
1.  Introduction
Land surface albedo, which is defined as the ratio of the reflected shortwave radiation to the incoming solar radi-
ation, represents the integrated surface hemispheric reflectivity over the solar spectrum (Liang et al., 2010; Lucht 
et al., 2000). It is a critical geographical parameter that directly controls the surface radiation budget between 
the surface and atmosphere, significantly affecting the energy budget, and atmospheric and water circulations 
(Boussetta et al., 2015; Liang et al., 2010). Therefore, it is listed as an Essential Climate Variable (GCOS, 2004) 
and basic climate forcing used in hydrological, and biogeochemical models, as well as in weather forecasting 
(Graversen & Wang, 2009; Houldcroft et al., 2009; Van Angelen et al., 2012). In remote sensing retrieval algo-
rithms (Rutan et al., 2009, 2015; Wang et al., 2020) and climate and ecosystem models (Dickinson, 1995; Grey 
et al., 2009; Wang et al., 2004), the surface albedo is generally assigned by look-up-tables (LUTs) of albedo 
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Plain Language Summary  Surface albedo represents the Earth's surface ability to reflect solar 
energy, and thus directly influences atmospheric and water circulations by controlling available energies. As 
an essential variable estimated in current climate models, surface albedo is assigned by searching look-up 
tables based on the land cover and soil types. However, there are large differences in simulated albedo among 
various models, partially because the albedo climatology in these tables was generated in the 1980s and 
needs to be updated. As global surface albedo has been accurately retrieved from satellite data for decades, 
we were able to produce a new albedo climatology data set under actual and snow-free conditions with high 
spatiotemporal resolutions. Ground validation and data comparison indicate that the new data set performs with 
higher accuracy compared with other datasets. Moreover, assessment by the new climatology data set shows 
that albedo from advanced climate models and reanalysis datasets has clear uncertainties, especially over high 
latitudes and the Tibetan Plateau. Temporal variation in global albedo is better characterized at basic vegetation 
types. The new albedo climatology data set shows great potential for use in model assessment, modeling 
improvement, and satellite retrieval of other variables.
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climatology (albedo values averaged over decades) based on land cover types and other variables (such as snow 
cover fraction and leaf area index) (Lawrence et  al.,  2019). However, the comparison of the surface albedo 
derived from different models indicates clear differences (Levine & Boos,  2017), especially in high-latitude 
regions (Thackeray et al., 2019; Zhang et al., 2010), leading to considerable uncertainty of surface energy balance 
estimations. Besides, current state-of-art Community Land Models still employ the albedo LUTs generated by 
satellite data decades ago (Asner et al., 1998; Dorman & Sellers, 1989; Lawrence et al., 2020). Thus, the accu-
racy of the albedo climatology significantly affects the modeling predictions (Burakowski et  al.,  2018; Gao 
et al., 2014; Masson et al., 2013). Moreover, most satellite-derived albedo data are only available for clear-sky 
conditions, whereas the albedo climatology characterizes a general gap-free albedo pattern, providing important 
information for estimating the surface albedo under cloudy conditions (Liu et al., 2013; Wang et al., 2015; Zhou 
et al., 2016). As land surface albedo is controlled by the land type, vegetation growth, and snow coverage, it is 
highly variable, both spatially and temporally. Therefore, precisely mapping the global surface albedo climatol-
ogy is necessary to better characterize the energy budget of the Earth system.

Satellite remote sensing has been used to monitor the global land surface and record the albedo over the long term 
(Liang et al., 2013), providing the only possibility for generating global surface albedo climatology. Currently, 
satellite albedo products have become accessible through a wealth of sensors such as the Moderate Resolution 
Imaging Spectroradiometer (MODIS; (Liu et al., 2013; Strahler et al., 1999)), Visible Infrared Imaging Radiom-
eter Suite (VIIRS; (Wang et al., 2013, 2016)), Advanced Very High-Resolution Radiometer (AVHRR (Karlsson 
et al., 2013; Liu et al., 2013)), Spinning Enhanced Visible and Infrared Imager (SEVIRI (Geiger et al., 2008)), 
and SPOT/VEGETATION (Barnsley et  al.,  2000). A comprehensive algorithm review was conducted by Qu 
et al. (2015). However, most albedo products only provide directional- and bi-hemispherical albedo (i.e., black-
sky albedo, BSA, and white-sky albedo, WSA) maps. In contrast, blue-sky albedo is the actual albedo and is more 
practical for analysis. The combination of the MODIS albedo product (Schaaf et al., 2002), which was published 
over 20 years ago, with the MODIS aerosol product has great potential for the generation of the global surface 
blue-sky albedo climatology with high spatial and temporal resolutions.

Previous studies have focused on generating satellite-derived albedo climatology databases or LUTs. Carrer 
et al. (2014) generated global snow-free vegetation and baer soil albedo maps from 10-year MODIS data prod-
ucts. He et al. (2014) compared the spatiotemporal differences of several global albedo climatology data from 
operational satellite products and quantified the monthly albedo variations of different plant functional types 
(PFTs). Gao et  al.  (2014) generated climatological albedo LUT using MODIS albedo products with a global 
International Geosphere-Biosphere Programme (IGBP) classification map at different spatial scales. They also 
tested the variability of the albedo for 17 IGBP classes (Gao et al., 2005). However, the above-mentioned albedo 
climatology databases are limited by coarse spatial (≥0.05°) and temporal (monthly) resolutions, which are insuf-
ficient to capture the spatial heterogeneity and temporal dynamics of the albedo, especially in the snow season. In 
addition, they only consider either snow-covered or snow-free conditions, although the effect of snow on surface 
albedo varies depending on the vegetation type and must be separately studied. By combining National Land 
Cover Data (NLCD) with the MODIS albedo, Wickham et al. (2015) created a land cover–albedo database based 
on 14 years of snow-covered and snow-free MODIS albedo data for 14 of 16 land cover classes in the NLCD; 
however, the study only included the continental United States. Therefore, a new albedo climatology with high 
spatiotemporal resolution and global coverage is required.

