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Abstract
The Tibetan Plateau harbours the largest ice mass outside the polar regions and supports 
abundant biodiversity. The annual temperature cycle profoundly influences both the cryo-
sphere and biosphere. However, the mechanisms underlying the changes in the annual tem-
perature cycle over the Tibetan Plateau under global warming remain poorly understood. 
The present study documents the changes in the amplitude of the annual temperature cycle 
over the Tibetan Plateau and examines their physical association with black carbon (BC) 
aerosols. We report a decrease in the amplitude of the annual temperature cycle over the 
Tibetan Plateau in recent decades, with the most pronounced negative trends occurring 
at elevations of 4000–5300 m (p < 0.05). Detection and attribution analysis attributes this 
intensified weakening of the annual temperature cycle amplitude on the high-elevation 
Tibetan Plateau primarily to anthropogenic activities, particularly aerosols. BC-induced 
albedo darkening plays a crucial role in winter. Statistical analysis and numerical model-
ling reveal that increasing BC aerosols over the Tibetan Plateau intensify winter surface 
warming by darkening the surface and exerting positive direct radiative forcing. More im-
portantly, the most robust sensitivity of the winter surface air temperature to the change in 
BC aerosols occurs at higher elevations on the Tibetan Plateau, where greater aged snow 
depths persist with limited fresh snowfall, maintaining larger grain sizes. Consequently, 
the intensification of winter warming by BC aerosols has decreased the annual tempera-
ture cycle amplitude over the high-elevation Tibetan Plateau. These findings are crucial 
for interpreting the changes in the annual temperature cycle over the Tibetan Plateau and 
for constraining predictions about the future of the cryosphere and biological diversity.
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carbon aerosols · Albedo darkening
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1  Introduction

Global warming is an indisputable fact. In addition to an increase in the mean temperature, 
a warming climate consequently affects the cryosphere (Shepherd et al. 2018), ecosystems 
(Richardson et al. 2018), species (Steinbauer et al. 2018), agriculture (Zhu et al. 2022), etc. 
One of the key factors influencing these climatic effects is the change in the annual tempera-
ture cycle (ATC). An ATC with a warmer winter reduces the temperature fluctuation below 
the freezing point, increases the number of days with air temperatures varying around the 
freezing point, and results in the dominance of white ice before ice-off (Weyhenmeyer et al. 
2022) and variations in precipitation type (Jennings et al. 2018). The ATC over extratropical 
land has shifted towards earlier seasons (Stine et al. 2009), which results in earlier melting 
of snowpack (Hamlet et al. 2005), a decreased duration of the frozen season per year (Kim 
et al. 2012), and a decreased snow cover extent and duration in the Northern Hemisphere 
(Hori et al. 2017; Choi et al. 2010). The ATC is also critical for simulating the evolution 
of ice sheets and interpreting glacial landforms and chronologies (Buizert et al. 2018). The 
amplitude of the ATC can increase the early thaw rates of permafrost (McKenzie and Voss 
2013) and profoundly affects water transport, ice table depth, ground ice content and perma-
frost stability in icy permafrost soils (Fisher et al. 2016, 2020). Additionally, changes in the 
ATC can affect biological and ecological systems, such as biological growth (Vicente Liz et 
al. 2019), species distributions (Zhao et al. 2021) and richness (Shrestha et al. 2018), plant 
developmental genetics (Li et al. 2010), and insect physiological traits (Bujan et al. 2020).

As the Third Pole and roof of the world, the Tibetan Plateau (TP) has the largest store of 
ice outside the polar region (Qiu 2008) and hosts a wide variety of species including both 
animals and plants (Cheng et al. 2023; Mao et al. 2021). Although it is essential to interpret 
the variation in the ATC to better understand climate change over the TP and its climatic 
effects on the cryosphere and biosphere, studies on the variation in the ATC over the TP and 
its causes are lacking. Like the amplitude of the ATC over land in extratropical locations 
in the Northern Hemisphere (Duan et al. 2019; Stine et al. 2009; Wang and Dillon 2014), a 
significant change has also been observed over the TP (Duan et al. 2017). However, a key 
knowledge gap exists regarding the cause of the decreasing ATC over the TP, and a more 
detailed mechanistic understanding is needed. Snow albedo feedback is an important posi-
tive feedback that is crucial over the snow-dominated TP in winter. Aerosols transported 
from heavily polluted regions around the TP can enter the environment, impacting the cryo-
sphere by darkening the surface and accelerating melting (Di Mauro 2020; Kang et al. 2019; 
Li et al. 2016; Sarangi et al. 2020). The transport and deposition of aerosols clearly show 
a seasonal cycle with a maximum during the non-monsoon period and a minimum in the 
monsoon period (Kang et al. 2019; Wan et al. 2017; Zheng et al. 2020). BC aerosols have 
been considered a significant contributing factor to cryospheric changes (Kang et al. 2020; 
Niu et al. 2017; Xu et al. 2009). A key but poorly quantified mechanism is that BC may 
increase winter warming via the snow–albedo feedback, thereby potentially weakening the 
ATC amplitude. This leads directly to our central research question: How do anthropogenic 
aerosols, especially BC, drive the observed weakening of the ATC amplitude over the high-
elevation TP?

