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Radiative forcing reduced by early 
twenty-first century increase in land albedo
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Zhiqiang Xiao1, Ying Qu1, Jintai Lin6,7 ✉, Duoying Ji1, Zidong Zhu1, Xin Yao1, Shuwen Peng1, 
Lanpu Zhao2, Wenjie Fan8, Zhaocong Wu2, Hao Geng1, Qihao Wang1, Chenghu Zhou9 ✉, 
Suhong Liu1 & Liangpei Zhang2 ✉

Surface albedo greatly affects how much energy the Earth absorbs. Intensive human 
activities and accelerated climate change have altered surface albedo across spatial 
and temporal scales1–3, yet assessments of the effects of land use or land cover (LULC) 
and snow variations on land surface albedo are scarce at the global scale. As a result, 
the global land surface albedo dynamics over recent decades and their corresponding 
radiative forcing to the climate system remain poorly understood4–9. Here we quantify 
the individual and combined effects of snow cover dynamics, LULC conversions and 
non-conversion regions on albedo variations during 2001–2020 and estimate their 
induced radiative forcing. We show that the negative radiative forcing induced by the 
global land surface albedo change was −0.142 (−0.158, −0.114) W m−2 over the past two 
decades. The global snow-free land surface albedo increased by 2.2% (P < 0.001), with 
a negative radiative forcing of −0.164 (−0.186, −0.138) W m−2 (P < 0.001). The magnitude 
of this negative forcing is sevenfold larger than the positive forcing induced by snow 
dynamics, and equivalent to 59.9% of that caused by CO2 emissions from 2011 to 201910. 
The global radiative forcing due to albedo changes in LULC non-conversion regions is 
3.9 to 8.1 times greater than that from LULC conversions. The radiative forcing induced 
by albedo changes highlights the important role of land surface dynamics in 
modulating global warming.

Land surface albedo modulates the amount of energy that the Earth 
absorbs from the Sun, and it is thus a key variable influencing surface 
temperature and water balance11–15. The anthropogenic intensification 
of land use or land cover (LULC) and the continuing climate change 
are profoundly altering landscape characteristics and land physical 
processes, ultimately causing large changes in surface albedo1–3, which 
directly alter the Earth’s radiation budget. LULC conversions, for instance 
associated with the increasing urbanization and widespread deforesta-
tion can abruptly change surface reflectance properties and thus their 
albedo. The LULC non-conversion regions may also experience impor-
tant albedo variations due to long-term processes such as the browning 
and/or greening and wetting and/or dying of natural ecosystems, and 
short-term processes such as the recurrent changes induced by pheno-
logical stages and crop rotation16. Owing to the disparities of land-climate 
interactions among the regions, even the same LULC types may have 
different albedo across regions17. The complexity of these processes 
acting at different spatial and temporal scales, coupled with data and 
methodological gaps in observing such dynamics, makes it challenging 
to quantify the variations in global land albedo and their climate impact.

Satellite data allow for systematic tracking of spatial and tempo-
ral albedo dynamics18 and have been widely used for global surface 
energy budget assessments19–22. However, existing albedo products 
face substantial data gaps, primarily because of cloud contamination 
in optical satellite imagery used for albedo retrieval, especially in per-
sistently cloudy regions such as the Amazonian forests23–25. Accurately 
estimating missing albedo values requires accounting for the LULC 
types and the discontinuity of surface albedo over space and time due 
to LULC differences.

Accounting for the heterogeneous albedo effects from varying land 
surface properties is crucial as they drive distinct radiative forcing. 
Previous studies have primarily focused on specific LULC types or 
human driven type-to-type conversions and their effects on albedo 
and radiative forcing4–9. However, these studies, failing to explore the 
full range of LULC conversions and snow dynamics, can only provide 
a partial quantification of surface albedo. Moreover, 63.5–68.5% of 
the global land surface does not undergo LULC conversions, but the 
changes in surface albedo over these non-conversion regions and their 
corresponding climate effects have been so far poorly explored. As a 
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result, how LULC and snow dynamics have driven the observed global 
land surface albedo and influenced the surface energy budget over the 
past decades is still lacking so far.

Here we conduct a comprehensive analysis of global land surface 
albedo dynamics and resulting global radiative forcing over the period 
2001–2020. We quantify the contributions from snow dynamics, LULC 
conversions and non-conversion regions on the basis of 612 conversion 
pathways across 50 LULC types in four LULC classification schemes. 
We integrate the 500-m-resolution MODIS-based albedo18, snow 
cover26 and LULC27 products in a consistent multi-dimensional array. 
Albedo and LULC conversions are then aggregated at 1° × 1° spatial 
resolution and at monthly scale separately for each LULC type, and the 
four-dimensional spatio-temporal inverse distance weighted (IDW) 
interpolation model is used to reconstruct missing data. From this, we 
generate four seamless monthly albedo and land cover look-up maps 
(ALLUMs) from 2001 to 2020 (Extended Data Fig. 1a and Methods), 
each corresponding to one of the four LULC classification schemes. 
ALLUMs are used to explain how snow dynamics, LULC conversions 
and LULC non-conversion regions individually influence global land 
surface albedo changes. We also use six radiative forcing kernels to 
quantify the global land surface mean radiative forcing over the past 
two decades. Finally, we integrate photosynthetic vegetation (PV), 
non-photosynthetic vegetation (NPV) and surface water content 
(SWC) within a multivariate linear regression framework to uncover 
the mechanisms driving albedo variations in non-conversion regions.