The contributions of this study are as follows: (a) Global actual (all historical records including the snow albedo) 
and snow-free daily blue-sky albedo climatology datasets were generated and published, including land cover 
climatology at 500 m, 0.05°, and 0.5° resolutions; (b) the generated climatology datasets were validated using 
38 long-term-operating in situ sites in different land cover types; (c) multiple albedo climatology datasets from 
satellite products, reanalysis, and state-of-art Coupled Model Intercomparison Projects Phase 6 models were first 
assessed globally and compared; (d) global error patterns of the model datasets were determined by using the 
new albedo climatology as a reference; (e) the global actual and snow-free albedo variations of different PFTs 
were analyzed; and (f) temporal variability analysis was conducted with respect to the temporal aggregation of 
the new climatology data set.
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2.  Data and Methodology
2.1.  Data

In this study, new blue-sky albedo climatology data were validated by 38 sites of the Surface Radiation 
(SURFRAD), Baseline Surface Radiation Network (BSRN), and Fluxnet networks. Other albedo climatology 
data, such as the albedo product from the Global Land Surface Satellite (GLASS) product suite, GlobAlbedo 
satellite product, European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 5 (ERA5), 
Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA2), and 14 CMIP6 models, 
were included for comparison. The metadata and references for all gridded data are summarized in Table 1. The 
sites are mapped in Figure 1.

2.1.1.  MODIS Products

Global MODIS 500-m daily shortwave black-sky and white-sky albedo (MCD43A3 C06) data from 2001 to 2020 
were used to calculate the blue-sky albedo climatology. The MODIS albedo products utilize a semi-empirical 
linear kernel-driven model and estimate albedo with a bidirectional reflectance distribution function (BRDF) 
(Lucht et al., 2000). It has been comprehensively assessed (He et al., 2012; Stroeve et al., 2005; Wang et al., 2012) 
and extensively used as a benchmark for the evaluation of other albedo datasets (Lawrence & Chase, 2007; Li 
et al., 2016).

To generate actual and snow-free albedo climatology data, the corresponding snow mark from MCD43A2 C06 
was used for the classification of snow or snow-free albedo pixels. The aerosol optical depth (AOD) at 0.55 μm 
from the MODIS gridded atmosphere global joint product (MOD08 C61) was selected to obtain the diffuse 

Name Variables Spatial resolution Temporal resolution Reference

MCD43A3 BSA, WSA 500 m daily Schaaf and Wang (2015b)

MCD43A2 snow mark, SZA 500 m daily Schaaf and Wang (2015a)

MOD08M3 AOD 1° × 1° monthly Platnick et al. (2015)

MCD12Q1 LC_Type_5 500 m yearly Sulla-Menashe and Friedl (2018)

GLASS BSA, WSA 1 km 8-day Liang et al. (2021)

GlobAlbedo BSA, WSA 1 km 8-day Muller (2013)

ERA5-Land surface albedo 0.1° × 0.1° hourly Hersbach et al. (2020)

MERRA2 surface albedo 1° × 1° hourly Molod et al. (2015)

BCC-CSM2-MR RSDS, RSUS 1.13° × 1.13° 3-hourly Wu et al. (2019)

BCC-ESM1 RSDS, RSUS 2.81° × 2.81° 3-hourly Wu et al. (2020)

CanESM5 RSDS, RSUS 2.81° × 2.81° 3-hourly Swart et al. (2019)

CESM2 RSDS, RSUS 0.94° × 1.25° 3-hourly Danabasoglu et al. (2020)

CESM2-FV2 RSDS, RSUS 1.88° × 2.50° 3-hourly Danabasoglu et al. (2019)

CESM2-WACCM RSDS, RSUS 0.94° × 1.25° 3-hourly Danabasoglu et al. (2019)

CESM2-WACCM-FV2 RSDS, RSUS 1.88° × 2.50° 3-hourly Danabasoglu et al. (2019)

FGOALS-f3-L RSDS, RSUS 1° × 1.25° 3-hourly He et al. (2019)

FGOALS-g3 RSDS, RSUS 2.25° × 2° 3-hourly Li et al. (2020)

KIOST-ESM RSDS, RSUS 1.96° × 1.88° 3-hourly Kim et al. (2020)

MIROC6 RSDS, RSUS 1.41° × 1.41° 3-hourly Tatebe et al. (2019)

MRI-ESM2-0 RSDS, RSUS 1.13° × 1.13° 3-hourly Yukimoto et al. (2019)

NESM3 RSDS, RSUS 1.88° × 1.88° 3-hourly Cao et al. (2018)

SAM0-UNICON RSDS, RSUS 0.94° × 1.25° 3-hourly Park et al. (2019)

Note. The data ranges from 2001 to 2020.

