.59°N 123.51°E 2007-2010 141 —2.781 Dong et al. (2021)
CN-HAM Qinghai, China 37.37°N 101.18°E 2002-2004 - 0.184 Kato et al. (2006)
KBU Hentiy, Mongolia 47.21°N 108.74°E 2003-2009 1235 —3.875 Li et al. (2005)
QHB Qinghai, China 3761°N 101.33°E 2002-2004 3250 0.639 Cui et al. (2006)

Site-specific data from the eddy flux tower site

On each tower, a four-way radiometer (CNR1 or CNR4)
was used to measure incoming and outgoing short- and
long-wave radiation (SW,,, SW_,, LW, and LW,
respectively). Surface albedo (a) was calculated as
the ratio of outgoing short-wave radiation to incom-
ing short-wave radiation (a=SW_,/ SW, ). We used
daytime radiation data between sunrise and sunset to
calculate albedo (Chen 2021). Albedo with high solar
zenith angle (SZA) (>85°) were discarded. In addition,
we included half-hourly air temperature (TA), soil vol-
ume moisture content (VWC), and precipitation (P) as

potential drivers on albedo. All data were aggregated to
monthly average.

Satellite data

The enhanced vegetation index (EVI) was used as an indi-
cator of vegetation abundance because it reflects many
plant properties and activities, such as foliage chlorophyll
content, leaf area, and above-ground biomass (Myneni
and Williams 1994; Kawamura et al. 2005). EVI has been
widely used in grassland studies because it can reduce
the influence of soil background and atmospheric aerosol
effectively (Huete et al. 2002). We calculated EVI based
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on a combination of MODIS reflectance data in the near-
infrared, red, and blue spectral bands. The MODIS sur-
face reflectance data were obtained from MODIS Nadir
Bidirectional Reflectance Distribution Function-Adjusted
Reflectance dataset (MCD43A4 v061, https://lpdaac.usgs.
gov) which removed view angle effects from the directional
reflectance. MCD43A4 v061 product provides daily nadir
reflectance and quality label with a 500 m spatial resolution.
The data were assessed to match the tower base observa-
tion data well (Chu et al. 2021). We used a Savitzky—Golay
filter to remove the noise potentially caused by clouds
and other atmospheric conditions and reconstruct the
time series. We also used MODIS Normalized Difference
Snow Index (NDSI) obtained from MODIS Terra Snow
Cover product (MOD10A1 v061, https://Ipdaac.usgs.gov),
as an indicator of snow cover. The dataset provides a daily
composite of snow cover and basic quality assessment flag
with cloud mask, atmospheric correction, and surface tem-
perature screening (Riggs et al. 2017). We considered the
data points with an NDSI of>0.1 as snow (Zhang et al.
2019). Depending on the study area, season and valida-
tion method, the accuracy of MODIS snow cover products
range between 85 and 95% (Coll and Li 2018). Finally, all
satellite data were composited to monthly data to match
the monthly albedo and meteorological data.

Albedo-induced global warming impact (GWIx )
Instantaneous short-wave radiation forcing RF, at the top
of atmosphere was estimated as (Chen 2021; Bright and
Lund 2021):

1
RFpq = — ' (Vle * SWiGs - v/ Tucs - Aags

(1)

+nnGs * SWNGs - v/ TaNGs - AOtNGs),
where T, is the atmospheric transmittance of downward
short-wave radiation (a.k.a. clearness index), A« is the
change of surface albedo, and # is the number of months
in the GS or NGS. The two terms represent the actual RF
in the growing and non-growing seasons. We used /7,
as an approximation for atmospheric transmittance of
upward short-wave radiation (Bright and O’Halloran
2019), where T, can be calculated as:

_ SWin 2)
SWtoa ’

a

where SWio, is the incident solar radiation at the top of
the atmosphere, which is calculated from latitude, longi-
tude, and day of the year (d):

SWiioa = Sconstant - (1 n 0.34-4cos(2d : ))  cos(V),

3)

365.25
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where Sconstant is the solar constant (1367 W m™2).

