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Abstract Tibetan Plateau (TP) snow cover is featured by sub-seasonal changes, affecting weather and
climate in surrounding and downstream areas. Previous studies emphasize the effect of background atmospheric
circulation on rapid changes of TP snow cover as a whole. However, spatial discrepant changes of snow cover
over the TP with complex topography and uneven snowfall remain unaddressed. Our research indicates that
snow cover fraction dominates the rapid changes of surface albedo across the TP, and snow depth also
significantly influences surface albedo changes through modulating snow albedo in central and eastern TP with
shallow snow. However, the excessive snow amount and empirical snow cover fraction schemes introduce
spatially divergent biases of surface albedo changes in simulations. Our research highlights the instant response
of TP surface albedo to both snow coverage and depth in snow season, and provides a promising perspective for
improving TP snow and surface albedo simulations.

Plain Language Summary Tibetan Plateau (TP) snow cover is characterized not only by obvious
seasonal changes, but also by rapid sub-seasonal changes, which has a significant impact on the weather and
climate of the downstream areas by affecting the surface albedo over the TP. Previous studies have generally
concluded that the background atmospheric circulation dominates rapid changes of overall TP snow cover.
However, rapid changes of snow cover exhibit spatial discrepancies over the TP with complex topography and
uneven snowfall. Our study finds that snow coverage and depth both contribute to rapid changes of surface
albedo and energy budget over the TP, which further lead to rapid changes of snow cover. However, current
numerical models tend to overestimate the snow and fail to simulate spatial different changes of snow coverage
and depth, leading to spatially divergent simulation biases in surface albedo, surface energy balance and local
atmospheric circulation over the TP. Therefore, there is an urgent need to improve the snow parameterization in
models to enhance the intra-seasonal simulation of snow cover and surface albedo over the TP.

1. Introduction

Extensive seasonal snow covers the Tibetan Plateau (TP), exerting a significant influence on the weather and
climate in surrounding and downstream regions (Jia et al., 2021; Qin et al., 2006; Wu & Qian, 2003; You
et al., 2020; Zhao & Moore, 2004). Recent investigations have revealed evident intra-seasonal variations in snow
cover across the central and eastern TP (Che et al., 2019; Li et al., 2018, 2020; Pu et al., 2007; Song et al., 2019).
Previous work further indicates that the intra-seasonal variation in TP snow cover (TPSC) has unneglectable
impacts on surface albedo and surface energy budget, thereby shaping circulation systems in East Asia, including
the Westerly Jet Stream and East Asia trough (Li et al., 2021).

The intra-seasonal variation of TPSC is governed by local air temperature, precipitation, and water vapor
transport, modulated by intra-seasonal oscillations of large-scale circulation, including the tropical low-frequency
oscillation Madden-Julian Oscillation and mid-latitude atmospheric circulation (Li et al., 2016; Song et al., 2019).
However, recent researches mainly focus on the influence of background atmospheric circulation on the rapid
change of TPSC as a whole, leaving the spatial discrepancies in observed rapid changes of snow cover over the TP
with complex topography and uneven snowfall unaddressed.

During snow seasons, changes of TPSC can cause rapid changes of surface albedo, which affect the surface
energy budget and ultimately acts back on the TPSC itself. Over the TP, the complex topography exerts a sig-
nificant influence on the distribution of snow cover, resulting in spatially heterogeneous variations in TPSC (Miao
et al., 2022). In the mountainous areas of TP, the snow is deep, extensive, and stable. Conversely, in central and
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eastern TP, the widespread shallow snow has a short duration due to its relatively low albedo (Flanner & Zen-
der, 2005; Liu et al., 2021, 2022; Wang et al., 2020). In addition, the existence of light-absorbing aerosols in snow
can also lead to reduced albedo and accelerated snowmelt (Gul et al., 2021; Lee et al., 2017; Li et al., 2022;
Roychoudhury et al., 2022). These researches indicate that snow elements that dominate changes of surface
albedo may differ in different regions of the TP, and the influence of snow depth (SD) cannot be ignored.