Here, using gridded observational datasets, satellite observations, reanalysis data, and 
outputs from the Coupled Model Intercomparison Project Phase 6 (CMIP6) of the World 
Climate Research Program, we investigate the drivers of the robust decrease in the ATC 
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amplitude over the high-elevation TP. In particular, we examine the role of anthropogenic 
aerosol forcing and the associated processes involving surface albedo changes and radiative 
effects. This analysis is important for interpreting the changes in the ATC over the TP and 
for constraining predictions about the future of the cryosphere and biodiversity.

2  Data and methods

2.1  Observational and reanalysis datasets and related analysis methods

2.1.1  ATC amplitude

Daily surface air temperature (SAT) data from gridded observational datasets provided by 
the National Climate Center of the China Meteorological Administration (CN05.1; Wu and 
Gao 2013) were used to investigate and evaluate the changes in the ATC amplitude. The 
datasets are available at a 0.25◦×0.25◦ spatial resolution. The dataset version used in this 
study covers 1961–2020. CN05.1 has been widely used to analyse regional climate change 
and validate climate models (Shi et al. 2018; Wu et al. 2017), as well as to investigate 
elevation-dependent warming over the TP (Niu et al. 2021).

The ensemble empirical mode decomposition (EEMD; Wu and Huang 2009) method, 
a temporally local and adaptive filter, was applied to isolate the annual cycle (Qian et al. 
2011; Qian and Zhang 2015; Wu et al. 2008) and subsequently estimate the contribution 
of the ATC to the total variance in the monthly SAT over the TP. The seasonal maximum 
SAT over the TP occurs in summer (June–July–August, JJA) and the minimum occurs in 
winter (December–January–February, DJF; Fig. S1). Therefore, a simplified scheme from 
the literature (Qian and Zhang 2015) was considered to estimate the amplitude of the ATC, 
the details of which are as follows: 

	 A = (TJJA − TDJF) /2� (1)

where A is the amplitude of the ATC, and TJJA and TDJF are the temperatures of the current 
JJA and the following DJF, respectively.

2.1.2  BC aerosol and radiation flux

The BC surface mass concentration, surface net downward shortwave flux assuming a clear 
sky, and surface net downward shortwave flux assuming a clear sky and no aerosols from 
the Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-
2) reanalysis data were used here. The MERRA-2 reanalysis product has relatively good 
temporal and spatial resolution, is available at 0.5°×0.625°, and spans 1980–present (Gelaro 
et al. 2017). It can accurately depict the spatiotemporal variability in absorbing aerosol 
species and has been widely utilized to investigate the distribution and long-term changes 
in regional aerosols (Buchard et al. 2015; Liu et al. 2019, 2022), such as those in high 
mountain regions (Feng et al. 2020; Sarangi et al. 2020). Moreover, surface aerosol direct 
radiative forcing was estimated here as the net radiation flux at the surface for clear skies 
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with aerosols minus that for aerosol-free clear air (Antón et al. 2011). We used data from 
this dataset covering 1981–2020.

2.1.3  Surface albedo

The Global Land Surface Satellite (GLASS; Liang et al. 2013, 2021; Liu et al. 2013) pro-
gram provides a long-term (1981–2020), continuous, and high-spatial-resolution surface 
albedo product, with an accuracy comparable to that of the Moderate Resolution Imaging 
Spectroradiometer (MODIS) albedo product (He et al. 2013, 2014; Liu et al. 2013). We used 
the 1981–2020 data from this dataset. The GLASS satellite albedo product, which is consis-
tent with ground-based observations over the TP (An et al. 2020; Chen et al. 2015), has been 
widely used in studies related to surface albedo over the region (e.g. Chen et al. 2022; Jiang 
et al. 2020; Miao et al. 2024). We calculated the surface albedo by combining the black-sky 
albedo (BSA) and white-sky albedo (WSA) from the GLASS shortwave radiation product. 
To achieve this, the monthly surface downward shortwave radiative flux (Ds) and surface 
direct shortwave radiative flux (Ddir) from the fifth-generation atmospheric reanalysis of the 
European Centre for Medium Range Weather Forecasts (ERA5) at 0.25°×0.25° were used 
to calculate the diffuse skylight ratio (Fdif): 