Finally, we converted RFaq,gs due to alteration of
albedo in the GS to CO,-equivalent (GWI,,) (Carrer
et al. 2018; Abraha et al. 2021):

S - RFaq,Gs ) (ln2 - Mco, - Majr - COZref> . i
AE - AF AFoy - Mair TH’
(4)
where GW1I,, is the CO,-equivalent from the change of
albedo in the GS, S is the perturbed area (1 m?), AE is the
earth’s surface area (5.1x10' m?), AF,_is the radiative
forcing per doubling of current CO, concentration in the
atmosphere (3.7 W m™2), m,; is the mass of the atmos-
phere (5.148 x 10> Mg), M, and M, are the molecular
weights of air (28.95 g mol™!) and CO, (44.01 g mol™),
respectively, CO,, is the reference CO, concentration in
the atmosphere (389 ppm), TH is the time horizon, set
as 100 years following IPCC standards; and AF (i.e. CO,
airborne fraction) is the percentage of CO, emissions left
in the atmosphere after a period of time ¢.

GWlpy =

Statistical analysis

We initially estimated the relationships of albedo with
the VWC and EVI by using linear, cubic polynomial
regression and a mixed effects model with the site as
a random effect (Kuznetsova et al. 2017). We analysed
the relationship between the EVI and albedo dur-
ing the GS, whereas the VWC was analysed through-
out the year due to its great variations in NGS. As the
influence of soil moisture and EVI on albedo may be
nonlinear (Sellers 1985; Wang et al. 2005), we used a
cubic model to test the non-linear relationship for dif-
ferent variables because it has a flexible form. We also
used a linear mixed effects model with site as a random
effect, which allowed us to consider the potential dif-
ferences between sites caused by topography, biomass,
and species when fitting the model. We compared the
linear model and the cubic model to assess the linear-
ity of the relationships between EVI and albedo, as well
as between VWC and albedo. We compared the mod-
els using analysis of variance (ANOVA) and Akaike
information criterion (AIC). As vegetation dynamics
can overshadow the influence of soil moisture dur-
ing the GS, especially at high canopy cover, we further
performed residual analysis to eliminate one variable
(i.e. VWC) before exploring the relationship between
EVI and albedo. In this analysis, we chose to calculate
residuals using the best model selected through model
comparison in the previous step. Finally, we examined
the relative contributions of the EVI, VWC, and snow
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Table 2 Statistical relationship between the monthly albedo, VWC and EVI for the ten sites in growing season

Poly Ime

Im

Albedo~EVI r=—0462; R*=0213; p<0.01
(AIC==2709)

EVI~VWC r=0.303; R?=0.09; p<0.01
(AIC==137.2)

Albedo ~VWC r=—0472; R?=0.223; p<0.01
(AIC==2756)

Albedo ~ [EVI+VWC] R?=0.255; p<0.01
(AIC=—249.4)

R?=0.251; p<0.01* R?=0.542; p<0.01

(AIC=—279.8) (AIC==13750)
R?=0.121; p<0.01* R?=0.755; p<0.01
(AIC=—143.1) (AIC=—4542)
R?=0.259; p<0.01* R?’=0.567; p<0.01
(AIC=—2822) (AIC=—38423)
R?=0.322; p<0.01* R?=0.602; p<0.01
(AIC=—262.9) AIC=-13320)

The statistics in this study are based on three models: a linear model (Im), a cubic polynomial model (poly), and a linear mixed effects model (Ime), with site as a
random effect driver to consider site-to-site variability. * Indicates a significant difference between the linear model and polynomial model

through a linear mixed effects model (Table 2). The
model was designed as:

Albedo ~ EVI + VWC + NDSI + Ta + (1[site), (5)

where 1|site was selected as the random effect to account
for site as a random, block factor affecting the relation-
ships with EVI, VWC, and NDSI.