In this study, we employ remote sensing data to map the weekly variation of TP surface albedo. We assess the
relative contribution of snow cover fraction and SD to the rapid change of TP surface albedo in observations and
regional climate simulations. Furthermore, we discuss the underlying mechanism of rapid changes of TPSC and
the correlation between SD, snow cover fraction, and surface albedo.

2. Data and Methods
2.1. Data and Model

To investigate the weekly change of surface albedo over the TP, we analyzed the 8-day surface albedo data of
Global Land Surface Satellite products (Liang et al., 2020). A 500 m daily cloudless snow cover fraction data set
(Tang et al., 2013) and a 0.05° daily SD data set (Yan et al., 2021) from the National Tibetan Plateau Data Center
were used to examine the characteristics of snow cover fraction and SD over the TP (Text S1 in Supporting
Information S1).

Furthermore, we conducted the Weather Research and Forecasting (WRF) Model simulations from December
2011 to May 2012 to investigate the influence of snow cover fraction and SD on the rapid change of surface
albedo over the TP (see Figure S1 and Table S1 in Supporting Information S1 for details about WRF simulations).
We chose SSiB (Simplified Simple Biosphere model; Xue et al., 1991) as the land surface scheme and conducted
two sets of comparative experiments NYO7TR and EXP based on different snow cover fraction schemes.

2.2. Surface Albedo Calculation in Land Surface Models

In current climate models and land surface models, surface albedo is primarily derived through the area-weighted
average of individual component albedos. Taking the equation of surface albedo in the land surface model SSiB3
(Simplified Simple Biosphere model version 3; Sun & Xue, 2001) as an example (Equations 1 and 2), the surface
albedo (@gyface) 18 calculated by the weighted average of the albedo of vegetated and non-vegetated areas
(Equation 1). vcover is the vegetation cover fraction, and @,y is the canopy albedo. The albedo for the non-
vegetated area corresponds to the ground albedo (@gouna)s Which is obtained by combining the albedo of
snow-covered and snow-free areas (Equation 2). Therefore, snow greatly influences «.

through o and

surface canopy

@grouna- HOWever, during snow season, the vegetation (mainly grassland and meadow) over the TP is sparse and
short, and there are spatial differences between snow and vegetation (Figure S2 in Supporting Information S1),
resulting in a limited contribution of vegetation to Qg face-

Qsurface = VCOVEr * Qcanopy + (l - Vcover) * Xground (1)
Aground = SCF - SA + (1 = SCF) - ayy 2)
Xground = soil + SCF » (SA - asoil) (3)

Equation 3 is a variant of Equation 2, which indicates that ay,qnq is governed by soil albedo (a,q;), snow cover
fraction (SCF) and snow albedo (SA). Considering the complexity of «,; changes, especially with frozen soils
prevailing over the TP during snow season, we exclude them from our study. Consequently, we mainly focus on

the effect of snow on @y,ound-

2.3. Shallow Snow Albedo

Changes of snow albedo play a crucial role in the snow melting process and snow area changes (Budyko, 1969;
Qu & Hall, 2007; Xue et al., 2003; Yang et al., 2001). A previous study highlighted that the albedo of shallow
snow is far less than 0.8 (thick snow albedo value) (Giddings & LaChapelle, 1961). However, many current land
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surface models still adopt fixed values for snow albedo (Chen et al., 1996; Dai et al., 2003; Dickinson et al., 1993;
Sellers et al., 1996), leading to significant biases in simulating surface energy balance.

To address this issue, the Snow and Ice Aerosol Radiation (SNICAR) model; Flanner et al., 2021; Flanner &
Zender, 2005, 2006) was developed to accurately simulate snow radiative properties based on snow grain size and
aerosols in snow. Based on the SNICAR model, a previous study developed a novel shallow snow albedo scheme,
effectively reducing the simulation biases of snow cover over the TP (Wang et al., 2020). Similarly, another study
introduced a SD factor to the default snow albedo scheme to account for the unique radiative properties of shallow
snow over the TP (Liu et al., 2021, 2022). In this paper, we will refer to the above two studies to calculate the
shallow snow albedo over the TP in observations and simulations.