Table 1 
Metadata of the Moderate Resolution Imaging Spectroradiometer Products, Reanalysis, and Coupled Model 
Intercomparison Projects Phase 6 Data Utilized in This Study
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skylight ratio, which was used to compute the blue-sky albedo (Section 2.2.1). The PFT climatology, classified 
by the MODIS surface land cover type product (MCD12Q1) from 2001 to 2020, was used to characterize the 
albedo variation of different PFTs.

To compare the validation accuracy between the new albedo climatology and other satellite products, albedo 
climatology samples from the GLASS albedo product (Liang et al., 2021; Liu et al., 2013) were also validated 
in the site assessment section. The GLASS albedo was retrieved from MODIS observations based on two direct 
albedo estimation algorithms: surface reflectance and top-of-atmosphere (TOA) reflectance algorithms (Qu 
et al., 2014). Subsequently, a statistics-based temporal filtering method was employed to fuse the two albedo 
products, whose accuracy was comparable to that of the MODIS albedo product (Liu et al., 2013). Finally, the 
GLASS blue-sky albedo climatology was generated similar to the MODIS from 2001 to 2019 (the latest year 
accessible).

The albedo climatology from the GlobAlbedo project was also involved. The 1 km 8-day BSA and WSA from 
2000 to 2011 were utilized for this purpose. GlobAlbedo aims to create gap-filled global albedo data by integrat-
ing data from the Advanced Along-Track Scanning Radiometer (AATSR), Medium-Resolution Imaging Spec-
trometer (MERIS), SPOT/VEGETATION, and MODIS (Muller et  al.,  2012). An optimal estimation method 
was used for data fusion and the gap-filling approach was based on MODIS surface anisotropy data (Lewis 
et al., 2012). The blue-sky albedo was calculated and then averaged to obtain climatology samples.

2.1.2.  Reanalysis and CMIP6 Datasets

ERA5, which is the new generation of a widely used reanalysis product (Hersbach et al., 2020), was employed for 
the assessment in this study. ERA5 is the fifth generation of the atmospheric reanalysis of the global climate from 
1950 to near real-time. It is based on four-dimensional variational analysis (4DVAR) and features different physi-
cal parameterizations. ERA5 uses the Radiative Transfer for Television Infrared Observation Satellite Operational 
Vertical Sounder (RTTOV)-11 model as the observation operator for radiance data (Lupu & Geer, 2015). The 
radiation scheme used in ERA5 was described by Morcrette et al. (2008). In the ECMWF Integrated Forecasting 
System (IFS), a monthly climatological background albedo from MODIS is assimilated, after modification by 

Figure 1.  Global distribution of the 38 sites with land cover types.
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the model over water, ice, and snow (Di Napoli et al., 2020; Muñoz-Sabater et al., 2021). Snow data observed by 
Surface synoptic (SYNOP) network are used in the snow assimilation system. The ERA5-Land hourly surface 
albedo from 2001 to 2020 was collected. To be comparable with MODIS albedo results, only the local noon blue-
sky albedo climatology for each pixel and Day of Year (DOY) were generated (Schaaf et al., 2011).

The National Aeronautics and Space Administration (NASA) MERRA2 was included in the assessment as 
another advanced reanalysis data set. MERRA was created to provide context for NASA satellite data, with 
the specific goal of better representing the hydrologic cycle than existing reanalysis data (Hinkelman, 2019). 
MERRA2 employs 3DVAR and updates the performance of the model in both the atmosphere-only and atmos-
phere-ocean configurations (Molod et al., 2015). The longwave and shortwave radiative processes were based on 
Suarez and Chou (1994) and Chou and Suarez (1999), respectively. The temporally interpolated MODIS albedo 
product was assimilated into the model (Cullather & Bosilovich, 2012; Moody et al., 2005). The hourly surface 
albedo from 2001 to 2020 was used to generate the local noon blue-sky albedo climatology for each pixel, similar 
to ERA5 data.

Coordinated efforts have been made to constantly update climate models in CMIP. As the next-generation global 
climate model (GCM), CMIP6 is featured in the 2021 Intergovernmental Panel on Climate Change (IPCC) sixth 
assessment report (AR6). Several basic outcomes from CMIP6 have recently been assessed using site measure-
ments and satellite observations, such as the planetary albedo (Jian et al., 2020), snow cover (Zhu et al., 2021), sea 
ice extent (Shu et al., 2020), water fluxes (Li et al., 2021), cloud fraction (Vignesh et al., 2020), air temperature 
and precipitation (Cui et al., 2021), and surface upward longwave radiation (Xu et al., 2021). However, as an 
essential climate driver, land surface albedo from CMIP6 GCMs remains to be explored. Surface albedo showed 
systematic overestimation in the seasonal cycle simulated by CMIP5 GCMs (Li et al., 2016), and we would like 
to analyze the bias issue to see if there is any significant improvement. Therefore, surface albedo climatology 
datasets from published CMIP6 models were used for the assessment in this study. Based on a further compar-
ison with the newly generated climatology, the uncertainty of the modeled surface albedo was quantified. The 
surface downward shortwave radiation (RSDS) and surface upward shortwave radiation (RSUS) were obtained 
to calculate the albedo climatology from actual CMIP6 experiments (2001–2014) and extended (2015–2020) 
using Shared Socioeconomic Pathways (SSP) 2–4.5 scenario experiments. In addition, to reduce the data volume, 
only the first ensemble member (“r1i1p1f1”) was used for each model. Fourteen available models meet the 
requirements.