We constructed a structure equation model (SEM)
to evaluate the complex, interactive relationships
between multiple variables and albedo, including
direct and indirect impacts. The SEM is a power-
ful multivariate technique to test multiple possible
pathways and to evaluate whether data are consist-
ent with a theoretical, expected initial model (Fan
et al. 2016). We conducted the analysis at the annual,
growing season, and non-growing season scales.
SEMs establish directed paths among different vari-
ables to represent causal relationships. Therefore, we
employed standardized path coefficients in the SEM
to quantify the direct impacts of the EVI and VWC
on albedo. Given that the standardized path coeffi-
cients in SEMs remove differences in variable scales,
we calculated the indirect influence of the VWC on
albedo by multiplying the standardized path coeffi-
cient between VWC and EVI with the standardized
path coefficient between EVI and albedo (i.e. VWC
affects albedo by affecting EVI). Finally, the poten-
tial impacts of anthropogenic alterations of EVI and
VWC on albedo in the growing season were quanti-
fied by calculating GW1,,. Specifically, we estimated
the potential changes in albedo (Aa) because of vari-
ations in the EVI and VWC during the GS using the
regression coefficients of linear regression for corre-
sponding variables. Then, the GW1I,, induced by the
indirect impact of EVI and VWC was estimated using
methods described in Sect. "Albedo-induced global
warming impact ". All statistics were conducted in R
version 4.2.0.

Results

Seasonal changes in albedo and their drivers

Albedo, vegetation greenness, soil moisture content, and
other meteorological variables showed clear seasonal
changes as expected (Fig. 2). In general, albedo was low
(~0.20) during April-October; while the EVI, tempera-
ture, and precipitation were high during July—August.
The annual variation of the VWC showed a bimodal
distribution while the incoming radiation was high in
April/May. The albedo reached 0.78 (HAI-CMDW) in
snow-covered months but remained low at 0.26 (QHB) in
snowless months. The EVI in the peak GS, mean temper-
ature, precipitation, incoming radiation, and VWC also
showed great differences by site and year.

Clipping effects on albedo and radiative forcing

The paired sites with and without clipping treatments
provided an opportunity to directly assess the effects of
land use on RF,,. Compared with the fenced site (CHA-
NENU), the clipped grassland site (CHA-CMDW) had a
lower EVI. After reaching a peak in August 2018, CHA-
CMDW showed a significantly lower EVI than CHA-
NENU (Fig. 3). In 2019, 2020 and 2021, CHA-CMDW
had a lower EVI only in July. The maximum difference
in the EVI between the two sites was 0.2. CHA-CMDW
showed higher VWC (note only two years of data are
available). In August 2019, CHA-CMDW had a VWC of
0.38, while CHA-NENU had a VWC of 0.58. The albedo
also differed between the two sites, with CHA-NENU
having a higher albedo during the GS, while there was no
obvious difference during the NGS.

Comparing the albedo at CHA-CMDW with CHA-
NENU, we evaluated 3-year RF,, between clipped and
fenced meadow since 2019 (Fig. 4). The difference in
albedo yielded a positive RF,, in the GS (i.e. warming),
ranging from 4.6 to 15.9 W m™% Large variations were
found in the NGS, showing a negative RF,, of — 1.6 W
m~2in 2019 and — 7.2 W m™2 in 2020 but a positive RF,
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Fig. 2 Seasonal changes in monthly average albedo, enhanced vegetation index (EVI), temperature, precipitation, short-wave radiation, and soil
volumetric water content (VWC) at the ten study sites (Fig. 1). The visualization was created using one year of observational data from each site

17.6 W m™2 in 2021. The annual average RF,, varied
from 2.0 to 16.6 W m™.

Changes in albedo with vegetation index and soil moisture
Albedo decreased exponentially with EVI and VW C at the
ten study sites (Fig. 5). Higher monthly snow-free albedo
was observed in the NGS (NDSI=0), ranging from 0.19 to
0.54, while lower values were observed in the GS, with an
average of 0.20, albeit with large variations. Compared to
the fast decrease during the transition from NGS to GS in
response to EVI, albedo responded more slowly to the ris-
ing VWC. Interestingly, albedo had a continued decreas-
ing trend even at high soil moisture (VWC> 0.60).

