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Abstract: Surface albedo plays a controlling role in the surface energy budget, and albedo-induced
radiative forcing has a significant impact on climate and environmental change (e.g., global warming,
snow and ice melt, soil and vegetation degradation, and urban heat islands (UHIs)). Several existing
review papers have summarized the algorithms and products of surface albedo as well as climate
feedback at certain surfaces, while an overall understanding of various land types remains insufficient,
especially with increasing studies on albedo management methods regarding mitigating global
warming in recent years. In this paper, we present a comprehensive literature review on the variance
pattern of surface albedo, the subsequent climate impact, and albedo management strategies. The
results show that using the more specific term “surface albedo” is recommended instead of “albedo”
to avoid confusion with similar terms (e.g., planetary albedo), and spatiotemporal changes in surface
albedo can indicate subtle changes in the energy budget, land cover, and even the specific surface
structure. In addition, the close relationships between surface albedo change and climate feedback
emphasize the important role of albedo in climate simulation and forecasting, and many albedo
management strategies (e.g., the use of retroreflective materials (RRMs)) have been demonstrated to
be effective for climate mitigation by offsetting CO2 emissions. In future work, climate effects and
management strategies regarding surface albedo at a multitude of spatiotemporal resolutions need
to be systematically evaluated to promote its application in climate mitigation, where a life cycle
assessment (LCA) method considering both climate benefits and side effects (e.g., thermal comfort)
should be followed.

Keywords: surface albedo; radiative forcing; global warming; climate feedback; vegetation; soil;
snow–ice; water; urban; carbon trade-off

1. Introduction

Surface albedo is defined as the ratio of the reflected irradiance in the viewing hemi-
sphere to the total incident solar irradiance [1,2], which plays an essential role in surface
energy balance, carbon and water cycling, medium- to long-term climate and weather
forecasting, and global change studies [3,4]. In the Paris Agreement, the ambitious goal to
restrict global warming to 2 ◦C and preferably close to 1.5 ◦C relative to preindustrial times
(i.e., the mid-nineteenth century) by the end of the 21st century was created, and this goal

Remote Sens. 2022, 14, 1382. https://doi.org/10.3390/rs14061382 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14061382
https://doi.org/10.3390/rs14061382
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-1352-5143
https://orcid.org/0000-0002-3701-0830
https://orcid.org/0000-0001-9683-7136
https://orcid.org/0000-0002-5302-9849
https://orcid.org/0000-0002-2768-7960
https://orcid.org/0000-0001-9477-9155
https://doi.org/10.3390/rs14061382
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14061382?type=check_update&version=3


Remote Sens. 2022, 14, 1382 2 of 28

requires rapid and sustained decarbonization, especially before the assumed emissions
peak by 2030 [5,6]. Human-induced warming reached an estimated 0.93 ◦C ± 0.13 ◦C above
mid-nineteenth-century conditions in 2015, is currently increasing by nearly 0.2 ◦C per
decade [7], and increased to 1.07 ◦C in 2019, as recently reported in the Intergovernmental
Panel on Climate Change (IPCC) AR6 [8]; thus, there is a limited window in which to
develop a more carbon-efficient future for climate mitigation. Implementation require-
ments were recommended for the Global Climate Observing System (GCOS) sponsored
by the World Meteorological Organization (WMO) with a view towards the Sustainable
Development Goals (SDGs) and the implementation of the Paris Agreement, where surface
albedo is listed as one of the Essential Climate Variables (ECVs) in the terrestrial biosphere
domain in a phased 5–10 year implementation plan published in 2016 [9]. The IPCC AR6
highlights the intensity and frequency of hot temperature extremes over land due to contin-
uous global warming dozens of times and calls for mitigation decisions rather than passive
adaptation [10].

Numerous algorithms and products regarding surface albedo have been developed
for decades and are widely applied in resolving climate problems. Bidirectional reflectance
distribution function (BRDF) angular modelling [11] and narrow-to-broadband conver-
sions [12] are the two main processes involved in surface albedo retrieval from satellite
observations under cloudless conditions, and a series of surface albedo products have been
generated, ranging from those of 250 m to 20 km, daily to monthly, and 5 to 30 years in
spatial resolution, temporal resolution and temporal span, respectively [13], such as the
Moderate Resolution Imaging Spectroradiometer (MODIS) [11] and Global Land Surface
Satellite (GLASS) [14] surface albedo product. A general accuracy requirement of 0.02–0.05
is recommended within 5–10 years on a global scale [1,2], and a smaller uncertainty of
±0.02 for regional climate simulation is required [3]. Based on these mature algorithms
and datasets, many studies have focused on monitoring the spatiotemporal variance in
global surface albedo, as well as its effect on perturbations in Earth’s radiative balance—or
radiative forcing and climate feedback. Surface albedo presents different patterns over
various land surfaces and their seasonable transformation [15], including soil, vegetation,
urban areas, ice, snow and water surfaces. Subsequently, the change in surface albedo can
affect heat and moisture exchange between the land surface and atmosphere, and a positive
radiative forcing would lead to an increase in temperature [16], ice melt [17], snow melt [18]
and vice versa. To address these problems, many climate intervention strategies have been
implemented to offset anthropogenic climate change, especially for global warming [19,20].

At present, several studies have reviewed surface albedo in some directions. First,
the primary definition [21], algorithm and product [13] and surface validation [22,23]
were reviewed. Then, several studies focused on the variance characteristics over main
land cover types, including forest [24], urban [25], snow-covered [26,27] and ice-covered
areas [26,28]. In addition, the effect of surface albedo on climate responses was also sum-
marized, including its application in climate simulation [2] and the relationship between
surface albedo and CO2 emission [29]. Moreover, studies on surface albedo in a special
ultraviolet (UV) waveband were also reviewed [30]. However, reviews of a single land
type generally lack an overall understanding of surface albedo for research, and increasing
attention has been placed on the albedo-induced climate feedback under the background of
global warming [26,31] and corresponding albedo strategies for climate mitigation [20,32]
in recent years. Thus, it is necessary to provide an overview of surface albedo over vari-
ous land types and its impact on climate change as well as management methods, which
will enhance the application potential of surface albedo in climate governance for both
researchers and decision makers.

In this paper, we present a comprehensive literature review of the variance pattern of
surface albedo over typical land types and special objects, subsequent effects on climate,
and albedo management strategies for mitigating these undesirable effects. First, several
definitions related to “albedo” are introduced to avoid confusion and distinguish surface
albedo from other research objects, and a literature analysis is presented. Second, we review
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the spatiotemporal patterns of typical land covers, mixed types and special surfaces. Then,
short-to-long-term albedo monitoring and the application and management of these moni-
toring techniques are summarized. In addition, the main findings, some inconsistencies,
and future work are discussed, and our conclusions are presented.

2. Literature Analysis of Surface Albedo

In this study, the literature data were collected from the Web of Science core database,
Thomson Reuters. First, we searched for articles and reviews including “albedo” in the
titles published from 1 January 1900 to 31 December 2021, resulting in 3287 items in total.
However, many articles retrieved focused on similar albedo variables instead of on surface
albedo, and thus the data were carefully and manually screened by reading the titles and
abstracts. Therefore, we first introduced easily confused definitions related to “albedo”, and
statistical results involving surface albedo were visualized with visual analysis software.