2.1.3.  In Situ Sites

Albedo accuracy requirement varies from 0.02 to 0.05 (or 5%) for climate-related studies (Li & Garand, 1994; 
Oleson et al., 2003). Therefore, ground validation is necessary to assess the absolute accuracy of climatological 
datasets. Here, 38 long-term-operated sites of the SURFRAD (7), BSRN (9), and Fluxnet (22) networks were 
utilized to quantify the absolute accuracy of the surface albedo climatology datasets at the global scale.

Established in 1993, SURFRAD was designed to support climate research with accurate, continuous, long-term 
measurements of the surface radiation budget over the United States (Augustine et al., 2000), and has been widely 
used for the validation of surface radiation fluxes (Jia, Ma, et al., 2021; Li et al., 2013; Wang & Liang, 2009; 
Zhou et al., 2016). The BSRN is a network (Driemel et al., 2018) of globally distributed sites collecting data for 
different projects, including the Coordinated Energy and Water Cycle Observations Project (CEOP) and Amer-
iFlux, and is considered to have the longest duration and good quality owing to the strict maintenance (Wang 
& Dickinson,  2013). Fluxnet, which monitors the global energy budget, water and carbon cycling, was also 
employed in this study to ensure site global coverage (Wilson et al., 2002). Fluxnet has previously been used in 
surface albedo validation (Cescatti et al., 2012). Raw observations were well filtered by quality control marks and 
thresholds (Roesch et al., 2011). For all three networks, sites with more than 10 years of operation were selected 
for calculating the surface albedo climatology. Compared with SURFRAD and BSRN, duplicated sites or sites 
within a close distance (500 m) of Fluxnet were removed. Additionally, ground measurements from different sites 
were averaged if the sites were located within the same coarse model pixel. The local noon blue-sky albedo was 
calculated by averaging the observations from 12:00 to 13:00 local time (LT) to remove anomalous values. Site 
distribution and corresponding land cover types are shown in Figure 1.
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2.2.  Methodology

2.2.1.  Blue-Sky Surface Albedo Estimation

The MODIS, GLASS, and GlobAlbedo land surface albedo products only provide the BSA and WSA, which 
generally cannot be used to directly compute the surface shortwave net radiation owing to differences in the 
definitions of various albedo terms. Differences between the BSA and WSA caused by atmospheric effects can 
be as large as 20% (Manninen et al., 2012). Therefore, we converted them to the blue-sky albedo, α(θ,λ), on the 
Google Earth Engine (GEE) platform using a linear combination following Wang et al. (2017) and Chrysoulakis 
et al. (2019):

𝛼𝛼(𝜃𝜃𝜃 𝜃𝜃) = {1 − 𝑆𝑆(𝜃𝜃𝜃 𝜃𝜃(𝜆𝜆))} 𝛼𝛼𝑏𝑏𝑏𝑏(𝜃𝜃𝜃 𝜃𝜃) + 𝑆𝑆(𝜃𝜃𝜃 𝜃𝜃(𝜆𝜆))𝛼𝛼𝑤𝑤𝑤𝑤(𝜃𝜃𝜃 𝜃𝜃),� (1)

where αbs(θ, λ) is the black-sky albedo, αws(θ, λ) is the white-sky albedo, τ(λ) is the AOD at 0.55 μm (invalid 
AOD values were bilinearly interpolated before data processing). S(θ, τ(λ)) is the diffuse skylight ratio, which was 
retrieved from a LUT based on the solar zenith angle (θ) and τ(λ) (Schaaf et al., 2002).

2.2.2.  New Albedo Climatology Generation

Owing to the large data volume and computation resource requirements, we processed the data using Google 
Earth Engine (GEE) (Gorelick et al., 2017), a cloud-based geospatial processing platform for large-scale envi-
ronmental monitoring and analysis (Tamiminia et  al.,  2020), freely providing petabytes of publicly available 
satellite images, high-speed parallel processing, and a library of Application Programming Interfaces (APIs) that 
supports JavaScript and Python. The officially published MODIS remote sensing products employed in this study 
are all included. The daily climatology was calculated by averaging available albedo values of each DOY from 
2001 to 2020, separately. After sorting the available samples, the maximum and minimum ones were neglected to 
constrain the impact of anomalous values, such as extremely high values caused by occasional snowfall in 1 year. 
Pixels with a large SZA (>75°) were also eliminated to maintain the input data quality (Liu et al., 2009). The 
snow-free albedo climatology was obtained by ignoring all snow pixels marked by MCD43A2.

The actual and snow-free albedo climatology data were an average of the retrieved values for a given DOY from 
2001 to 2020 at the original 500 m scale. The final published datasets also include the albedo climatology data 
at 0.05° and 0.5° resolutions for modeling convenience: after reprojection from the MODIS sinusoidal projection 
to Climate Model Grid (CMG) format, we upscaled the outputs from 500 m to 0.05° by calculating the mean 
value, and 0.5° was aggregated as the 0.05° outcome. Additionally, the global land cover and PFT climatology, 
generated by selecting the mode at each pixel of MCD12Q1 from 2001 to 2020, were attached. The published 
data are described in detail in the Data Availability section.