VWC was a significant independent variable affect-
ing albedo in both the GS and NGS. However, its

contributions to the variance varied significantly between
different model types (Tables 2 and 3). The correlation
coeflicients between the VWC and albedo were — 0.472
and — 0.374 in the GS and NGS, respectively. The EVI
was also a significant variable on albedo in the growing
season (r= —0.462). Based on the AIC and R? values, the
cubic polynomial model outperformed the linear model
in both the growing and non-growing seasons. There
was a significant positive relationship between the VWC
and EVI during the GS. After considering the interac-
tive effects of the EVI and VWC during the GS, the R?
increased by 0.042 in the linear model while it increased
by 0.071 in the polynomial model compared to the model
only considering the EVI. The mixed effects accounting
for variability between sites, tended to provide a stronger
explanatory power compared to linear models.
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After statistically controlling for the impact of VWC
on the albedo and EVI (i.e. by regressing on the residu-
als between VWC and EVI, as well as VWC and albedo),
a negative relationship remained between the EVI and
albedo in both the growing and non-growing seasons
(Fig. 6). The relationship between the EVI and albedo
during the non-growing season was notably weak.

Direct and indirect effects of multiple biophysical variables
We designed a similar SEM for the GS, NGS, and year-
round by including all potential direct and indirect rela-
tionships between albedo and biophysical factors (Fig. 7).
All three SEMs showed a non-significant Fisher’s C value
(p>0.05), indicating that the covariance structure of the
model could be accepted. Overall, the EVI, VWC and T,
had significant negative effects on albedo, whereas NDSI
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Table 3 Statistical relationship between the monthly albedo, VWC and EVI for the ten studly sites in the non-growing season

Im Poly Ime
Albedo~EVI r=—0.257; R»=0.066; p=0.06 R?=0.099; p<0.01 R?=0.46;p<0.01
(AIC=1516) (AIC=149.7) (AIC=106.6)
EVI~VWC NS NS NS
Albedo ~VWC r=—0374;R*=0.14; p<0.01 R?=0.230; p<0.01* R?=0.294; p<0.01*
(AIC=137.9) (AIC=1232) (AIC=139.3)
Albedo ~ [EVI+VW(C] R?=0.184; p<0.01 R?=0.289; p<0.01* R?=0.434; p<0.01
(AIC=1309) (AIC=116.3) AIC=110.7)

The statistics are based on three models: a linear model (Im), a cubic polynomial model (poly), and a linear mixed effects model (Ime), with site as random effect driver
to consider site-to-site variability. *Indicates the significant difference between the linear model and polynomial model, and ‘NS’ indicates that the regression is not
significant
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had a significant positive effect (Fig. 7). The EVI showed
positive control on albedo during the GS but not during
the NGS as indicated by standardized path coefficients
of — 0.35 and 0.04, respectively. The direct influences of
VWC and T, on albedo were significant for both seasons
and at annual scale. The standardized path coefficient
for VWC was — 0.23 for the GS, — 0.19 for the NGS, and
— 0.16 for the annual scale. The standardized path coef-
ficient for the indirect effect of VWC in the GS was —
0.05 (i.e. impacting albedo through its influence on the
EVI). The sum of the direct and indirect effects of VWC
on albedo in the GS was — 0.28. For the whole year, the
standardized path coefficients for the indirect and total
effects of VWC on the albedo were — 0.02 and — 0.18,
respectively. The standardized path coefficients of the
T, were — 0.14, — 0.13 and — 0.29 for the GS, NGS, and

annual scale, respectively. For annual scale, the influence
of EVI and VWC were equally important while NDSI
was more important, with standardized path coefficients
of —0.17,—0.16, and 0.53, respectively.