2.1. Definition Distinction

Figure 1 shows major albedo variables associated with the surface, top of atmosphere
(TOA), atmosphere, and cloud layers, where cloud albedo makes a major contribution to
Earth’s albedo [4]. Moreover, albedo in other fields is also described.
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Numerous studies have been carried out on surface albedo over the decades, and
it has been defined differently between early [1] and recent research stages [21]. In the
field of remote sensing, a recent rigorous definition is provided by [4]: “Surface shortwave
broadband albedo represents the surface hemispheric reflectivity integrated over the solar
spectrum (0.2–5 µm)”. Surface albedo is an important variable in surface energy balance,
which can be expressed by Equation (1) [4]. The surface all-wave net radiation Rn represents
the balance between incoming radiation from the atmosphere and outgoing radiation from
the Earth’s surfaces, which is a sum of shortwave net radiation (Rn

s) and longwave net
radiation (Rn

l). αsw and Fd
s refer to surface shortwave broadband albedo and shortwave

downward irradiance, respectively. In longwave downward (Fd
l) and upwelling radiation

variables (Fu
l), ε, Ts, and σ refer to surface longwave broadband emissivity, surface skin

temperature, and Stefan–Boltzmann’s constant, respectively.

Rn = Rs
n + Rl

n = (1 − αsw)Fs
d + Fl

d − Fl
u = (1 − αsw)Fs

d + εFl
d − σεT4

s (1)
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Currently, satellite data provide a unique way to retrieve αsw at large scales, which
relies on satellite-acquired basic quantity of reflectance that characterizes (geometrically)
the reflecting properties of a specific surface. Considering the natural surface is interme-
diate between rough Lambert with isotropic diffuse reflection and smooth surface with
specular reflection, the intrinsic reflectance anisotropy (i.e., BRDF) of a natural surface
is useful primarily as an underlying concept of reflectance [33]. BRDF is defined as the
ratio of increments from reflected radiance to that from incident solar irradiance over a
tiny surface element at viewing and solar geometries, respectively. Solar irradiance in-
volved in BRDF refers to the incident radiant flux onto a surface element dA, and reflected
radiance represents the radiant flux over the projected area of dA at a “conical” solid an-
gle of reflection. Consequently, directional reflectance varies with incident and reflected
geometries (i.e., solar zenith angle (SZA, θi), view zenith angle (VZA, θv), and relative az-
imuth angle (RAA, ϕ)) and spectrum wavelength λ. Before the retrieval, satellite-observed
TOA reflectances at limited sun-viewing geometries are always transferred into surface
reflectances by eliminating atmospheric effects [34], and then the entire BRDF change can
be reconstructed by models [11]. To derive the albedo from reflectance measurements,
the directional hemispherical albedo (i.e., black-sky albedo (BSA)) and bihemispherical
albedo (i.e., white-sky albedo (WSA)) are computed using Equations (2) and (3) [35], which
are further combined to measure blue-sky albedo weighted by a percentage of diffuse
skylight S as shown in Equation (4) as a function of aerosol optical depth (AOD) [36,37].
Finally, Equation (5) shows the integration of blue-sky albedos from bands λ1 to λ2 to
obtain shortwave broadband albedo at band Λ. In practice, narrowband-to-broadband
conversion coefficients are always utilized to simplify this process based on albedos at
several typical narrow bands (e.g., blue, green, red, near-infrared (NIR)), and coefficients
for multiple sensors onboard polar orbit and geostationary satellites have been proposed
and widely used [12,38–40].

BSA(θi, λ) =
1
π

∫ 2π

0

∫ π
2

0
R(θi, θv, ϕ, λ) sin θv cos θvdθvdϕ (2)

WSA(λ) = 2
∫ π

2

0
BSA(θi , λ) sin θi cos θi dθi (3)

α(θi, λ) = (1 − S(θi, τ(λ)))BSA(θi, λ) + S(θi, τ(λ))WSA(λ) (4)

αsw(θi, Λ) =

∫ λ2
λ1

Fd
s(θi, λ)α(θi, λ)dλ∫ λ2

λ1
Fd

s(θi, λ)dλ
(5)

Then, shortwave radiative forcing from surface albedo change can be calculated to
evaluate its climate effect [29]. Given the asymmetry between solar irradiance and the
seasonal cycle of surface albedo in many extratropical regions, the local annual mean
instantaneous shortwave radiative forcing RF∆α at TOA (in W/m2) is usually estimated
following monthly surface albedo changes. One method is to use radiative kernels derived
from global climate models [41] although they are model- and state-dependent, and a
simplified RF∆α model allowing greater flexibility surrounding the prescribed atmospheric
state has recently been presented as Equation (6) [42]: where ∆αm, Fd

s
m, and Tm,t refer

to a surface albedo change, the incident solar irradiance at surface level, and the all-sky
monthly mean clearness index in month m and year t, respectively.

We can see that a negative value can be obtained as surface albedo increases, which
shows a cooling effect to offset CO2 emission. In turn, reduced surface albedo means
the exacerbation of warming effect. This circulation is always called surface albedo feed-
back [27]. Considering importance of snow and sea ice with high albedo, feedbacks over
these two kinds of surfaces have been widely studied, which are called as snow albedo
feedback (SAF) [27] and sea-ice albedo feedback (SIAF) [32]. Meanwhile, the impact of
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albedo feedback on climate change is always focused on, and thus the word “climate
feedback” is also widely used [43].

RF∆α(t) =
1

12∑12
m=1 (−Fd

s
m,t

√
Tm,t∆αm,t) (6)

During literature retrieval, we found that some similar albedo variables may have
created confusion. The fraction of incoming solar energy scattered back to space by Earth is
referred to as planetary albedo, which is also called Earth albedo or TOA albedo [44,45].
Single scattering albedo (SSA) is generally associated with particles, where atmospheric
aerosols near the surface, tropopause and TOA have attracted much attention [46]. Cloud
albedo is also called plane parallel albedo and can be mainly affected by cloud-condensation
nuclei of dimethyl sulphide, which is produced by marine phytoplankton and chemically
oxidizes in the atmosphere to form sulphate aerosols [47,48]. In addition, albedos for special
surfaces have also been examined, such as albedos of water bottom [49] and exoplanets [50].
Meanwhile, albedos at special wavelengths have also been investigated [51]. Different
from most satellite observations with a passive remote sensing mode depending on solar
illumination, an object’s albedo from an active light source is also widely used, such as the
neutron albedo of a person [52] and metals [53]. In particular, the albedo tissue of fruit
peels is extensively used in the food industry [54], especially that from citrus.

Planetary albedo can significantly affect surface temperature [55], and both atmo-
spheric and surface albedos contribute to planetary albedo [56]. Novel stratospheric aerosol
injections have been proposed to increase planetary albedo and mitigate global warm-
ing [57]. Similarly, the influence of surface albedo variances on planetary albedo needs to
be studied in the future. After the above data cleaning, 1714 literatures remained, including
1702 articles and 12 review papers. Therefore, the more specific term “surface albedo” or
other kinds of albedo should be included among titles and keywords to avoid confusion.

2.2. Literature Analysis

The 1714 papers focused on surface albedo were imported into bibliometric and visual
analysis software HistCite [58] and into VOSviewer for citation statistics and analysis with a
focus on publication volume, citations, research fields, citation connections, and keywords.

Publications and total citations associated with surface albedo from 1954 to 2021 are
shown in Figure 2, where the publications and citations show a similar increasing trend,
especially after 2008. Increased research interest indicates the importance of surface albedo
and strengthens confidence in its further investigation.
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Figure 2. Publications and total cited frequencies associated with surface albedo from 1954 to 2021.