ALLUM datasets
The ALLUM multi-dimensional arrays, each one separately generated 
from the four reference classification schemes, provided white-sky 
and black-sky albedo in three bands for all 50 LULC types excluding 
water bodies, as well as for all 612 LULC conversion regions and 50 
non-conversion regions within each 1° × 1° grid cell. Missing albedo 
data were reconstructed using a four-dimensional spatio-temporal 
IDW model (Supplementary Text 1). The filling method shows r2 ≥ 0.98 
and root mean square error (r.m.s.e.) ≤ 0.035 across the three bands 
over the four ALLUMs (Supplementary Figs. 1–3, details in Methods). 
The four sets of the reconstructed 500-m-resolution albedo based 
on the four ALLUMs align closely with the monthly average albedo 
from MCD43A3, with r2 ≥ 0.96 and an r.m.s.e. ≤ 0.050 (Extended Data 
Fig. 1b, Supplementary Figs. 4 and 5 and Methods) for latitudes with 
solar zenith angles below 70°. Such results confirm that the ALLUMs 
are suitable for investigating global land surface albedo changes on a 
monthly timescale.

Global land surface albedo change
The global snow-free land surface albedo (GSLA) (that is, in the snow- 
free regions that were not covered by snow in the same months of both 
2001 and 2020) increased by 2.2%. This corresponds to an absolute 
change of 0.0038 (0.0036, 0.0039) (t-test, P < 0.001) and a significant 
trend of 0.0011 per decade (Mann–Kendall test, P = 0.048; Fig. 1a and 
Extended Data Fig. 2), which represents the average annual albedo 
change derived from the four ALLUMs (Methods) with upper and lower 
limits indicating the maximum and minimum values of the albedo 
change in four seasons of each year. This increase raised the global land 
surface mean albedo by 0.0031 (Fig. 1d), which offset the decline in 
global land surface mean albedo caused by the snow albedo change and 
the widespread reduction in snow cover (−0.0013, Fig. 1e). As a result, 
the global land surface mean albedo in 2020 was 0.72% higher than that 
in 2001 (0.0018 (0.0006, 0.0029); t-test, P  < 0.001; Fig. 1a–c). However, 
the interannual fluctuations made the trend statistically insignificant 
(Fig. 1a). Snow cover changes were the primary driver of these fluctua-
tions (Supplementary Text 2) due to higher albedo of snow compared 
to other LULC types, as seen in peaks in 2009, 2016 and 2018. This was 

also reflected in the high correlation (Pearson’s r = 0.91) between snow 
areas and global land surface mean albedo after detrending (Fig. 1a).

To verify the robustness of our results, albedo change estimates 
derived from ALLUMs were confronted with analogous estimates 
retrieved from independent satellite-based products and in situ 
observations (Supplementary Text 3, Extended Data Fig. 3 and Sup-
plementary Figs. 6–11). We further validated the sensitivity of our 
results (Supplementary Fig. 12) as well as MODIS instrument calibration 
errors (Supplementary Text 4, Extended Data Fig. 4 and Supplementary 
Figs. 13 and 14), demonstrating the robustness of the methods and 
the validity of our findings. Notably, the trends in albedo estimated at 
the local scale falling below the calibration limit were associated with 
uncertainties28, particularly in polar regions covered with snow and ice 
(these regions were highlighted in Supplementary Fig. 15).

We found a considerable spatial variability in surface albedo change. 
In the northern temperate zone, the average albedo of snow-free 
regions increased by 1.20% (0.0021 (0.0018, 0.0027); Extended Data 
Fig. 2 and Extended Data Fig. 5a), but overall (snow and snow-free) 
albedo remained almost unchanged due to the snow-melt induced 
decreases (Extended Data Fig. 5b). At high northern latitudes, such as 
northern Asia, there was a marked decline in albedo (Fig. 1c). Similarly, 
evergreen needleleaf forests in eastern Europe experienced a decline, 
while eastern Canadian plain experienced an increase. By contrast, snow 
dynamics had no obvious effects on albedo changes in the tropical 
regions and very marginally in southern temperate regions (Extended 
Data Fig. 5b versus Extended Data Fig. 5a). In the tropical regions, albedo 
increased by 0.0034 (0.0027, 0.0039) (Extended Data Fig. 5b). Increases 
in albedo also occurred over grasslands, savannas and barren lands in 
Africa and South America. In the southern temperate zones, albedo 
increased by 9.5% (0.0150 (0.0117, 0.0188); Extended Data Fig. 5b), 
especially over Australia, southern Africa and South America (Fig. 1c). 
However, albedo decreased over equatorial evergreen broadleaf forests 
and croplands in the Indian Peninsula.