Relationships among other variables showed that tem-
perature and precipitation had a strong positive control
on EVI during the GS, while the effect of radiation via
EVI was negative. The VWC showed a positive control on
the EVI in both the GS (Additional file 1: Table S1), with
standardized path coefficients of 0.14 (Fig. 7). Addition-
ally, precipitation had a direct positive effect on VWC.

We further quantified the effects of the EVI and VWC
on albedo and GWI,, at each site. The responses of
albedo to the VWC and EVI (A«x) varied greatly among
sites with negative relationships. The regression coef-
ficients (i.e. slopes in the regression) of albedo with
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the EVI ranged from—0.411 to—0.016 while varying
from—0.046 to 0.278 with the VWC. The GWI,, cor-
responding to the changes in EVI ranged from 0.007 to
0.186 kg CO, m 2 yr™!, but varied from 0.028 to 0.122 kg
CO, m~? yr ! with VWC. The responses of albedo and
GWI,, to the EVI and VWC at the four sites in Mongolia
were generally higher than those in China. At the three
sites in northeastern China and one site in Inner Mongo-
lia, the response of albedo to the VWC was stronger than
that to the EVL

Discussion

The complex influences on albedo in the grasslands

In this study, we examined the interactive effects of veg-
etation greenness, soil moisture, climate, and snow cover
on albedo in grasslands of East Asia. Temporally, both
albedo and its potential drivers showed clear seasonal
changes. As expected, albedo was lower in the GS than
in the NGS, while vegetation grassland index (i.e. EVI)
showed an opposite seasonal pattern (Fig. 2), result-
ing in a negative relationship (Fig. 4; Tables 2, 3). With
a high EVI (i.e. high leaf area), less incoming solar radia-
tion is reflected or scattered by the canopies, resulting
in an albedo of ~0.20 during the growing season (Ham-
merle et al. 2008). However, the albedo-EVI relation-
ship is complicated by human-induced disturbances.
The albedo of the clipped site (CHA-CMDW) was not
as high as expected compared to that of the fenced site
(CHA-NENU) in spite of their close locations (i.e. simi-
lar snow cover, microclimate, and SZA, Fig. 2). With clip-
ping treatments in August, the daily EVI of the two sites
showed striking differences. The EVI was higher in CHA-
NENU after clipping in August compared with low values
in June and July (Fig. 3a), which were in agreement with
in situ measurements (Dong et al. 2021). However, EVI
differences alone cannot explain the differences in albedo
between the two sites, as we also observed that the albedo
of CHA-NENU was often higher than that of CHA-
CMDW during the GS (Fig. 3c). A possible reason could
be differences in soil moisture between the two sites,
especially during the growing season. Soil characteristics
(i.e. moisture, texture and structure) directly influence
surface albedo (Angstrém 1925). Albedo decreased with
soil moisture (Fig. 5) because of internal reflection on the
thin water film covering the soil particles and higher ther-
mal capacity and thermal conductivity, and a darker sur-
face can be observed when soil moisture is higher (Planet
1970; Wang et al. 2005). Human disturbances can signifi-
cantly alter the soil moisture of terrestrial ecosystems. In
the CHA-CMDW region, historical overgrazing has been
suggested to have substantially influenced the structural
and compositional aspects of grasslands, possibly lead-
ing to reductions in soil moisture (Dong et al. 2021).
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This could be primarily attributed to the reduced canopy
cover, or leaf area, which may limit the interception of
wind-blown snow during the winter and augment heat
exchange between the soil and the atmosphere (Yan et al.
2018). In addition, the trampling from livestock can com-
pact the soil, impeding moisture capacity and transfer
between the surface and the soil, potentially decreasing
soil moisture (Zhao et al. 2011). In summary, our study
highlighted the interplay between vegetation greenness,
soil moisture, and albedo in dryland grasslands, and the
impact of human disturbances on these relationships.