The percentages of research fields are shown in Figure 3. A paper may be related
to one or several research areas, and there are 3031 fields for all the 1714 papers. The
meteorology atmospheric sciences is the top field that contributes to surface albedo (i.e.,
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20.0%). Meanwhile, much attention has also been focused with a proportion of larger
than 4.7% in the next six fields, including environmental sciences ecology, geology, remote
sensing, imaging science photographic technology, engineering and physical geography.
Then, 12 fields account for 17.9% of total selected papers with a percentage from 0.5% to
3.0%, where different surface types (e.g., agriculture, water, ocean, forestry and building)
and subjects (e.g., geochemistry geophysics, energy, optics, computer and materials) are
included. Overall, surface albedo plays an essential role in various research areas, especially
for atmospheric and environmental sciences.
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The relationships between citation connections, research hotspots and institutions
were analysed with VOSviewer software. Citation connections are shown in Figure 4,
where 538 papers were included with a citation frequency of greater than 30. There are six
major cluster networks in total: (1) algorithms, products and validations of surface albedo
over various land surfaces at regional and global scales, such as the MODIS surface albedo
product [11], and climate analysis, such as urban heat islands (UHIs) [59] and carbon
budgets [60] (red dots); (2) definition and inversion algorithms [1,12] (green dots); (3)
application to climate analysis, such as drought [61] (blue dots); (4) sea surface albedo [62,
63] (light green dots); and (5) and (6) ice and snow albedo and their effects on climate
feedback [64,65] (cyan and purple dots).

Research hotspots are shown in Figure 5, which presents the leading 148 items that
occur more than 15 times among all 4304 keywords. We can see that the keyword “albedo”
achieves the highest density, followed by “climate”, “model” and “MODIS”, which indi-
cates numerous efforts made in surface albedo-induced climate feedback and inversion
algorithms, especially based on the MODIS dataset. The next most significant keywords
are “BRDF”, “algorithm”, “product”, “validation”, “snow”, “vegetation” and “tempera-
ture”. This shows the important role of primary BRDF characteristics in albedo estima-
tion [11,66,67], and a series of algorithms and products have been developed in previous
studies [13]. Notably, albedos of snow [68] and vegetation [69] surfaces have also attracted
much attention in global warming research, and surface albedo-induced climate feedback
shows an effect on temperature change. In addition, surface albedo has also connected to
various land–atmosphere mass and energy exchange processes, such as soil, ocean, mass
balance, carbon, atmospheric aerosol, and precipitation processes.
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The statistics show that surface albedo has been studied for decades, and attention to
the subject has increased, especially since 2008. Studies of various land types have been
conducted, as shown in Figures 4 and 5, and the high use of the term “climate” indicates
its close relationship to surface albedo. Many albedo management strategies have also
been proposed in recent years [20], which may provide an important solution for climate
mitigation.

3. Variance Characteristics of Surface Albedo for Essential Land Types and Scales

Surface albedo generally varies by land cover type for natural (e.g., wildwood) and ar-
tificial surfaces (e.g., buildings) [70,71] and is also sensitive to various factors besides atmo-
spheric [72,73] and cloud [74] conditions, such as soil–vegetation [66,67,75,76], snow [77–79]
BRDF characteristics, topography [80], diurnal asymmetry [81] and spatial resolution [82].
Some studies also focus on surface albedo across mixed land covers, special objects and
hotspot regions.

3.1. Albedo Variances for Typical Land Types
3.1.1. Soil Albedo

Soil albedo is generally used as the background value of scenarios and varies with
various factors, such as soil surface irregularities, wetness, soil colour, the SZA, and biochar.
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For tillage soil, there is a positive correlation between surface albedo and the SZA, while
a negative relationship is observed with an increase in soil roughness and wetness [83].
Specifically, highly rough soils show stable surface albedos as the SZA increases, while
the smooth soil surfaces show a gradual increase in albedo. Therefore, soil roughness can
act as an indicator of the diurnal variation in soil albedo [84]. Meanwhile, soil albedo
is more sensitive to surface roughness under dry conditions than wet soil. In addition,
soil moisture has been used to tune soil colour mapping and albedo [85], and deep soil
moisture also shows a link to decreases in bare soil and canopy albedos [86]. With an
increasing mass of soil accumulated salt from non-saline conditions, soil albedo can reach
as high as 0.3 [87]. Moss and biocrusts significantly reduce (43.4%) bare soil albedo due
to the increased darkness (43.7%), roughness (90.4%) and moisture (20.7%) of the biocrust
layer [88]. Biochar application shows decreased soil albedo [89], which results in a reduction
of its overall climate mitigation benefit in production, but which shows a non-negligible
advantage for soil amelioration [90,91]. Spectral albedos of desert surfaces (i.e., Gobi and
sand dunes) in China were measured at spectral ranges of 0.35 to 2.5 µm in the spring and
autumn [92], and lower (0.05–0.11), obviously higher (0.20–0.30), and maximum values
(0.37–0.49), and more variability in surface albedos at UV wavelengths, approximately 0.6
µm, around 1.8–2.2 µm, and Gobi surfaces were found, respectively.

3.1.2. Vegetation Albedo

The change in vegetation canopy albedo has essential interactions with the carbon
trade-off [93], atmospheric nitrogen deposition and other environmental dynamics (e.g.,
temperature and precipitation) [69,94], especially for forests. Forest canopy albedo mainly
varies with species (e.g., evergreen needleleaf forests, evergreen broadleaf forests, decid-
uous needleleaf forests, deciduous broadleaf forests, and mixed forests) [69,95], green-
ness [96], forest structure (e.g., forest density, the leaf area index (LAI), and fractional
vegetation cover (FVC)) [97,98], stand age [95,99] and disturbance type (e.g., harvest
and fire) [95]. Broadleaf-dominated species usually present higher albedo levels than
conifer-dominated stands, and these values are more significant under snow-covered condi-
tions [95]. Moreover, forest structure may modulate albedo in most sub-biomes, and there
is always a positive albedo response to the LAI and a negative response to the FVC, except
for deciduous broadleaf forests in Mediterranean and temperate regions [97]. Notably, leaf
structure and biophysical parameters present significant effects on canopy albedo, such as
leaf glossiness and/or canopy morphological traits [100] and foliage nitrogen concentration
for temperate and boreal forests [94,101]. In addition, albedos of forest fine structures have
also been investigated, such as the vertical albedo profile [102] and coniferous needle and
shoot albedo [103].

Similarly, canopy albedos for various vegetation types in addition to forests (e.g.,
shrubs, crops and grass) also change with species [96]. Given that these non-forest veg-
etation types always have considerable intra- and interannual variations, their canopy
albedo variations with spatial (regional), temporal (within the growing season), and spec-
tral (visible, near-infrared, and shortwave) characteristics are more complex than those of
forests [104]. Numerous studies have focused on crop albedo in agricultural fields [105],
and biochar application to Mediterranean agricultural landscapes may reduce climate
mitigation in the production of biochar due to reduced albedo [90]. In particular, different
albedo variances were found among biofuel crops, such as corn, switchgrass and miscant-
hus in American agroecological zones [106]. In addition, shrubs in tundra ecosystems of the
terrestrial cryosphere can also reduce winter albedo [107], and vegetation canopy albedo
responds in opposite ways to soil moisture conditions, such as those of soil [86,108,109].
The impact of flowers on canopy albedo has also been investigated [110].