	 Fdif = (Ds − Ddir) /Ds� (2)

The blue-sky albedo of the surface (ALB) can be derived as follows (Ma et al. 2019; Román 
et al. 2010): 

	 ALB = (1 − Fdif) × BSA + Fdif × WSA� (3)

2.1.4  Snowfall

Daily SAT, precipitation, and relative humidity from CN05.1 and daily surface pressure 
from ERA5 were used to estimate snowfall for 1981–2020. The temperature threshold 
method proposed by Ding et al. (2014) was adopted here to determine the precipitation type 
on the basis of the relative humidity and wet-bulb temperature as follows: 

	 Ptype = snow, if Tw ≤ Tmin� (4)

where Tw is the daily wet-bulb temperature, which can be deduced as follows: 

	
Tw = Ta − esat (Ta) (1 − RH)

0.000643Ps + ∂esat
∂Ta

� (5)

where RH is the relative humidity ranging from 0 to 1, Ta is the daily dry-bulb temperature 
(◦C), Ps is the daily air pressure (hPa), and esat (Ta) is the saturation vapour pressure (hPa) 
at Ta calculated by Tetens’s empirical formula (Murray 1967): 

	 esat (Ta) = 6.1078 × e( 17.27Ta
Ta+237.3 )� (6)
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where Tmin is the temperature for equal occurrence probabilities of snow and sleet. It can be 
expressed as follows: 

	
Tmin =

{
T0 − ∆S × ln

[
e( ∆T

∆S ) − 2 × e(− ∆T
∆S )

]
∆T
∆S > ln2

T0
∆T
∆S ⩽ ln2

� (7)

where ∆T  and ∆S represent the temperature difference and temperature scale, respectively. 
These values are calculated on the basis of their dependences on the RH and given by the 
following equations: 

	 ∆T = 0.215 − 0.099 × RH + 1.018 × RH2� (8)

	 ∆S = 2.374 − 1.634 × RH� (9)

The value of T0 depends on both the RH and elevation and is given by the following equation: 

	 T0 = −5.87 − 0.1042 × Z + 0.0885 × Z2 + 16.06 × RH − 9.614 × RH2� (10)

where Z denotes the elevation (km) of the observation station.

2.1.5  Snow depth

A long time series dataset of daily snow depth in China provided by the National Tibetan 
Plateau Data Center (Che et al. 2015) was also utilized in this study. The dataset is available 
at a 0.25◦×0.25◦ spatial resolution covering 1979–2023. More detailed information for this 
product can be found in the literature (Che et al. 2008; Dai et al. 2015, 2017). This product 
has been widely used in climatic and hydrological research in China (Wu et al. 2021; Yang 
et al. 2022). We used data from 1981 to 2020 from this dataset.

The analysis of the impact of BC on surface processes related to the ATC amplitude was 
based on the observational and reanalysis datasets mentioned above from 1981 to 2020.

2.2  Models and related analysis methods

2.2.1  Simulation

First, to investigate the roles of different external forcings in ATC changes over the TP, 
eleven CMIP6 (Eyring et al. 2016) models with single-forcing simulations were used. To 
increase the sample size for a more robust trend analysis, the historical simulations covering 
1850–2014 were extended to 2020 following the Shared Socioeconomic Pathway 2-Repre-
sentative Concentration Pathway 4.5 (SSP2-4.5) emission scenario, an approach that is con-
sistent with methodologies employed in previous relevant studies (e.g., Jiang et al. 2023). 
The hist-nat, hist-aer, and hist-GHG simulations are forced by natural variability, anthropo-
genic aerosols or greenhouse gases, respectively. To ensure temporal consistency with the 
CN05.1 observations, the detection and attribution analysis employed historical simulations 
from 1961 to 2020. Preindustrial control (piControl) simulations of the eleven models were 
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used to estimate natural internal climate variability. On the basis of the CMIP6 simulations, 
the optimal fingerprinting method (Allen and Stott P 2003; Ribes et al. 2013) was used for 
the detection and attribution of long-term changes in the ATC amplitude. Model selection 
was made from the pool of models that met two principal criteria: the provision of all neces-
sary forcing outputs for the detection and attribution analysis and a demonstrated reasonable 
simulation of the observed elevational variations in seasonal warming contrasts over the TP. 
From this pool, we selected the models detailed in Table S1.