2.4. Rapid Change of Surface Albedo

To characterize the rapid changes of snow and « we use the absolute change of elements (x) between

adjacent time steps (¢ and #-1) as the indicator (Equation 4).

surface>

[Ax,| = |x, — x,_1] )

During snow season, the «, (or «, ) change over the TP is dominated by snow without considering

surface ground

vegetation and soil changes. In Equation 3, SA-a,; is the increase in albedo compared to soil albedo due to the
presence of snow. Previous studies have shown that this increase in albedo is proportional to SD until the SD
reaches a certain value, for example, 4 cm (Wang et al., 2020). Therefore, we introduce a new variable, the change
of SD below 4 cm (SD,) to represent the changes of SA-a,;. In order to quantify the contribution of different
snow elements, we simply assume SD, and SA-a,; to be linearly correlated. The a; is set to 0.19 when there is
no snow, and the snow albedo is set to 0.79 when the SD is greater than 4 cm (Liu et al., 2021, 2022), therefore the
relationship between SA-a,; and SD, can be presented as:

0.79 - 0.19

SA — agoy = 4

- 8D, = 0.15 - SD, (%)

According to above assumptions, the rapid changes of ground albedo can be split into two terms as Equation 6, term
SCF (0.15 - ASCF, - 8Pzt 6P ' he SCF-dominated ground albedo change) and term SD, (0.15- A(SD,),
~w, the SD,-dominated ground albedo change). We will compare the relative contributions of SCF and

SD, to ground albedo based on these two terms.

A(agmund), =0.15- A(SCF . SD4)t

=0.15-SCF_; - A(SDy,), + 0.15- ASCF, - (SD4),_; + 0.15 - ASCF, - A(SDy), ©
D, D, F, F
= 0.15~ASCF,-M + 0.15~A(SD4),-%

3. Results
3.1. Rapid Changes of TP Winter Surface Albedo

Surface albedo is a key variable in surface energy balance and budget, and it is also sensitive to changes of snow
cover. We first investigate the rapid change of surface albedo over the TP. Figure 1c shows the regional mean 8-
day rapid variations of TP surface albedo from 2011 to 2015. We observe that TP surface albedo undergoes rapid
changes during snow season (September to the following May). In autumn/spring, monotonic increases/decreases
of TP surface albedo are correlated with snow accumulation/melting processes (Figure S3 in Supporting Infor-
mation S1). However, the TP surface albedo exhibits distinct fluctuations in winter, with a maximum 8-day
increase of 0.070 and a maximum 8-day decrease of 0.064 recorded in January 2012. To examine the spatial
heterogeneity of these rapid changes of TP surface albedo, we divide the TP region into three sub-regions based
on the topography and snow distribution (Figure 1d). The magnitude of winter surface albedo variation is slightly
greater in the Qiangtang Plateau (QT) and eastern TP (ETP) than in the southeastern TP (SETP).
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Figure 1. Weekly changes of surface albedo over the Tibetan Plateau (TP). (a) Multiyear (2011-2015) winter mean absolute 8-day change of surface albedo over the TP.
(b) Same as (a) but in spring. The regional mean values of (a and b) are in the lower left corner of the figures. (c) Regional mean 8-day change of surface albedo over the
TP (2011-2015). The shade indicates the boreal winter. (d) Division of the three sub-regions (Qiangtang Plateau, eastern TP, southeastern TP).