3.1.3. Snow, Ice and Water Albedos

Studies on snow albedo mainly focus on snow surfaces at a large scale at the north
pole [107], the south pole [68] and alpine regions, and both pure [65] and contaminated
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snow [111] have been investigated. Similar to vegetation, a series of snow physical parame-
ters also show a significant influence on surface albedo [78,112], such as snow type [113],
density [114], snow grain properties [18], snow depth, the SZA [112], roughness [115] and
impurities [78]. Impurities can generally lead to a reduction in snow albedo [78,116,117],
including light-absorbing particles of black carbon [18,118] and soot [64]. In addition, micro-
scopic plants of algae [116] and tundra [107] can also reduce surface albedo in snow-covered
areas.

Similar to those focused on snow, studies on ice albedo also focus on sea ice in the
Arctic [119,120] and Antarctica [121]. In particular, the Kangerlussuaq transect (K-transect,
Greenland ice sheet) has attracted much attention in recent years [122–126]. Moreover,
ice albedo changes with a series of physical properties, such as ice type [113,127], con-
centration [121], roughness (e.g., weathering crust) [115,126], melt-pond depth and ice
thickness [128]. In addition, impurities are another essential contributing factor. For exam-
ple, salt precipitation can lead to an increase in ice albedo [129]. However, lower ice albedo
is observed when ice is contaminated with many impurities, such as algae [123,126] and
even algal blooms [18], soot [64], ashfall [130], Saharan dust and black carbon [131], and
fire-induced aerosols [132].

In terms of water, many studies have focused on ocean surfaces that represent ap-
proximately 70% of the Earth’s surface [133,134]. Ocean breaking waves [135] and ship
wakes [136] can increase ocean albedo, and ocean water albedo has been calculated as
a function of sun glint, whitecaps, and water-leaving reflectance [133]. Generally, the
water surface presents a lower albedo than the surrounding terrestrial landscape [137].
In addition, water albedos at smaller scales are also investigated. For example, saline
lake albedo increases with salt concentration [138]. For low-gradient, non-white water
(flatwater) streams, the solar elevation angle, suspended sediment concentration, aeration
and proportion of diffuse to direct solar radiation can enhance surface albedo from 0.025 to
0.33 [139].

Snow, ice and water can be interchangeable across seasons, which leads to varying
albedos. For example, the albedo of Arctic sea ice varies during melting and refreezing
periods [17,71], and impurity-induced albedo reduction of snow and glacier has enhanced
glacier melt in the Tibetan Plateau [117] and the Alps [131]. Similarly, known drivers of
algal blooms and cryoconite always lead to albedo reduction on ice sheets, glaciers, and
snowfields [26], and microbial dark sediments also reduce the albedo of Greenland ice
sheet supraglacial streams and lead to melting [125].

3.1.4. Urban Albedo

Urban albedo closely impacts UHIs and causes a series of living environmental prob-
lems [25,59], and various countermeasures have been proposed. Urban albedo varies with
complex urban morphologies (e.g., block shapes, plan density, facade density, building
height, and layout orientation) and other factors (e.g., latitude, time and sky-view fac-
tors) [140], and the average urban albedo is the lowest for a medium-density city with
high-rise buildings presenting greater building height differences [141]. It seems to be an ef-
fective solution to increase urban albedo using retroreflective materials (RRMs) (e.g., glazed
facades), which can offset anthropogenic heat emissions in residential areas [142,143]. In
addition, roof albedo has attracted much attention, and analysis results show roof albedo
changes based on materials (e.g., membrane, asphalt shingle, roofing aggregate and tile
materials) [144]. Notably, roof membrane albedo plays a significant role in reducing heat in
warmer months [145]. Moreover, pavement is another essential element in urban regions,
and road albedo varies with the type [146] and ageing [147] of materials.

3.2. Albedo Variances for Mixed Land Types

Natural surfaces are always composed of mixtures of multiple land types rather
than a single type. Surface albedos of the 16 International Geosphere-Biosphere Program
(IGBP) ecosystem classes accompanied by snow have been investigated [70], especially
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for forests [148,149], and an obvious increase in surface albedo has been observed in
snow-covered areas due to their high albedo magnitude. Mixed forest albedo varies with
stand age, canopy height, tree species composition and FVC [148,149]. Moss and biocrusts
growing on soil significantly decrease overall soil albedo due to increased darkness [88],
and a similar result is found in Greenland ice sheet supraglacial streams due to microbial
dark sediments [125]. In addition, urban areas always contain soil–vegetation plots and
various artificial elements (e.g., blocks, street canyons, and pavement), which present
complex albedo variances [25,140,146].

3.3. Albedo Variances for Special Objects

Surface albedos of some special objects have also been noted. Within geomorphic
circles, rocks with low albedos usually present higher levels of radiative warming than
those with high albedos when their temperatures are no more than the surrounding air
temperature. Nevertheless, as the rock temperature exceeds that of the surrounding air,
their temperature variances show little difference for both dark and light rocks [150]. The
impact of flower albedo on soil microclimates was also compared to the effect for vegetation
without flowers [110]. Albedos of special artificial materials have also attracted much atten-
tion. In agriculture, widely used greenhouse cladding materials (e.g., commercial polymer
films) offer a potential means to increase the surface albedo of the local environment, which
can subsequently affect the local thermal environment [151]. Additionally, the albedos of
daily necessities have also been investigated, such as those of clothing and carpets [152].

3.4. Discussion of Albedo Variances Characteristics

Numerous studies focus on well-known landscapes and regions worldwide as well as
on the globe as a whole. First, the cryosphere, which is covered by perennial ice and snow
with high albedo, has attracted much attention, including the Arctic and Antarctic, and high-
altitude areas, such as the Asian water tower (i.e., Tibetan Plateau) and the Alps. In terms of
vegetation regions, temperate and boreal forests and Mediterranean agricultural landscapes
have received widespread attention. Deserts and urban landscapes have also been areas
of concern. Analysis shows that surface albedo for typical land types generally varies
with some common factors, such as surface structure, moisture, impurity contamination,
surface inhomogeneity and roughness, surface density, SZA, and topography. In particular,
snow- and ice-covered areas with high albedos have attracted much attention, because
a significant change in albedo can be seen during the formation and melting periods of
snow and ice. Moreover, increasing attention on special materials shows a trend in finer
terrestrial monitoring.

Therefore, a surface albedo dataset with high spatiotemporal resolution and accuracy
is demanded for an elaborate Earth survey. First, these typical variance characteristics
summarized in this study are promising to be used as prior knowledge for an accurate
estimation. In addition, with rapid development in the spatiotemporal resolution of satellite
observations and remote sensing from airborne observations, such as research aircraft [153]
and unmanned aerial vehicles (UAVs) [154], albedo variances at multiple scales can be
investigated and compared.