Snow cover and T, are additional variables indicat-
ing changed albedo. Snow albedo is considerably higher
than that of vegetation and soil, with fresh snow exhibit-
ing reflectivity values of 0.8—1.0 (Chen 2021). Therefore,
the seasonal dynamics of snowfall are directly related to
surface albedo variations. Similarly, T, representing the
ratio of incoming short-wave radiation to radiation at
the top of the atmosphere, depends on factors such as
solar angles and atmospheric conditions such as clouds
and aerosols (Perez et al. 1990). For instance, T, is low in
early morning and late afternoon because of high solar
zenith angle and large atmospheric optical thickness
(Yang et al. 2020). At this time, short-wave radiation is
more susceptible to attenuation than longwave radiation.
Additionally, plants exhibit lower reflectance in the vis-
ible and near-infrared bands than in the longwave part,
leading to higher albedo in early morning and late after-
noon. However, T, is also affected by cloud cover. Under
such circumstances, diffuse radiation becomes a promi-
nent part of radiation (Misson et al. 2005), leading to an
insensitivity of albedo to solar zenith angle and increased
energy absorption by vegetation (Gu et al. 2002). Thus,
low albedo is expected compared to clear-sky condi-
tions. The relationship between T, and albedo depends
on mechanisms operating at different temporal and in
different regional contexts. In this study, we observed a
negative correlation between T, and albedo, emphasizing
the importance of the relationship between T, and solar
zenith angle in semi-arid regions.

Our synthetic analysis of ten sites revealed a signifi-
cant correlation between albedo and both the EVI and
VWC during the GS, whereas a low correlation was
found between the EVI and albedo in the NGS (Tables 2
and 3). Among sites used in this study, grasslands rap-
idly turn yellow during the non-growing season, expos-
ing significant amounts of soil (Fig. 3, Chen et al. 2022a).
Importantly, the VWC still exhibited higher variability in
the NGS, thus retaining its significance as the exposed
soil area increased (Fig. 3). A better fit by cubic models
instead of linear models demonstrates that the relation-
ship between soil moisture, greenness, and albedo can
be nonlinear (Yang et al. 2020). This means that certain
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regions may be more sensitive to human perturbations,
resulting in stronger changes in albedo. For instance, in
extremely arid conditions, albedo may respond rapidly to
changes in soil moisture (Fig. 5). Overall, EVI only played
a role during the growing season, while the VWC was
important throughout the year. It is worth noting that
the relationship between albedo and the VWC and EVI
varies greatly between sites (Table 2), likely because dif-
ferences in vegetation-specific hydrometeorological con-
ditions can cause different near-infrared absorptions and
reflections (Zheng et al. 2019).

The significance of soil moisture for surface albedo
should not be overlooked. Our results clearly indicate
that even in the growing season soil water conditions
can significantly alter the surface albedo of grasslands.
The relative contributions of VWC and EVI were close
in both the mixed-effect models and SEMs (Additional
file 1: Table S2; Fig. 7). Albedo can be considered as the
joint contribution of soil albedo and canopy albedo (Sell-
ers 1985). In semi-arid areas such as Inner Mongolia, soil
albedo is generally higher than canopy albedo (Carrer
et al. 2014). Some studies have reported that variations
in vegetation greenness in GSs is a crucial factor to deter-
mine albedo in drylands (Tian et al. 2014; Zheng et al.
2019) because of the high sensitivity of albedo to the large
differences between vegetation albedo and soil albedo. In
this study, we found that soil moisture was as crucial as
vegetation greenness in determining the albedo of grass-
lands. This can be attributed to two factors. Firstly, the
sparse canopy of grasslands may result in a significant
contribution of soil background to reflectance, leading to
a higher overall contribution of soil albedo (Hammerle
et al. 2008). Secondly, in semi-arid regions, irregular rain-
fall is the only source of water in soils (Sala and Lauen-
roth 1982), which means that soil moisture can fluctuate
easily and affect soil albedo.