To quantify the rapid change of TP surface albedo, we employ the mean absolute change as a measurement index
(see Section 2.4). Figures 1a and 1b show the spatial pattern of the mean absolute 8-day change of surface albedo
(IAagy,gacel) over the TP during winter and spring, respectively. Obviously, the |Aag,, ...l in winter (0.029 for
regional mean) is larger than that in spring (0.017 for regional mean). In spring, rapid changes of surface albedo
occur mainly in the southeastern and western TP, where large areas of thick snow are also distributed (Figures S4b
and S4c in Supporting Information S1). Accelerated snowmelt may contribute to the rapid decrease in surface
albedo. However, the distribution of surface albedo change in winter exhibits a distinctive spatial pattern
compared to its seasonal mean (Figure S4a in Supporting Information S1). Large |Aag,, el Occurs in the QT
(0.034), ETP (0.033) and SETP (0.024). Besides, in most areas of southwestern TP (Himalayas), |IAag,facel 18
greater than 0.02, or even beyond 0.04. As a whole, the winter surface albedo is characterized by rapid weekly
fluctuations across the TP.

3.2. Influence of Snow Depth on Rapid Changes of Surface Albedo

Extensive seasonal snow covers the TP during winter (Figure S4 in Supporting Information S1), which is highly
likely to affect fluctuations in surface albedo. Here we use a commonly employed algorithm for surface albedo in
land surface models to illustrate the relationship between variations in surface albedo and snow cover (see
Sections 2.2 and 2.4).

We first show the 8-day changes of winter SCF. Figure 2a demonstrates a notable and rapid variation in SCF
during winter, with a regional mean change of 5.50%. Moreover, the spatial distribution of SCF exhibits a
similarity to that of surface albedo, as indicated by a spatial correlation coefficient of 0.71. However, we note that
the winter mean SD in the QT (1.09 cm) is much lower than the TP average (2.52 cm), which indicates the
presence of extensive areas with unstable shallow snow in the QT. The snow albedo increases with SD, and the
widely distributed shallow snow over the TP exhibits lower albedo than thick snow. Therefore, the observed rapid
changes of surface albedo cannot be fully explained by SCF alone, especially in the areas with shallow snow.

During winter, over half of the SD across the TP are below 4 cm, and SD remains below 4 cm for the majority of
time in the QT region (Figure 2e). Observations indicate that the probability of occurrence of shallow snow over
the TP is 0.275 in winter, which is 0.693 during the days with snow (Figure S5 in Supporting Information S1).
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Figure 2. Weekly changes of winter snow cover over the Tibetan Plateau (TP). (a) Multiyear (2011-2015) winter mean
absolute 8-day change of snow cover fraction (SCF) over the TP. (b) Same as (a) but for snow depth with a 4 cm limitation
(SD,). The regional mean values are in the lower left corner of (a and b). (c) Rapid variation of regional mean winter o f,ces
Term SCF and Term SD, over the TP. (d) Changes of rapid variation of @y, Term SCF and Term SD, with
temporal resolution. (e) Distribution of snow depth in different regions. The upper and lower bottoms of the boxes are the
upper quartile and lower quartile, respectively, and the middle line and number are the median. The maximum whisker length
is specified as 1.5 times the interquartile difference.

agrnund’

Here we introduce a new variable SD, as a simplified indicator of SA variations (Section 2.4). SD, exhibits
notable and rapid fluctuations (0.22 cm) with distinct spatial patterns compared to SCF (Figure 2b). Specifically,
the large values of ASD, are concentrated in the eastern and northwestern TP, while SCF contributes more to
rapid changes of surface albedo in the southeastern TP.

We further compare the contributions of SCF and SD, to ground albedo changes. Figure 2c reveals that the
calculated ground albedo changes (0.022 for the whole TP) are closed to that of observed surface albedo (0.029
for the whole TP), except for the QT region, which may result from the improper representation of “snow albedo-
SD,” relationship or the ignorance of soil albedo changes. Term SCF contributes more to the rapid changes of
ground albedo (0.016), especially in the SETP. Meanwhile, Term SD, exhibits a comparable magnitude with little
spatial heterogeneity (0.006), albeit smaller than Term SCF. Moreover, Term SD, maintains a remarkable effect
on the rapid change of ground albedo on a daily to biweekly scale, with the most pronounced influence observed
at daily scale (Figure 2d).