4. Climate Feedback and Management Strategy for Surface Albedo

Surface albedo plays an essential role in understanding and controlling climate change.
Various surface albedo datasets have been widely used to survey slow climate change,
such as those for land degradation [155], rapid surface dynamics [15] and extreme disaster
events, such as forest fires [156]. These variances in surface albedo have a significant effect
on the carbon trade-off [29,157], and many management strategies have been implemented
to mitigate greenhouse effects, such as afforestation [158] and the application of high-albedo
materials for pavement and roofs in urban areas [159].
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4.1. Monitoring Short-to-Long-Term Albedo Change and Climate Effects
4.1.1. Relationships between Surface Albedo Variance and Climate Feedback

Soil and vegetation are always studied together due to their closely dependent relation-
ship. Although higher surface albedo was observed for desertification soil after removing
vegetation due to overgrazing [160], denuded surfaces show positive climate feedback at
higher temperatures than vegetated surfaces due to the thermal effect of soil [161]. Sur-
face albedo shows the potential to identify arid ecosystems considering its abrupt and
discontinuous increase with increased aridity [162,163]. There remains a close link between
forest canopy albedo and environmental conditions (e.g., atmospheric nitrogen deposi-
tion, temperature and precipitation); therefore, it is important to elucidate the ecological
mechanisms involved [69]. For temperate and boreal forests, both CO2 uptake capacity
and canopy nitrogen concentration are strongly and positively correlated with shortwave
surface albedo [94]. A reduction in surface albedo was observed due to burn scars, and
biomass burning aerosols showed positive direct radiative forcing close to 0.1 W/m2 [164].
Liana-specific optical traits from thinner leaves with lower pigment concentrations show
high efficiency in light interception, which can increase tropical forest albedo by 14% in
the shortwave and reduce tree (−19%) and ecosystem (−7%) gross primary productiv-
ity (GPP), despite a significant increase in liana GPP (+27%) [165]. The climate effects
of agricultural biofuel albedo with CO2 and other greenhouse gas emissions have been
investigated by life cycle assessment (LCA), which shows a small cooling effect (e.g., corn
ethanol, −1.8 g CO2 equivalent (CO2-eq) for a mega-Joule (MJ) of corn ethanol) and a
stronger (e.g., switchgrass ethanol, 12.1 g CO2-eq) and less warming effect (e.g., miscanthus
ethanol, 2.7 g CO2-eq) [106]. Flower albedo can affect soil microclimates, and sunflower
plots with abundant flowers were found to lead to warmer (up to 1.2 ◦C) and drier soils
and increased plant water stress compared to plots with flowers removed [110].

Similarly, snow, ice and water are also strongly associated with each other, which can
be interconverted along with changes in temperature and weather [17]. The extent of snow
cover and sea ice in the Northern Hemisphere has declined since 1979 with a declined
cooling effect of 0.45 W/m2, coincident with hemispheric warming and indicative of a
positive surface albedo feedback effect of surface albedo on climate as well as the total
impact of the cryosphere [166]. In particular, the high albedos of snow and ice surfaces
show a large effect on radiative forcing. Snowfall-induced high albedo in postfire forest
areas during spring forest recovery shows large variations (e.g., >0.6) [167] and presents a
predominantly negative radiative forcing [156,168], and the reduction in snow has led to
an increase in Swiss spring temperatures by approximately 3–7% during 1961–2011 [169].
On a global scale, snow albedo shows a small climate feedback value of approximately
7% of that of the water vapour impact, while the peak value of snow albedo greatly
affects warming during the spring due to its important driving role in regional climate
change [27]. Snow and ice albedos are closely related to the mass change (also called mass
balance) of snow and ice over these surfaces (e.g., snow water equivalent), which have
been investigated over snowpack [170] and five glaciers in the Canadian Arctic [171] in
the melt season. Specifically, the upper site of an Alps glacier has mainly experienced
positive mass balances with continuously buried impurity layers over the period 1914–2014,
whereas negative mass balances appeared with impurity-induced albedo reduction and
increased melt at a lower site [131]. Surface melt and subsequent snow air depletion can
ultimately lead to the disintegration of ice shelves and accelerate sea-level rise, and foehn
winds enhance melting near the grounding line, leading to the disintegration of the most
northerly ice shelves in the Antarctic Peninsula [172]. The melting of relatively thin Arctic
sea ice pack was monitored in the summer [31], and reportedly, Arctic sea ice has shrunk
substantially over recent decades [32]. Impurity (e.g., black carbon)-induced snow albedo
reduction has greatly enhanced glacier melting on the Tibetan Plateau by approximately
15% during 2001–2018 [117], and forest fire-generated aerosols have also reduced glacier
albedo by 4–81% in a 20-year record (2000 to 2019) of MODIS, leading to an increase in air
temperature [132]. Continental-scale snow albedo anomalies in the meteorological activities
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of wintertime Arctic oscillation were observed [173]. A small increase in precipitation in
interior Antarctica can increase snow albedo by 0.4% on average during the 21st century
based on simulations, which has shown an inhibition of positive SAF induced by global
warming [174]. Substantial Antarctic sea ice losses from 2016–2018 reduced its negative
climate feedback by an increase trend of +0.26 ± 0.15 W/m2 [175].

In addition, surface albedo changes when natural disasters occur. Climate warming
and drying intensify the fire dynamics of forests (e.g., boreal forests), which leads to a
shift in vegetation composition [176]. Nevertheless, studies on desert dust and biomass
burning aerosols can exhibit dramatic shifts in radiative forcing at the TOA from cooling
to warming at surface albedos of below 0.5 to above 0.75 [72]. During the 2003 European
heat wave, a significant total negative shortwave radiative forcing (−10 W/m2) was ob-
served, especially over cropland areas, while a small effect (−1 W/m2) was observed at
the subcontinental scale [109]. Altered albedo dominates the radiative forcing changes
in a subtropical forest following an extreme snow event [177]. Based on the analysis of a
historical dataset of mountain pine beetle outbreaks in North America over a 60-year period,
albedo increased, and change in annual albedo (0.06 ± 0.006 W/m2) and negative radiative
forcing (−0.8 ± 0.1 W/m2) first reached its peak after 14–20 years and then recovered to
preoutbreak levels within 30–40 years [178]. The desert shows sharp reductions in albedo
to less than 0.2 when the surface is flooded [179].

Surface albedo can also be used for the interpretation of natural geographic processes
and phenomena. For example, surface albedo data can aid in more accurately extracting
the zenith light intensity of atmospheric emissions at night (i.e., auroral), which are always
contaminated by backscattered light from the ground or clouds below the emission layer
for satellite observations [180]. In addition, surface albedo impacts artificial night sky
brightness at the zenith along with land types and seasons [181].

4.1.2. Albedo Variances Induced by Anthropogenic Land Use

Recently, increasing attention has been dedicated to human-induced albedo variances,
and cultivation and urbanization are considered the two main factors involved [182].

For some deforested areas of the Amazon, secondary vegetation has been the dominant
land cover with similar albedo levels as those of primary forests [183]. As an important
source of transportation biofuel, increased forest harvesting was adopted with higher
albedo and induced varying radiative forcing over time [184]. To achieve ecological goals,
such as water and soil conservation and sand prevention, artificial afforestation has been
widely implemented worldwide and can significantly increase carbon storage by absorbing
atmospheric carbon dioxide and thus decreasing radiative forcing to cool the Earth [158].
However, surface changes from more reflective pasture to relatively less reflective forest
cover can lead to a positive radiative forcing [158,185], and an overall decrease in the
benefits from increased carbon storage by 17–24% was found in New Zealand [158]. In
particular, the positive forcing arising from surface change from winter snow to forest in
high-latitude regions may even offset the negative forcing from carbon sequestration [43,60],
and an empirically-based projection made in Norway also suggests that the positive climate
feedback of high-latitude and high-elevation expanding forests with seasonal snow cover
exceeds that of afforestation at lower elevations in the 21st century [43]. High-albedo
soils denuded by overgrazing appear much brighter and cooler than regions covered by
natural vegetation under sunlit conditions, which results in a thermal depression effect
and can further lead to regional climatic desertification [160]. Therefore, reindeer summer
grazing greatly decreases shrub height, abundance and total biomass in pastures, which
present increasing albedo and eventually delay snowmelt [186]. In terms of agriculture,
anthropogenic vegetation changes have caused relatively weak global mean radiative
forcing (−0.09 W/m2) from preagricultural times to the present, but regional radiative
forcing is strong in certain regions and may have resulted in regional climate changes [187].
The significant transformation from forest to cropland in China between 850 and 2015
was investigated using the historical land-use harmonization dataset and albedo look-up
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maps, which shows an annual-mean increase (i.e., 0.00110) in land surface albedo and
brings a slight negative radiative forcing of −0.09 ± 0.04 W/m2 [188]. A study shows that
present land-use transitions over China bring cooler summers and winters accompanied
by reduced diurnal temperature ranges, and region-oriented parameterization should be
applied to consider the heterogeneous biophysical effects of vegetation in different climate
zones [189].