2.2.3.  Accuracy Assessment

All albedo climatology data samples of satellite products, reanalysis, and CMIP6 were extracted according to the 
site locations and paired with ground observations. Taylor diagrams and temporal analysis were used to quan-
tify the absolute accuracy of different datasets at the original spatial resolutions using ground measurements as 
references (Jia et al., 2018; Yao et al., 2016). The standard deviation (STD), root-mean-square error (RMSE), 
and correlation coefficient (R) were used as validation indices and are displayed in the Taylor diagrams. The 
corresponding equations can be found in Taylor (2005). The R and RMSE indicate the overall accuracy, and the 
STD represents the variability of the albedo samples that should be compared with the STD of the ground meas-
urements. Mean bias was also analyzed and compared. All GCM models were validated at the individual released 
spatial resolution, whereas the mean CMIP6 was calculated from all GCM data that were bilinearly interpolated 
to 1°. The new actual climatology data were aggregated to match the spatial resolution of the model data in the 
spatial comparison section, which was treated as a reference to evaluate the spatial biases of the modeled data 
both annually and seasonally.

The modeled albedo products have coarse spatial resolutions, which are not suitable for a direct comparison with 
the site observations at heterogeneous surfaces. Therefore, we calculated a heterogeneity index (HI) to quantify 
the error caused by the spatial mismatch. It was designed as follows: first, the new climatology was converted to 
the lat/lon coordinates, aggregated to each modeled scale, and then validated with ground measurements at coarse 
spatial scales. The difference between RMSE_coarse and RMSE_origin of the new annual climatology repre-
sents the relative disturbance of the local heterogeneity (i.e., HI), which can be used to quantify the validation 
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uncertainty caused by the mismatch of the spatial scale. The HI was then compared with the directly site-quanti-
fied accuracy (RMSE) of each model to check if the heterogeneity dominates the data error.

3.  Results
3.1.  Site Validation

To quantify the accuracy of the new surface albedo climatology, 38 long-term-operating sites belonging to differ-
ent landcover types were selected (Figure 1). The albedo from the GLASS, GlobAlbedo, reanalysis, and CMIP6 
models were extracted and the albedo climatology was calculated. Figure 2 illustrates the accuracies of differ-
ent albedo climatology datasets. Figure 2a includes all available samples from 38 sites; Figure 2b includes the 

Figure 2.  Taylor diagrams of albedo climatology datasets. (a) All available samples, (b) snow-free samples in summer, and (c) snow samples in winter. The black, 
green, and blue axes represent the standard deviation (STD), root-mean-square error (RMSE), and correlation coefficient (R), respectively.
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snow-free samples of sites in the Northern Hemisphere summer (June–August), indicating the accuracy of the 
snow-free albedo climatology; and Figure 2c includes snow site samples (albedo >0.45) in the Northern Hemi-
sphere winter (December–February).

Figure 2a indicates that the overall RMSE of the new albedo climatology is 0.031, with a bias of −0.003 and an 
R of 0.96. The GLASS has an RMSE of 0.042, a bias of 0.005, and R of 0.92; and GlobAlbedo has an RMSE of 
0.050, a bias of −0.006, and R of 0.89. Satellite retrieval-based albedo climatology data meet the requirement of 
climate studies (Li & Garand, 1994) and can be used for model evaluations (Oleson et al., 2003). However, the 
GLASS and GlobAlbedo have an 8-day temporal resolution that may not be sufficient to characterize the impact 
of snow cover change (Figure 2c). ERA5 has an RMSE of 0.061, a bias of 0.015, and an R of 0.84, performing 
better than other reanalysis and model datasets. The HI of ERA5 samples is 0.019, significantly smaller than 
its RMSE. MERRA2 has an RMSE of 0.087 (bias = −0.021 and HI = 0.024), and CMIP6 albedo climatology 
datasets are scattered, with accuracies ranging from 0.069 to 0.114 (HI = 0.024–0.031). The RMSE of the mean 
CMIP6 is 0.074 (bias = −0.032), suggesting that a higher model accuracy can be obtained by averaging multiple 
models. The CESM2 has the lowest RMSE (0.069) among the CMIP6 models. As the HIs of all model data are 
very similar, we infer that the major accuracy difference among CMIP6 models is not caused by surface hetero-
geneity but by the different parameterization schemes.

The validation results of snow-free cases in the summer season (Figure 2b) illustrate that the new albedo climatol-
ogy performs well for various land cover types (RMSE = 0.021, bias = −0.002, and R = 0.93). GlobAlbedo and 
GLASS have a comparable accuracy and RMSEs are below 0.03. ERA5 (RMSE = 0.037, R = 0.71, HI = 0.014) 
is slightly better than MERRA2 (RMSE = 0.044, R = 0.56, HI = 0.018). However, ERA5 shows a larger bias 
(0.016) in summer. The mean CMIP6 has an RMSE of 0.052 (bias = 0.007 and HI = 0.021) but a small R of 0.28, 
which indicates that CMIP6 may not capture the snow-free albedo variation caused by land cover (e.g., vegetation 
coverage). Five models for which R was slightly less than 0 are not included in Figure 2b.

Figure 1c suggests that the new albedo climatology yields better estimate over snow cases (RMSE = 0.055, 
bias = −0.007, R = 0.91). ERA5 has an RMSE of 0.064 (bias = −0.009 and HI = 0.01), which is better than 
other satellite, reanalysis, and model datasets. One of the major reasons is that it has a smaller snow albedo 
bias. The RMSEs of GLASS/GlobAlbedo are 0.072/0.095, and the bias values are 0.013/−0.020. Comparatively, 
MERRA2 has a larger RMSE of 0.11 with a bias of −0.107. Furthermore, it has a significantly lower STD 
compared with site measurements, mainly owing to the fact that it underestimates snow albedo values and has a 
flatter albedo variation in the snow seasons (Figure 3).