Implication of GWI,,

We adopted a widely used method to calculate the poten-
tial contributions of variations of vegetation greenness
and soil moisture in GS to annual GWI,, (Abraha et al.
2021; Bright & Lund 2021; Chen 2021; Lei et al. 2023).
The contribution of growing season albedo to annual RF
is greater than that of non-growing season albedo, which
is consistent with previous estimates (Tian et al. 2017;
Lei et al. 2023). Potential increases in EVI and VWC
on grassland ecosystems produce positive GWI,, (i.e.
warming effect) by lowering surface albedo. For exam-
ple, a 0.1 change in the EVI and VWC could induce a
0.0008-0.0218 and 0.0024—-0.0147 reduction in albedo,
respectively, corresponding to a 0.007 to 0.186 and 0.028
to 0.122 kg CO, m ™2 yr~! variation in GW1,,, (Fig. 8).
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To emphasize the importance of GWI,,, we com-
pared it to the carbon budgets of the same grasslands.
Previous studies have shown that the net ecosystem
productivity (NEP) of semi-arid grasslands varies
greatly. The global average NEP of grasslands is about
0.36 kg CO, m™2 yr! (Chen 2021). The four grass-
lands in Mongolia were carbon sources, with annual
mean NEP of — 0.7 to — 0.21 kg CO, m~2 yr™! (Shao
et al. 2017), while the grassland sites in northeastern
China had an annual mean NEP of ~0.24 kg CO, m™>
yr~! (Dong et al. 2021). Our results suggest that GWT,,
induced by fluctuations in the EVI and VWC in Mon-
golia reaches 0.113 kg CO, m~2 yr!, which could pro-
duce opposite climate effects if NEP were combined
with GWI,,. It is worth noting that GWI,, caused by
variation of the EVI and VWC over time may be insig-
nificant because albedo might return to its prior-to-dis-
turbance level, while the climate effect of greenhouse
gases works on a longer time scale (Bright and Lund.
2021; Forster et al. 2021). The magnitude of the climate
impact of albedo and NEP depends on climate and geo-
graphical location. For example, Lawrence et al. (2022)
reviewed the biophysical and biogeochemical impacts
of global deforestation, suggesting that in mid-latitude
regions (>50°), net climate cooling from deforestation is
dominated by increased albedo, even though it results
in a significant carbon debt. However, due to regional
differences, the balance between NEP and albedo can
vary significantly. Rohatyn et al. (2022) recently dem-
onstrated that in some dryland regions, the conversion
from grassland to forest did not lead to higher NEP but
resulted in decreased albedo, while in other regions,
the opposite was observed. The reasons for these differ-
ences may involve multiple factors, including climate,
vegetation, and other surface characteristics. Therefore,
understanding how changes in dryland ecosystems (i.e.
climate change and human activities) alter surface bio-
physical properties is crucial for formulating effective
land-based mitigation policies.

Human disturbances have produced profound impacts
on arid ecosystems, especially on changes in surface
properties. When coupled with climate change, their
impacts may further exacerbate changes in surface attrib-
utes. For example, overgrazing in the CHA-NENU site
has led to soil deterioration, affected soil water conser-
vation capacity, caused soil salinization, and changed
the microclimate (Dong et al. 2021). Through satellite-
derived EVI observation we found that the grassland
recovered for a decade, yet the substantial effects on
albedo from reduced soil moisture and soil salinization
remain irreversible. Recovery from clipping or grazing
on grasslands—the two most widely practised human
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(GWI,,) at the ten study sites. The error bar indicates standard deviation

disturbances—can increase vegetation greenness, reduce
surface albedo and have a climate impact similar to
greenhouse gas emissions to some extent (Fig. 3), while
reduction in soil moisture can have the opposite effect
(without accounting for the influence on evapotranspi-
ration). Clearly, our assessment of albedo-induced cli-
mate cooling should consider both positive and negative
impacts.