Urban construction is a major process in terms of human activity, which results in a
totally slower increase in surface albedo due to transitions from canopy covers to darker
impervious covers (e.g., roof and pavement) [190,191]. Thus, UHIs were first discovered
in the early 1800s, which emerges as the source of many urban environmental problems
and exacerbates the living environment in cities, and reflective materials are expected
to help tackle these challenges [25]. The LCA of urban roofs shows that high-albedo
materials can effectively mitigate UHIs [192]. Moreover, the LCA of pavement albedo
has a varying impact on the carbon budget along with materials, where Portland cement
concrete pavement reduces CO2-equivalent emissions by 9.2%, and an increase of 19.1%
was observed for hot mixture asphalt pavement [193]. Computational fluid dynamics (CFD)
analyses of asphalt and concrete pavements under the same ambient conditions show that
asphalt surface temperatures are consistently higher, and surface temperatures decrease
with increasing surface albedo and thermal inertia values for the two materials, especially
for surface albedo [194]. Although a high-albedo street canyon can mitigate the UHI effect,
the corresponding mean radiant temperature can increase pedestrian heat stress [195]. In
addition, urban-industrial aerosol haze can exhibit dramatic shifts in radiative forcing at
the TOA from cooling to warming with changes in surface albedo [72].

4.1.3. Application in Ecology and Climate Simulations

Land surface albedo datasets play an essential role in the evaluation and tuning of most
regional and global energy budgets, climates, ecology and biogeochemical models [2]. For
example, precise ocean albedo data can significantly reduce the biases of ocean–atmosphere
coupled tropical-channel models [196] and Earth system models over tropical oceans [134].

First, surface albedo plays a key role in surface energy and radiation budget models [4].
The impact of ice/snow albedo has attracted particular attention. Based on an energy
balance model (EBM) of the Earth’s climate, the change in the winter snow line in the
middle-latitude plateau of Northern Hemisphere topography can lead to an enhancement
of positive SAF [16]. The National Center for Atmospheric Research Community Climate
Model is used to calculate the increase in solar energy that would be absorbed by the Earth–
atmosphere system if all sea ice on the planet were to melt, which presents an upper limit
compared to the direct radiative forcing of greenhouse gases, such as atmospheric carbon
dioxide [197]. Snow albedo is used to describe the seasonal cycle of snow hydrology [112].
By coupling an atmospheric general circulation model with a sea ice–slab ocean model,
the extreme climate of full Earth glaciation is simulated by different surface albedos in
conjunction with CO2, orography and oceanic heat transport [198]. Based on an Earth sys-
tem model, high snow albedo can lead to excessive ice build-up during glacial times [199].
In early stages, an “almost trivial” climate system of geometrical dimension zero was
developed and was used to analyse the impact of ice albedo on climate feedback, including
three main climate states of interglacial, deep freeze and desert heat [200]. Notably, coupled
climate Community Climate System Model v3 (CCSM3) [201] and v4 (CCSM4) [202] were
used to simulate and explain the famous Arctic amplification phenomenon, where a sub-
stantial reduction in sea ice in the Arctic has been observed at nearly double the warming
rate of the global average. Dynamic simulations based on the diurnal EBM implemented in
the parallel ice sheet model (PISM) show that SIAF is an essential contributor to the mass
loss of the Greenland ice sheet under future warming, which further contributes a large
amount to future sea-level rise [203]. The terrestrial cryosphere is mainly composed of
snow, glaciers and ice, and covers approximately one-fifth of the Earth, and the ongoing
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and predicted impacts of cryosphere loss may lead to the disappearance of entire biomes
and crises of water availability.

In addition, vegetation and urban albedos also have essential impacts on climate
change. A two-dimensional cellular automaton Daisyworld was developed to study
interactions between environmental conditions (e.g., background albedo and temperature)
and organism growth [204]. Forests often suffer from insect plagues, and modelling
of mountain pine beetle outbreaks over 240 years shows a reduction in merchantable
biomass and an increase in surface albedo; however, these outbreaks may have a much
smaller impact on global temperatures over the coming decades and centuries than a
single month of global anthropogenic CO2 emissions from fossil fuel combustion and
cement production [205]. In addition, previous findings highlight the strong sensitivity
of summer monsoon circulation and rainfall to surface albedo in an ocean–atmosphere
coupled model [196]. Interaction between wind and surface albedo was modelled in low
dust emitting regions of stony deserts by using the Weather Research and Forecasting
(WRF) model; fine-grained sediments and low-albedo gravel-mantled surfaces can alter
surficial thermal properties and increase near-surface winds by up to 25%, and wind erosion
results in faster winds regionally [206]. High-albedo materials may be used widely in urban
areas, particularly in warm and hot climates, and a modelling study shows their ability to
achieve higher air quality with a net effect of reducing ozone concentrations [207]. A three-
dimensional numerical model (the Model for Urban Surface Temperature (MUST)) was
used to investigate the impact of urban geometry on average urban albedo and street surface
temperature, where the average sky-view factor plays an essential role [141]. A numerical
model was used to evaluate the impact of street canyons on subsequent pedestrian heat
stress using the mean radiant temperature [141], and the optimal combinations of urban
albedo and green covering were determined to improve the urban microclimate (e.g.,
outdoor air temperature and mean radiant temperature) based on environmental analysis
model ENVI-met [208,209]. Based on a WRF model, high-albedo urban materials can
mitigate the UHI effect but worsen the outdoor thermal sensation [210].

In addition, large-scale climate change has been associated with surface albedo based
on a series of circulation and forecast models in global climate forecasts [211,212] and
regional weather forecasts [213]. Near real-time surface albedo has been used to improve
the Noah land surface model [212]. Although carbon sequestration or modern biomass
plantations can mitigate the greenhouse climate by 2100 according to integrated assess-
ment model IMAGE 2.2, the subsequent reduction in surface albedo can increase surface
temperature and offset climate contributions [214]. According to simulations by IPCC AR5
Coupled Model Intercomparison Project Phase 5 (CMIP5) for the past 150 years using the
climate model and emissions from preindustrial times to the present day [73], aerosols
show a small positive radiative forcing induced by their surface albedos (+0.016 W/m2)
and would lead to ten times larger positive TOA radiative forcing, although the overall
effect on solar radiation and clouds is most certainly negative (−0.6 W/m2). Emergent
constraints are proposed to reduce intermodel variability in projections of climate change
based on CMIP6 [215], which occurs each year as snow and sea ice retreat from their
seasonal maxima and which is strongly correlated with future surface albedo feedback
in modern-day analogues. Based on general circulation model ECHAM5-JSBACH, the
dynamics of vegetation albedo and background soil albedo have shown an improvement
in the frequency and persistence of precipitation anomalies in the Sahel region, respec-
tively [216]. In addition, cloud-compensated hemispheric asymmetries in clear-sky albedo
show that hemispheric albedo asymmetries have induced a series of climate changes by
coupling ECHAM6 to a slab ocean model [217]. Eleven Earth system models are used to
investigate climate effects by maintaining net TOA radiation balance with an imposed
forcing of an abrupt quadrupling of the CO2 concentration and an instantaneous increase
in ocean albedo, and opposing trends are observed for air temperature over the land sur-
face (increase by 1.14 ◦C on average) and most of the ocean (decrease) [19]. These results
reinforce previous findings that keeping TOA net radiation constant is not sufficient for pre-
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venting changes in global mean temperature. In particular, surface albedo is also necessary
to model climate variances in past periods, such as the impact of surface albedo on climate
variations in the Phanerozoic [218], Sahel/Sahara precipitation in the mid-Holocene [219],
the “Snowball Earth” hypothesis of the Neoproterozoic glacial episodes [220], the early
Archean climate [221] and the Pliocene Arctic climate [222].