The temporal variations of different albedo climatology datasets were also analyzed using the ground truth to 
elucidate the temporal consistency over two SURFRAD sites, one BSRN site in the Arctic, and one random site 
representing the clustered European Fluxnet sites (Figure 1). The temporal variation indicates that the new albedo 
climatology captures the variation in the general pattern and the detailed daily change. The GLASS and GlobAl-
bedo are in good agreement but have a coarse temporal resolution and cannot reflect detailed variation. Figure 3 
also shows that MERRA2 underestimates the albedo climatology, especially during the snow season. ERA5 has 
good estimation during the snow season, but suffers from systematic overestimation during snow-free seasons.

The site validation results suggest that the new albedo climatology is more accurate than other global datasets 
from satellite, reanalysis, and CMIP6. ERA5 performs better than other forecasts overall as it better captures the 
snow albedo variations, while MERRA2 has a clear negative bias for snow cases. Considering the limited number 
of in situ sites, the new albedo climatology offers a reference for assessing global simulated albedo data.

3.2.  Spatial Pattern and Comparison

Figure 4 illustrates the spatial patterns of the new albedo climatology under actual and snow-free conditions. The 
annual mean and mean values in summer and winter are calculated from available climatology values at each 
pixel. The annual actual albedo climatology maps illustrate that permanently ice-covered regions have an albedo 
value above 0.8 and no clear temporal variation (Figures 4c and 4e). High-latitude regions and mid-Eurasia in 
the Northern Hemisphere show a considerable annual temporal variation, which is mainly affected by the snow 
cover in winter based on the comparison of the albedo patterns of actual (Figure 4e) and snow-free (Figure 4f) 
climatology. Compared with the actual climatology, the annual snow-free albedo climatology is relatively stable. 
Furthermore, the boreal region is affected by snow coverage and vegetation phenological phases. The snow-free 
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albedo in these areas slightly increases in winter. The snow-free map in winter left blanks over high latitudes 
owing to a lack of available valid snow-free albedo values for calculation.

The average observation times on each day from 2001 to 2020 were also mapped to show the global representa-
tiveness of the new climatology data and possible uncertainty (Figure 5).

Figure 5a illustrates that the new climatology was generated by a sufficient number of observed records in most 
areas, whereas fewer observations are available for India, southern China, southern Asia, Western Australia, and 
tropical forest regions (∼10 times). Tropical regions have frequent cloud coverage; thus, the number of observa-
tions is smaller. In addition, the MODIS aerosol product contains AOD pixels <0 over Western Australia thus 
the diffuse skylight ratio cannot be searched from the LUT, which is partially due to AOD retrieval uncertainty 
over brighter areas (Levy et al., 2013). However, considering that tropical forests and the Australian desert have 
a stable annual albedo variation, we speculate that the new climatology can capture the albedo characteristics in 
these regions. In summer, the observations are sufficient for the actual and snow-free albedo. However, in winter 
the observations over high latitudes are limited, contributing to a possibly larger uncertainty. The RSDS remains 
low over high-latitude regions in winter, decreasing the uncertainty impact on the surface radiation budget. The 
observation statistics for each albedo climatology pixel were also attached to the published files.

To demonstrate the superior performance of the new climatology and its potential for improving the albedo accu-
racy of current state-of-art reanalysis and climate models, a spatial comparison was carried out for which the new 
climatology was used as a reference (Figure 6).

Figure 3.  Temporal variations of albedo climatology datasets at different sites. Surface radiation (SURFRAD) (a) FPK and (b) SXF, (c) Baseline Surface Radiation 
Network BAR, and (d) Fluxnet IT-Col. The gray shadow is the standard deviation of the data series of the 14 Coupled Model Intercomparison Projects Phase 6 models, 
representing the differences among them.
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Figure 4.  Spatial patterns of the new blue-sky albedo climatology. (a, c, and e) Actual albedo climatology; (b, d, and f) snow-
free albedo climatology; (a and b) annual means; (c and d) mean values in summer; (e and f) mean values in winter.

Figure 5.  Global patterns of the average observed times from 2001 to 2020. (a, c, and e) Actual albedo climatology; (b, d, 
and f) snow-free albedo climatology; (a and b) annual means; (c and d) mean values in summer; (e and f) mean values in 
Winter.
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The comparison of the maps at the annual scale shows that ERA5 matches the new climatology better than other 
gridded albedo climatology data. However, the averaged albedo values over the Tibetan Plateau and Greenland 
are overestimated (Figures 6a, 6d and 6g), especially in winter. In addition, the differences of all data recorded 
in winter are larger than those in summer over Eurasia. We infer that this is mainly due to the snow albedo 
uncertainty. MERRA2 yields significantly underestimated albedo values at high latitudes (Figure 6b), whereas 
it slightly overestimates the albedo over mid-latitudes and in the Sahara Desert. MERRA2 performs well in the 
Tibetan Plateau. The CMIP6 overestimates the albedo in the Tibetan Plateau and boreal regions, which is mainly 
due to the overestimation in winter. Such albedo overestimation in the Tibetan Plateau also occurred in CMIP5 
(An et al., 2021). The Weather Research and Forecasting (WRF) model yields a similar overestimation in the 
Tibetan Plateau, resulting in a cold bias in the surface air temperature simulation, which is mainly due to the 
simulated precipitation biases and overparameterization of the snow albedo (Meng et al., 2018). Li et al. (2016) 
analyzed the bias of 37 CMIP5 models with MODIS albedo, and suggested that systematic overestimation 
occurred during the Northern Hemisphere's winter. The CMIP6 model analysis of this study still shows a similar 
bias pattern in the winter months (Figure 6i), whereas the bias is limited in summer except for Arctic regions. By 
employing the RSDS climatology from Clouds and Earth's Radiant Energy Systems (CERES) (Kato et al., 2018; 
Zhang et al., 2015), we also mapped the corresponding disturbance toward the surface radiation budget (Figure 7) 
caused by the albedo differences in Figure 6.