In addition, to demonstrate that BC aerosols intensify high-elevation snow darkening over 
the TP and subsequently increase surface warming, simulated related variables from three 
models in the Aerosol Chemistry Model Intercomparison Project (AerChemMIP) endorsed 
by CMIP6 were also examined. The three models selected for this analysis (GISS-E2-1-G, 
NorESM2-LM, and UKESM1-0-LL) provided all the required variables and demonstrated 
a basic ability to reproduce the observed signature of seasonal warming differences with 
elevation. The impact of BC was assessed using the three AerChemMIP models by contrast-
ing two simulations: (a) the control experiment, which used 1850 concentrations of well-
mixed greenhouse gases and emissions of near-term climate forcers (piClim-control); and 
(b) the perturbation experiment, which used the same forcings but with the BC emissions set 
to present-day (2014) values (Collins et al. 2017) (piClim-BC). The BC-induced anomalies 
could be diagnosed by comparing the changes in variables between the two simulations.

Moreover, the surface albedo in the models was expressed as the ratio between surface 
upward and downward shortwave radiative fluxes because of the lack of albedo variables 
in the outputs.

2.2.2  Optimal fingerprint detection and attribution

On the basis of total least-square regression, the optimal fingerprint method can be expressed 
as follows (Allen and Stott P 2003; Ribes et al. 2013): 

	
y =

m∑
i=1

βiXi + ε� (11)

where y is the observation vector, Xi is the model-simulated response pattern to the ith 
external forcing, β denotes a vector of regression coefficients or the scaling factors to be 
estimated, and ε is the internal climate variability. Here, the regularized optimal fingerprint-
ing algorithm was used, which is a specific version that does not rely on empirical orthogo-
nal function (EOF) decomposition (Ribes et al. 2013). The time series was processed as a 
5-year nonoverlapping continuous mean with 12 values to filter out the interannual oscil-
lation signal and improve the signal-to-noise ratio. We used two independent estimates of 
internal climate variability covariances for optimal estimation and residual consistency 
testing (Zhang et al. 2007). The overall drift of the piControl simulations was removed 
by subtracting a linear trend over the full period. Moreover, on the basis of Monte Carlo 
simulations, a residual consistency test was adapted to check whether the noise estimate was 
consistent with the assumed internal climate variability. Details of the regularized optimal 
fingerprinting algorithm can be found in the literature (Ribes et al. 2013). Detection and 
attribution analysis was performed for 1961–2020.
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2.3  Statistical significance testing methods

In this study, statistical significance for Pearson correlation and linear regression analyses 
was assessed using a two-tailed Student’s t-test. Student’s t-test was also applied to examine 
the statistical significance of differences between variables with and without BC. Addition-
ally, a residual consistency test based on Monte Carlo simulations was employed within the 
optimal fingerprinting method for detection and attribution analysis.

3  Results

3.1  Amplitude of the ATC over the TP

The SAT series averaged over the TP was obtained by calculating the means of the grid 
points above 2000 m from the observations (purple line in Fig. 1a). On the basis of the 
monthly SAT of the TP, the variability at different frequencies was decomposed via EEMD 
(Fig. 1a). The data in Fig. 1a clearly show that the modulated annual cycle (MAC) was the 
dominant component (orange line), explaining 90.8% of the total variance in the monthly 
mean temperature across the TP from 1961 to 2020. The high-frequency (HF) and low-
frequency (LF) components explained 0.6% and 7.6% of the total variance, respectively. 
Therefore, the annual cycle is the dominant variable at the monthly time scale for the SAT 
over the TP.