4.2. Economic Cost and Management Strategy for Surface Albedo

Based on the relationships between surface albedo and ecology as well as economic
benefits, various management strategies for surface albedo have been proposed. In the
Albedo, Building green, Control of global warming and Desertification (ABCD) project
conducted in 2012 in Italy, the installation of highly reflective surfaces was demonstrated
to be an effective means to tackle global warming by achieving a significant offset of CO2
equivalents [20]. A simulation shows that albedo modification produces substantial near-
term reductions in the rate of Greenland ice sheet-driven sea-level rise, while continued
sea-level rise contributions persist for decades to centuries after temperature stabilization
and temperature drawdown begin [122]. To implement land-based climate mitigation,
non-CO2 forcing agents are often converted into “physical” CO2 equivalents [29,93], and
social-cost-based CO2 equivalents for surface albedo-induced forcing are also proposed as
stock equivalents to assist economic analysis [157].

Numerous studies have focused on soil and vegetation albedo management, especially
for forests. The magnitude of the carbon offset potential due to changes in surface albedo
has been simulated based on climate models over a 100-year management period, which
has important implications for forest management methods to mitigate climate change
in light of this additional biophysical criterion [184]. Four methodologies are utilized to
calculate shadow prices for forest albedo radiative forcing, which are then input to an
ecological and economic forest model to determine optimal rotation periods [223]. Carbon-
equivalent metrics for forest albedo changes have been proposed [93], and the cost of forest
climate mitigation associated with both carbon sequestration and albedo change seems to
be more efficient and less intrusive than the traditional policy that merely considers carbon
sinks [224]. Afforestation is taken as an essential climate mitigation option incentivized by
a globally uniform reward for carbon uptake in the terrestrial biosphere, but it could lead to
food price hikes through land competition [185]. A market-level model has been explored
with socially optimal carbon and albedo pricing and characterizes optimal land allocation
and harvests by considering both climate benefits and economic welfare [225]. Most
biogeophysical forcings (e.g., surface albedo-induced radiative forcing) are rarely included
in climate policies for forestry and other land management projects due to quantification
challenges, and more coordinated research among terrestrial ecologists, resource managers,
and coupled climate modellers is needed to corroborate and validate metrics at multiple
scales [24].

Crop management is another essential albedo strategy that involves changing agri-
cultural practices. A “biogeoengineering” approach was proposed to mitigate surface
warming, whereby specific crop varieties (e.g., specific leaf glossiness and canopy mor-
phological traits) are chosen to maximize canopy albedo [100,226]. Agricultural lands
span 15% of the global ice-free terrestrial surface and provide an immense and near-term
opportunity to address climate change, food, and water security challenges. The breeding
of new cultivars is computationally informed based on different canopy structural traits
to increase productivity, water use efficiency, and surface albedo to offset greenhouse
gas warming [227]. Reducing or suppressing tillage (no-till) shows the potential to se-
quester carbon in soils and albedo-induced cooling with higher albedo from soil than crops,
which opens new avenues for climate engineering measures targeting regional hot extreme
events [228]. The incorporation of charcoal produced by biomass pyrolysis (biochar) in
agricultural soils is a potentially sustainable strategy in soil amelioration, while large-scale
biochar application with low albedo may result in some side effects, such as warming
effects [90,91]. Different from the traditional view that wood fuels are carbon neutral,
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similar to other bioenergy sources, and considering the offset of CO2 sequestration by
biomass regrowth to CO2 release, quantified studies over a 100-year time horizon show that
bioenergy from slow-growing forests usually has a greater global warming potential (GWP)
than fossil oil and gas, while the results associated with coal are condition-dependent [229].
Biofuel crops are considered useful climate benefits due to land conversions, and the LCA
analysis shows a small cooling effect (e.g., corn ethanol, −1.8 g CO2-eq) and a stronger (e.g.,
switchgrass ethanol, 12.1 g CO2-eq) and smaller warming effect (e.g., miscanthus ethanol,
2.7 g CO2-eq) [106]. However, a different conclusion was found that an albedo-induced
climate mitigation for perennial (e.g., switchgrass) but not annual (e.g., corn) bioenergy
crops shows a much greater cooling effect [230].

Moreover, many management methods have been proposed to control the surface
albedo of water cycle process factors for snow, ice and water to mitigate global climate
warming. Vehicle emissions in the surroundings of ski resorts can reduce snow white-
ness and accelerate snowmelt, which affects attractiveness for visitors; therefore, traffic
restrictions may allow for more stable snowpack and regional climate conditions [231].
The positive SIAF in the Arctic has amplified warming, which has driven further melting,
and thus, reducing model errors in the current seasonal climate feedback and ice thickness
can narrow its spread under climate change [32]. The increasing global temperature not
only results in the melting of the Greenland ice sheet but also in albedo loss and in turn
reduces the strength of SAF and increases the social cost of carbon [232]. For low-albedo
water, one feasible method is to brighten the surface of the ocean by increasing the albedo
and areal extent of bubbles in existing shipping wakes, and simulations show that the
addition of surfactant is required to extend the wake lifetime from minutes to days and
months to achieve a significant negative global radiative forcing [136]. Geoengineering
on the ocean surface albedo scheme was performed based on a series of Earth system
models and shows that the maintenance of the TOA net radiation constant is not sufficient
for preventing changes in global mean temperature [19]. Lower albedo in the water of
hydropower reservoirs than in terrestrial landscapes results in a positive radiative forcing
and offsets some of the negative radiative forcing of hydroelectricity generation; in the
future, hydropower plants need to minimize the albedo penalty to make a meaningful
contribution towards limiting global warming [137].

In city management, albedo mitigation strategies are widely used, and square urban
grids show more potential to reduce the average hourly temperature by using fewer miti-
gated points [233]. An LCA of different roofs shows that high surface albedo plays a crucial
role in offsetting radiative forcings with a decrease in CO2 equivalents and mitigation
of the UHI; a highly reflective roof can also save annual cooling energy use relative to
a low-albedo roof [234]. A new type of RRM has been developed as a building coating
to help counter UHIs, and building surfaces with RRMs are more effective than other
materials with diffuse or mirror reflective characteristics [143]. However, precautions need
to be exercised by city planners and policy makers pursuing the large-scale deployment
of reflective materials without a sufficient understanding of their environmental impacts,
especially on regional hydroclimates, and the optimal strategy for UHIs needs to be deter-
mined on a city-by-city basis rather than with a “one-solution-fits-all” approach [25]. The
use of high-albedo materials further worsens thermal sensation due to further decreased
wind speed in addition to its considerable benefits in terms of temperature and energy
savings in heat waves; therefore, its application requires a careful evaluation of benefits and
side effects [109,210]. Similarly, pavement materials with high surface albedo have been
investigated, where Portland cement concrete slabs show higher surface albedo and lower
internal temperatures than asphalt mixture slabs [146]. Moreover, the implementation of
urban greenery is a widely adopted mitigation strategy to reduce ambient and surface
temperatures, which can then mitigate the UHI effect [235].