Figure 7a indicates that the overestimation of ERA5 over the Tibetan Plateau can cause net radiation (Rn) bias of 
approximately −30 Wm −2 compared with the reference data. The CMIP6 also yields a clear underestimation over 
the Tibetan Plateau. In addition, the ERA5 Rn at the Greenland edge is ∼10 Wm −2 lower in summer (Figure 7d). 
The MERRA2 generally underestimates the albedo in polar regions; thus, Rn is overestimated by ∼30 Wm −2 in 
Antarctica (Figure 7h). The calculation of Rn shows that the larger albedo uncertainty over the high northern 
latitudes has a smaller effect on the surface radiation budget, which is mainly due to the low magnitude of the 
RSDS, especially in winter.

Figure 6.  Spatial distribution of the difference between the modeled albedo climatology and new climatology data. (a, d, and g) European Centre for Medium-Range 
Weather Forecasts Reanalysis 5 (ERA5), (b, e, and j) Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA2), (c, f, and i) mean 
Coupled Model Intercomparison Projects Phase 6 (CMIP6); (a–c) annual difference, (d–f) summer difference, and (g–i) winter difference.
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3.3.  New Albedo Climatology and PFTs

The albedo climatology of different PFTs reflects the general annual albedo change for each vegetation type at 
different latitudes, which provides insights into the radiative forcing of different vegetation types and helps to 
estimate the surface albedo from different land cover types (Gao et al., 2005; He et al., 2014). Therefore, it has 
been widely utilized to assign albedo values in climate models. In this study, the global climatological albedo 
variation for different PFTs was analyzed (Figure 8); as the snow cover significantly affects the surface albedo, 
we also plotted the snow-free albedo variations (right-hand column of Figure  8). Eight PFT types from the 
MCD12Q1 climatology were employed. To make sure consistency, only pixels that have complete albedo clima-
tology series (365 valid values) were used for calculation.

The updated albedo variations of different PFTs were plotted along the latitude bands and separated by snow 
conditions. Based on the comparison, snow cover has a considerable effect on the albedo variation of different 
vegetation types (Atlaskina et  al.,  2015). The albedo climatology of PFTs in low latitudes remains stable in 
different seasons. Grass and shrubs (Figures 8f1 and 8e1) have a higher snow albedo than trees (Figures 8a1, 8b1 
and 8e1), owing to their low height. Even in the summer, grass and shrubs have higher albedo values because 
the vegetation coverage is sparser than that of forests. The Northern Hemisphere is more easily affected by 
snow coverage, as shown in the left-hand column, which is mainly due to the considerably larger land area. The 
snow-free albedo of different PFTs is shown in the right column. Deciduous needleleaf trees exhibit the largest 
variation, which is due to the vegetation phenology (Figure 8c2). Grass and crops have a stable annual albedo 
variation (Figures 8f2 and 8g2), partly because they have relatively lower vegetation coverage. The climatological 
PFT and land cover maps were also attached to the released data to help users better characterize regional albedo 
variations of different land cover types.

He et al. (2014) also generated an albedo climatology for different PFTs by using the monthly albedo climatology 
at a 0.05° spatial scale. However, it is difficult to accurately capture the snow variation with a monthly temporal 
scale, and mixed pixels might be included in the statistics due to the coarse spatial resolution. Furthermore, the 
snow disturbance was not removed. Therefore, based on the comparison of the albedo variation of different PFTs 
obtained in this study with the results in Figure 5 of He et al. (2014), we argue that the daily 500-m blue-sky 

Figure 7.  Spatial distribution of net radiation uncertainty caused by the difference between model albedo with the new climatology. (a, d, and g) European Centre for 
Medium-Range Weather Forecasts Reanalysis 5 (ERA5), (b, e, and j) Modern-Era Retrospective Analysis for Research and Applications Version 2 (MERRA2), (c, f, 
and i) mean Coupled Model Intercomparison Projects Phase 6 (CMIP6); (a–c) annual difference, (d–f) summer difference, and (g–i) winter difference.
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Figure 8.  General albedo variations of different Plant Functional Types: (a) Evergreen needleleaf trees, (b) evergreen 
broadleaf trees, (c) deciduous needleleaf trees, (d) deciduous broadleaf trees, (e) shrubs, (f) grass, (g) cereal crops, (h) 
broadleaf crops. The left column represents actual climatology conditions; the right column corresponds to snow-free 
conditions.
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albedo climatology is more suitable for the characterization of the albedo change of different vegetation types, 
especially for the determination of the snow effect.