Hence, the observations strongly suggest that snow cover fraction governs the rapid change of TP surface albedo
during winter, and the contribution of snow depth is also remarkable, especially in the central and eastern TP with
large areas of shallow snow.
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Figure 3. Weather Research and Forecasting-simulated 8-day changes of winter surface albedo, SD, and snow cover fraction (SCF) over the Tibetan Plateau in the
winter of 2011-2012 (a—c) The observed rapid change of surface albedo, SD, and SCF, respectively (d—f) Same as (a—c) but for the NYO7TR experiment (g-h) Same as

(a—b) but for the EXP experiment.

3.3. Simulated Rapid Changes of Surface Albedo

To further assess the impact of snow on the variation in TP surface albedo in simulations, we conduct two
additional WRF experiments in the winter of 2011-2012. Overall, the control experiment NY0O7TR accurately
captures the observed 8-day changes of winter SD, over the TP, although there is an underestimation in the central
TP (Figure 3d-3f). Notably, the simulated SCF 8-day change (2.55%) is largely underestimated compared to the
observation (4.41%). In comparison with the mean (Figure S6 in Supporting Information S1), the underestimation
of SCF changes may result from the excessive simulated snow cover (SD, reaches 4 cm, SCF reaches 100%) in
the central and eastern TP. The smaller SCF changes lead to underestimated surface albedo changes in the eastern
TP where covers the stable snow. However, in the central TP, the excessive snow amount amplifies the albedo
changes in shallow snow areas. Eventually, the excessive simulated snow brings an opposite bias in surface
albedo change in the central and eastern TP.

Furthermore, the ratio of term SCF to term SD, is 2.6 compared to 3.0 of observation, which suggests that the
underestimated SCF leads to a larger contribution of SD, to ground albedo changes. To better represent the effect
of SD,, on rapid changes of surface albedo, we set SCF to a constant value of 1 (or 100%) to remove its variability
(EXP experiment). Surprisingly, the increased SCF only causes a slight increase of mean and change of simulated
surface albedo and SD, in the eastern TP compared to the NYO7TR experiment (Figure 3h and Figure S6 in
Supporting Information S1), which may result from consistent spatial distribution of SCF and SD, changes. The
spatial correlation coefficient for the changes of SCF and SD, is 0.62, while it is 0.92 for their means. However,
the SCF and SD,, in observations are spatially differentially distributed with a spatial correlation coefficient of
0.30 for the changes and 0.67 for the means.

In summary, compared to observations, excessive simulated snow results in underestimated snow variations,
especially SCF, and consequently a spatially divergent bias in surface albedo change and an increased
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Figure 4. Schematic diagram of the correlation between snow depth, snow cover fraction, and snow albedo. The light orange
area is the focus of our attention, where the two sub-graphs present the “snow cover fraction-snow depth” (upper sub-graph)
and “snow albedo-snow depth” (lower sub-graph) relationships in models from previous studies.

contribution of SD, to ground albedo changes. Besides, the SD, and SCF show a highly consistent spatial dis-
tribution, which may also cause uncertainties in simulating surface albedo changes.

4. Summary and Discussion

This study reveals the rapid change of TP surface albedo during winter using satellite observations, which pre-
sents in most areas of the TP. We emphasize the joint influence of snow cover fraction and snow depth on the
rapid change of TP surface albedo. However, the excessive snow amount and consistent spatial variations of snow
cover fraction and snow depth in simulations introduce spatially divergent biases in surface albedo changes and
amplify the contribution of snow depth to ground albedo.