In addition, some industry management is also associated with surface albedo. Surface
albedo can affect the performance of solar cells (e.g., short-circuit current density, open-
circuit voltage, fill factor and output power) [236], and improvements in efficiency of over
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50% [237] and 30% [238] have been reported. Specifically, a new solar cell design based on
bifacial heterojunction back contact shows an improvement in maximum power density by
8% at 20% albedo compared to the monofacial condition [239]. A simulation of shadow
losses of direct normal, diffuse solar radiation and albedo for a very large number of trackers
used in photovoltaic systems was calculated, which provides guidance for the usage of
these trackers [240]. The UV damage from the combinations of 35 types of grounding
materials and 4 types of common photovoltaic backsheets was evaluated theoretically,
and it was found that a more accurate evaluation can be obtained by considering the
spectral albedo and long-term reliability of photovoltaic systems [241]. The anthropogenic
increase in aerosol concentrations since preindustrial times shows a small positive radiative
forcing (+0.016 W/m2) induced by the reduction in surface albedos and a significantly
positive TOA radiative forcing (−0.6 W/m2) [241]; the most responsible sectors are pointed
out, including the transportation sector in the United States, agricultural burning and
transportation in Europe, and the domestic emission sector in Asia. These evaluations can
help promote the division of climate responsibility and provide solutions. Climate has been
recognized as having direct and indirect impacts on society and the economy, both in the
long term and in daily life; therefore, multiagency collaborations are in high demand in
future work [242].

4.3. Discussion of Albedo-Induced Climate Feedback and Albedo Management Methods

Among numerous studies on the relationship between albedo and climate, some in-
consistencies and novel points must be noted. First, although the increase in surface albedo
has widely been considered to be a clear and effective solution to mitigate global warming,
complex climate mechanisms always lead to varying and even opposing conclusions at
different spatiotemporal scales [109,187]. In particular, the climate effect of agricultural
biofuels changes with albedo, and different findings have been obtained, including warm-
ing [106] and cooling effects [230]. Meanwhile, albedo-induced side effects have been
emphasized in several studies when evaluating climate effect, such as the impact of biochar
and highly reflective roof materials on soil amelioration [90,91] and thermal comfort of
pedestrians [109,210], respectively. In addition, the traditional view holds that wood fuels
are green energy resources and promising replacements for fossil fuels, while quantified
studies show that wood fuels may lead to a stronger warming effect than fossil fuels [229].
These inconsistent and even controversial analyses conducted at multiple spatiotemporal
scales and simulated from many climate models may be ascribed to scale differences and
uncertainties in the surface albedo dataset and climate evaluation models. Therefore, a
suitable spatiotemporal scale needs to be investigated for different subjects, and improve-
ments and selections are needed for surface albedo products and evaluation models [29] to
achieve greater accuracy and consistent conclusions.

Despite these inconsistencies, the sensitive surface albedo-induced climate feedback
demonstrated by numerous studies provides confidence in climate indication, and sub-
sequent albedo management strategies provide practical suggestions on achieving CO2
emission peak and carbon-neutral goals for multiple countries. Global warming has in-
creased the onset frequency and intensity of a series of extreme climate events [8], which
directly affect human survival and urgently need to be resolved worldwide. In terms of
disaster prevention and mitigation, previous architectures have mainly focused on the
albedo variance characteristics of typical disasters, such as UHIs, hot extremes, forest fires,
drought, and floods. Surface albedo is promising for further investigating the formation
mechanisms of these disasters, accurate prediction and control measures, and other kinds
of climate and meteorological events (e.g., cool extremes and hurricanes) induced by global
warming. For time range selection, the long-term LCA method adopted by an increasing
number of studies (e.g., decades or 100 years) is recommended to evaluate the comprehen-
sive influence [106,184,192,193]. It should be noted that abbreviations used in this study
are presented in Abbreviations part.
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5. Conclusions

Global warming has increased the onset frequency and intensity of a series of extreme
climate events [8], which directly affect human survival and urgently need to be resolved
worldwide. As a controlling parameter in the surface energy balance, surface albedo shows
to be a promising approach to climate mitigation. In this paper, we present a comprehensive
review of surface albedo based on architecture analyses, focusing on its variance patterns,
climate feedback and management strategies. The salient points are summarized as follows:

(1) A more specific term, “surface albedo”, is recommended for inclusion in titles and
keywords instead of “albedo” to avoid confusion (e.g., planetary albedo), and the
high frequency of the word “climate” indicates many efforts have been made in
dealing with climate problems using surface albedo data. Although many albedo
management strategies have been proposed in recent years [20], their quantity and
influence are still limited and need to be further developed.

(2) A significant surface albedo-induced climate feedback has been observed, and many
studies focus on enhanced glacier, ice and snow melt in the Arctic and Antarctic
induced by increasing global temperature, high albedo loss and albedo reduction due
to impurities. However, there are some inconsistent and even controversial analyses
at multiple spatiotemporal scales simulated from many climate models [109,187].
Therefore, it is necessary to investigate the suitable spatiotemporal scale for different
subjects, and improvements of surface albedo product and climate models are also
required for accurate climate evaluation [29].

(3) In addition, a series of effective management schemes regarding surface albedo
show the potential to mitigate global warming, which provide practical suggestions
for achieving CO2 emission peaks and carbon-neutral goals worldwide. The LCA
method should be used for surface albedo-induced climate feedback analysis to avoid
inconsistencies in conclusions [106], and more coordinated research among terrestrial
ecologists, resource managers, and coupled climate modellers is needed to support
the making of climate policies [24]. Through the improvements to the spatiotemporal
resolution of satellite observations and remote sensing from airborne observations,
surface albedo monitoring at finer levels would help better understand environmental
and climate dynamic processes as well as facilitate interventions.
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Abbreviations
The following abbreviations used in this study:

Abbreviations Full Name
ABCD Albedo, Building Green, Control of Global Warming and Desertification
AOD Aerosol Optical Depth
BRDF Bidirectional Reflectance Distribution Function
BSA Black-Sky Albedo
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CCSM Community Climate System Model
CFD Computational Fluid Dynamics
CMIP Coupled Model Intercomparison Project
EBM Energy Balance Model
ECV Essential Climate Variable
FVC Fractional Vegetation Cover
GCOS Global Climate Observing System
GLASS Global Land Surface Satellite
GPP Gross Primary Productivity
GWP Global Warming Potential
IGBP International Geosphere-Biosphere Program
IPCC Intergovernmental Panel on Climate Change
LAI Leaf Area Index
LCA Life Cycle Assessment
MODIS Moderate Resolution Imaging Spectroradiometer
MUST Model for Urban Surface Temperature
NIR Near-Infrared
PISM Parallel Ice Sheet Model
RAA Relative Azimuth Angle
RRM Retroreflective Materials
SAF Snow Albedo Feedback
SDG Sustainable Development Goals
SIAF Sea-Ice Albedo Feedback
SSA Single Scattering Albedo
SZA Solar Zenith Angle
TOA Top of Atmosphere
UAV Unmanned Aerial Vehicle
UHI Urban Heat Island
UV Ultraviolet
VZA View Zenith Angle
WMO World Meteorological Organization
WRF Weather Research and Forecasting
WSA White-Sky Albedo
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