Nonetheless, the climate cooling effects from ele-
vated albedo following land use change (i.e. GWI, ) are
among the few cooling effects following intensified land
use change in Asian drylands in recent decades (Forster
et al. 2021). Scientific investigations of the underlying
mechanisms of albedo change are clearly needed in an
integrated and holistic understanding of social-environ-
mental systems. While more research is needed to accu-
rately quantify GWI,, and comprehend the interactions

between human societies and the environment, more
direct measurements of albedo in different ecosystems
and regions are needed. Our understanding of dryland
ecosystems is presently constrained by uneven measure-
ment networks across extensive spatial scales and limited
data sharing. Satellite observations provide a fundamen-
tal means of monitoring large-scale surface attribute
changes. However, their effectiveness is hindered by dif-
ferences in frequency and spatial resolution (Smith et al.
2019). For example, optical remote sensing data provide
only snapshots of the surface (e.g., vegetation indices) due
to cloud and bad weather, while microwave remote sens-
ing data typically have coarse spatial resolution (e.g., soil
moisture observations). Moreover, it is essential to inte-
grate remote sensing and in situ measurements to gain a
detailed understanding of complex processes, which will
allow to develop better parameterization for earth system
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models and comprehend the non-linear carbon cycle and
albedo dynamics in the future.

In this study, we combined satellite and flux tower
observations. However, we acknowledge that there may
be some scale mismatch between satellite and in situ
observations (Additional file 1: Figs. S1, S2), which may
affect the relationship between the EVI and albedo (Chu
et al. 2021). Shadow effects resulting from the complex
composition and structure of vegetation communities
may induce uncertainty on reflectance of grassland (Ala-
vipanah et al. 2022). However, dynamics of EVI and NEP
correspond well in our sites and shadow effects may be
relatively small in grassland ecosystems because of the
relative low canopy height and leaf area. We only dis-
cussed the relationship between the surface VWC, EVI,
NDSI, T,, and albedo, while deep-layer VWC, snow days,
phenology, and weather conditions may also have an
impact on albedo (Yang et al. 2020). In addition, our data
cover a short period of time while other factors such as
the VWC and EVI may vary at longer time scales. Finally,
the mechanisms affecting albedo need to be explored at
different time scales and in combination with more sys-
tematic observations in future studies.

Conclusions

We explored the changes in albedo of grasslands in the
context of intensified human activities in a dryland
region of East Asia and analysed the complex interactions
among the albedo, EVI, VWC, T,, and NDSI. We found
that: (a) the EVI and VWC exerted significant effects
on albedo changes during the growing season, while the
VWC also indirectly influenced albedo by affecting the
EVIL; the relative contributions of these variables were
similar in the growing season; (b) the VWC and NDSI
were the dominant factors in the non-growing season;
and (c) growing season albedo dominated the variations
of GW1I,, through changing in EVI and VWC. By ana-
lysing multi-year ground observations in five grassland
ecosystems in drylands Eastern Asia, we highlighted the
complex interactions among vegetation, soil moisture,
and albedo, in which anthropogenic disturbances play
non-negligible roles. Therefore, in the context of rap-
idly changing socio-environmental systems in drylands,
understanding the synergy between multiple factors,
including albedo, is essential to understand the role of
these ecosystems in a changing climate.

Abbreviations

EVI Enhanced vegetation index

VWC Surface soil volumetric water content
NDSI Normalized Difference Snow Index

T, Clearness index

RF Radiative forcing
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GWI Global warming potential
GWI,,  Albedo-induced global warming potential
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