Both snow cover fraction and snow albedo play crucial roles in driving changes of surface albedo and energy
budget, which subsequently influences snowfall and snowmelt through land-atmosphere interactions (Figure 4).
Over the TP, the rapid changes of snow may result from the combination of infrequent snowfall events and
accelerated snowmelt. First, the intra-seasonal variations of atmospheric circulation modulate the water vapor
transport from South and Central Asia, which in turn affects the snowfall over the TP (Song et al., 2019). Second,
the widespread shallow snow over the TP has a low albedo, and it will be further reduced by the aerosol and dust in
snow and snow aging (Roychoudhury et al., 2022; Sarangi et al., 2020; Zhang et al., 2018). The low snow albedo
brings accelerated snowmelt through “snow-albedo” positive feedback, and this is the main pathway that snow
depth affects surface albedo changes. Third, the complex topography and strong wind over the TP can lead to non-
uniform snowfall distribution, snow blowing and south-slope preferential snowmelt, thereby non-uniform sub-grid
distribution of snow cover and possible rapid changes of snow cover fraction (Miao et al., 2022; Mott et al., 2018;
Xie et al., 2019). In summary, snow depth (or snow albedo) and snow cover fraction jointly dominate the rapid
changes of TP snow through “snow-albedo” feedback, which is the underlying mechanism of rapid changes in
snow over the TP.

Furthermore, the WRF simulation results in this work show that the simulated surface albedo, snow cover fraction
(SCF), and snow depth (SD) display consistent spatial variations over the TP (Figure 3), which does not match the
observed spatially heterogeneous distributions of SCF and SD. We attribute this discrepancy to a model error
induced by presenting the correlation between snow depth, snow cover fraction, and snow albedo. Current climate
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models mainly rely on parameterization schemes to estimate SCF. Actually, most current SCF schemes are
empirical schemes based on SD or snow water equivalent (Douville et al., 1995; Helbig et al., 2015; Li
etal., 2019; Niu & Yang, 2007; Roesch et al., 2001; Wu & Wu, 2004; Yang et al., 1997). The upper sub-graph in
Figure 4 shows five representative SCF schemes used in our previous research (Miao et al., 2022). SCF increases
with SD but remains unchanged when SD is large, which is not consistent with observations. This suggests that
employing empirical relationships based on SD fails to accurately capture SCF variations, which can lead to
significant biases in climate simulations. Notably, SA also exhibits a similar relationship with SD (the lower sub-
graph in Figure 4 quoted from Wang et al. (2020)). Consequently, SCF and SA are both derived from SD in
models, resulting in snow-related surface albedo variability is largely dependent on SD. However, this approach
cannot capture the rapid changes of surface albedo observed in areas with thick snow (Figure 1a). This deficiency
in simulations will be passed to climate simulations through intra-seasonal processes.

In conclusion, SCF and SD jointly influence the rapid changes of surface albedo over the TP, but the model fails to
capture the magnitude and spatial distribution of changes in snow and surface albedo. The simulation biases of
rapid snow accumulation/melting processes over the TP can lead to the biases in seasonal snow simulations.
Therefore, better parameterization of snow processes, for example, more accurate SCF scheme, is crucial for
effectively improving the weather forecasting, intra-seasonal forecasting, and climate prediction capabilities of
current models over the TP. Further combining the underlying mechanism of rapid changes in TPSC in this work,
we can target improvements in surface albedo simulations, which is a promising approach to reduce the uncertainty
of regional climate simulations, especially “cold bias” of surface air temperature simulations during snow seasons
over the TP.

Data Availability Statement

The daily cloudless Moderate Resolution Imaging Spectroradiometer (MODIS) snow area ratio data set of the TP
is downloaded at https://data.tpdc.ac.cn/en/data/94a8858b-3ace-488d-9233-75c¢021a964f0/. The 0.05° snow
depth data set for Tibetan Plateau is available at https://data.tpdc.ac.cn/en/data/0515ce19-5a69-4f86-822b-
330aalle2a28/. And the Global Land Surface Satellite (GLASS) albedo products are available at http://www.
glass.umd.edu/Albedo/MODIS/0.05D/.
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