The changes in snow-free albedo in the northern and southern tem-
perate regions and tropical regions drove the GSLA increase over the 
past 20 years (Extended Data Fig. 5b). Notably, only the increase in 
tropical albedo showed a stable linear trend from 2001 to 2020 (0.0013 
per decade for trend, Mann–Kendall test, P = 0.0016; Extended Data 
Fig. 5b), whereas the GSLA during 2009–2011 and 2011–2016 were pri-
marily driven by decreases in albedo in the southern and northern 
temperate zones, respectively.

The induced radiative forcing
To calculate the global mean radiative forcing induced by surface 
albedo changes, we used 2001 as baseline value and computed the 
changes in global mean radiative forcing from 2001 to 2020 using six 
radiative kernels. These kernels estimated the net shortwave radiative 
flux change at the top of the atmosphere (Methods). The maximum 
and minimum values of radiative forcing derived from these kernels 
and the four ALLUMs were then used to quantify the uncertainty range 
(Methods).

The global mean radiative forcing due to the GSLA change from 
2001 to 2020 was −0.164 (−0.186, −0.138) W m−2 (t-test, P < 0.001), 
and showed a significant trend of −0.0427 W m−2 per decade for trend 
(Mann–Kendall test, P = 0.0010; Fig. 2a,d). The magnitude of the forc-
ing was about 59.9% of the CO2 radiative forcing and 48.9% of the total 
greenhouse gas forcing from 2011 to 2019 (IPCC Sixth Assessment 
Report (AR6))10, but with the opposite sign. When including albedo 
reductions caused by snow dynamics, the global mean radiative forcing 
for the same period was −0.142 (−0.158, −0.114) W m−2 (t-test, P < 0.001; 
Fig. 2a–c). Although snow dynamics caused greater interannual fluc-
tuations in global mean radiative forcing, they did not diminish the 
significance of the trend (−0.0404 W m−2 per decade, Mann–Kendall 
test, P = 0.0478; Fig. 2a and Supplementary Text 2). Furthermore, the 
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Fig. 1 | Changes in global land surface albedo from 2001 to 2020. a, Annual 
time series of global land surface mean albedo (purple), GSLA (grey) and snow 
cover area (blue), with dashed lines representing linear fits using the Theil–Sen 
Median method as a robust statistical approach. Shaded areas show maximum 
and minimum values of albedo change of the four seasons using the four 
ALLUMs. b, Spatial distribution of the 20-year global land surface albedo 
change trend. The Theil–Sen Median method is used to retrieve linear trends at 
the grid-cell level. Black dots represent the regions with statistically significant 
trends, determined by the Mann–Kendall test (P < 0.05). The regions with 
statistically significant trends account for 31.0% of the global land area (23.8% 
showing an increase and 7.2% showing a decrease). c, Spatial distribution of 

albedo changes between 2001 and 2020. The black dots indicate the bins in 
which the average albedo change between two independent temporal windows 
(2011–2020 and 2001–2010) is statistically significant (different from zero in 
two-sided Student’s t-test; P < 0.05). The regions with statistically significant 
changes account for 26.8% of the global land area (19.1% showing an increase 
and 7.7% showing a decrease). d,e, Spatial distribution of mean albedo changes 
in each 1° × 1° grid cell attributed to the snow-free regions (d) and snow 
dynamics (e). These results are the averages calculated from ALLUM-LCCS 1–3 
and ALLUM-IGBP. Significance tests for b and c are conducted within each 
3° × 3° grid cell for visual purposes.
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Fig. 2 | Albedo-induced radiative forcing from 2001 to 2020. a, Global mean 
radiative forcing averaged across six radiative kernels and the four ALLUMs 
induced by the global land surface mean albedo change (purple), GSLA change 
(grey) and snow dynamics (blue). Dashed lines represent the linear fits using 
the Theil–Sen Median method as a robust statistical approach. The shaded area 
represents the ranges of the maximum and minimum values of the radiative 
forcing. b, Spatial distribution of 20-year global land albedo-induced radiative 
forcing (RF) trend. The Theil–Sen Mdeian method is used to retrieve linear 
trends at the grid-cell level. Black dots represent the regions with statistically 
significant trends, as determined by the Mann–Kendall test (P < 0.05). The 
regions with statistically significant trends account for 32.4% of the global land 

area (7.0% showing an increase and 25.4% showing a decrease). c, Spatial 
distribution of grid-mean radiative forcing induced by albedo changes. Black 
dots indicate the bins in which the average albedo-induced radiative forcing 
change between two time periods (2011–2020 and 2001–2010) is statistically 
significant (different from zero in a two-sided Student’s t-test; P < 0.05). The 
regions with statistically significant changes account for 28.2% of the global 
land area (7.6% showing an increase and 20.6% showing a decrease). d,e, Spatial 
distribution of grid-mean radiative forcing induced by snow-free land surface 
change (d) and snow dynamics (e) during 2001–2020. Significance tests for b 
and c are conducted within each 3° × 3° grid cell for visual purposes.