3.4.  Variability Analysis

Gao et  al.  (2014) analyzed the albedo climatology at different spatial resolutions. However, the influence of 
temporal aggregation remains unclear. This is important especially for the regions with clear snow and non-snow 
seasons, where coarse temporal resolution may not capture the large albedo variability and causes considerable 
uncertainty. Therefore, in order to justify the necessity of the albedo climatology at a daily scale, we quantified 
the temporal variability of the albedo climatology at different temporal scales. The albedo STD represents the 
temporal variability calculated from the albedo values to be aggregated in each coarser temporal group. For 
example, 12 albedo groups were obtained by aggregating the daily albedo to the monthly scale (12 months) at 
each pixel, and there would be 31 albedo values calculating the STD in the first group; finally, the mean of all 
monthly STDs was then calculated and shown in Figure 9c. The 8-day, 15-day, and monthly scales were selected 
because they are commonly used in current products. The annual scale was also used to indicate the annual 
stability of the global albedo.

Figure 9 shows that different temporal resolutions mainly affect areas with clear snow seasons, especially central 
Eurasia and the boreal tundra. This is because the vegetation types in these two regions are mainly grass, shrubs, 
and tundra, which have a low height and are easily fully covered by snow. Thus, the albedo dramatically increases 
in the snow season (Figures 8e1 and 8f1). The 8-day resolution has an albedo variability below 0.1 (most uncer-
tainties are between 0.025 and 0.05; Figure 9a). As the temporal resolution becomes coarser, the albedo varia-
bility in central Eurasia and the boreal region increases above 0.2 (Figures 9b and 9c). The albedo in the tropical 
forest, desert, and permanent snow regions remain stable throughout the year (Figure 9d). The albedo variability 
analysis illustrates the superiority of the daily scale albedo climatology datasets.

4.  Conclusions
Land surface albedo plays a critical role in the surface radiation budget, and is becoming a basic driving factor of 
climate, hydrological, and biogeochemical modeling, as well as weather forecasting. In many satellite retrievals 
and climate models, the land surface albedo is generally assigned by LUTs between the albedo and land cover 
types. However, there are large albedo differences among the modeling predictions, which is partially due to the 
substantial uncertainty of previously published albedo climatology data. Therefore, precisely mapping global 
albedo climatology is necessary to better characterize environmental systems. In this study, we generated a new 

Figure 9.  Variability pattern of actual albedo climatology at different temporal resolutions: (a) 8-day; (b) 15-day; (c) 
monthly; and (d) annual scales.
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global surface blue-sky albedo climatology data set based on 20-year MODIS data and carried out comprehensive 
analyses.

We employed 38 long-term operational sites from the SURFRAD, BSRN, and Fluxnet networks to assess the 
accuracy of the new actual albedo climatology for different land cover types worldwide. The overall RMSE of 
the new albedo climatology is 0.031, with a bias of −0.003 and R of 0.96. For snow-free samples in summer, 
the RMSE is 0.021, bias is −0.002, and R is 0.93, whereas the RMSE, bias, and R for snow albedo are 0.055, 
−0.007, and 0.91, respectively. The GLASS, GlobAlbedo, ERA5, MERRA2, and 14 CMIP6 modeled albedo 
climatology datasets were also included for comparison. The results show that the new albedo climatology is 
superior with respect to absolute accuracy and can be used as a reference for assessing the modeling results. In 
addition, ERA5 performs better than other modeled and reanalysis datasets because ERA5 better simulated the 
surface snow albedo, while it results in overestimations during the snow-free season. Both the temporal analysis 
and bias statistics show that MERRA2 has a clear underestimation for snow albedo. CMIP6 models have various 
accuracies but most cannot capture albedo changes in detail, especially in the snow-free season.

The new albedo climatology data and corresponding observation times were mapped for different seasons. The 
actual albedo climatology data were then aggregated and used as references to assess the quality of ERA5, 
MERRA2, and the average global CMIP6. The results show that ERA5 matches the new climatology better than 
other models. However, the albedo over the Tibetan Plateau and Greenland is significantly overestimated. CMIP6 
also yields overestimations over these regions. MERRA2 underestimates the albedo at high latitudes, whereas it 
performs well in the Tibetan Plateau. The corresponding disturbance of the albedo uncertainty with respect to the 
surface net radiation was also quantified.

The general albedo variations of global PFTs were updated based on the new albedo climatology. Grass and 
shrubs have a higher snow albedo than deciduous needleleaf trees owing to their low height. Snow-free PFTs of 
albedo were also analyzed. The results indicate that deciduous trees have a larger snow-free albedo variability 
owing to vegetation phenology.

We quantified the global albedo variability pattern using the new albedo climatology at different temporal reso-
lutions. The results illustrate that coarser temporal resolutions mainly affect areas with snow seasons, especially 
central Eurasia and the boreal region. The 8-day resolution has albedo variabilities ranging from 0.025 to 0.05. As 
the temporal resolution becomes coarser, the variabilities in central Eurasia and the boreal region can reach values 
above 0.2. The annual pattern also indicates that the Southern Hemisphere has a more stable albedo variation 
owing to the smaller variation in the snow coverage.

We published a new global daily blue-sky albedo climatology data set, which has the potential to improve the 
accuracies of model prediction and satellite retrievals by data assimilation, and it also provides a reliable ground 
reference for model assessment. In the future, we would like to combine the albedo clear-sky retrieval product 
with new climatology datasets to generate a global all-sky albedo product.
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resolution. To demonstrate the heterogeneity of the land cover climatology, the percentage of the dominant type 
in each aggregation group was calculated.
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