The grid points above 2000 m across the TP were divided into several elevation ranges 
with 50-m intervals to detect the changes in certain variables with elevation. The mean 
trends in the summer (red line in Fig. 1b) and winter (blue line in Fig. 1b) temperatures from 
1961 to 2020 in the 50-m elevation categories displayed varying extents of warming from 
2000 m to above 5000 m, with a noticeable warming difference occurring at elevations of 
approximately 4000–5300 m. This resulted in a significant decrease in the ATC amplitude 
above 4000 m, with the most notable weakening occurring mainly at elevations of approxi-
mately 4500–5300 m (green line in Fig. 1b). To illustrate the contribution of the SAT in sum-
mer and winter to the changes in the ATC amplitude at elevations of 4000–5300 m, where 
the ATC amplitude decreased significantly (p < 0.05), their relationships are quantified and 
presented in Fig. 1c. The ATC amplitude trend over the TP from 1961 to 2020 did not sig-
nificantly correlate with the summer temperature trend (Fig. 1c). However, the correlation 
between the winter temperature trend and amplitude trend was significant (Fig. 1c), with a 
correlation coefficient of −0.777 (p < 0.01). Consequently, the decreasing ATC amplitude 
over the high-elevation TP was most closely related to the change in the winter temperature.

3.2  Attribution analysis

The multimodel ensemble mean (MME) of the eleven CMIP6 models reasonably captured 
the more prominent weakening in the ATC amplitude in the higher elevation regions above 
approximately 4000 m (Fig. 2a), which was consistent with the observations (Fig. 1b). 
According to the two-signal analyses with passed residual consistency tests, we found that 
the change in the ATC amplitude at elevations between 4000 and 5300 m could be attributed 
mainly to anthropogenic activities, with anthropogenic aerosol forcing playing a dominant 
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role (Fig. 2b). At elevations of 4000–5300 m, the scaling factors were significantly greater 
than zero and were consistent with 1 for simulations under both anthropogenic forcing and 
aerosol forcing in the two-signal analyses for the ANT-NAT and AER-GHG forcings (Fig. 
2b). These findings indicate that the effects of ANT and AER forcing were detectable and 
separable from those of NAT and GHG forcing. However, the residual consistency test 
failed in the case of elevations from 2000 to 4000 m (Figure S2). Hence, human activi-
ties, predominantly through anthropogenic aerosol forcing, accounted for most of the ATC 
amplitude change at elevations of 4000–5300 m over the TP.

3.3  BC impacts on the ATC amplitude and the associated mechanisms

As one of the key drivers of cryospheric changes, BC increased significantly over most 
of the TP during the winter of 1981–2020, as evidenced by its surface mass concentra-
tion (BCSMASS; Fig. 3a). BC may increase winter warming through reducing the snow 

Fig. 1  (a) Raw monthly surface air temperature (SAT, in purple) and its variability 3 at different frequen-
cies decomposed by the EEMD filter over the TP at elevations above 2000 m for 1961–2020. The three 
components in the schematic diagram include the intra-annual high-frequency variability (HF, in brown), 
modulated annual cycle (MAC, in orange), and interannual to decadal low-frequency variability (LF, in 
green). The explained variance for each component is shown in the upper-right corner of each graph. 
(b) Mean trends in the SAT and ATC amplitude (A) in the observations for the 50-m elevation zones. A 
thicker line indicates statistical significance above the 95% confidence level. (c) Relationships between 
the trends in the ATC amplitude and the summer temperature (JJA SAT) and winter temperature (DJF 
SAT) trends at elevations of 4000–5300 m. The correlation coefficient (R) and the P value of the linear 
regression (red solid line) are also shown
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Fig. 2  (a) Mean trend in the ATC amplitude (A) in the multimodel ensemble 17 mean under ALL forcing 
for the 50-m elevation zones. A thicker line indicates statistical significance above the 95% confidence 
level. The grey shading represents the 25th to 75th percentile range of trends across the ensemble mem-
bers. (b) Optimal fingerprint detection and attribution analysis of the changes in the ATC amplitude at 
elevations between 4000 and 5300 m across the TP from 1961–2020. The lines denote the scaling factors 
of the two-signal analysis for ANT and NAT and for the AER and GHG forcings. The error bars denote the 
corresponding 90% confidence intervals. The residual consistency test is passed in both cases
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albedo and increasing shortwave radiative absorption, leading to a weakened ATC ampli-
tude. To assess the influence of BC on the ATC amplitude, the linear regression coefficients 
of BCSMASS regressed on SAT, albedo, direct radiative forcing, and ATC amplitude within 
each elevation bin in winter were determined (Fig. 3b). Moreover, to further examine these 
observed relationships, the mean elevational distribution of the BC-induced anomalies in 
the aforementioned variables was evaluated using the piClim-control and piClim-BC exper-
iments (Fig. 3c). In the TP region below 5000 m, the regression coefficient of the SAT onto 
BCSMASS increased with elevation, reaching its maximum near 5000 m (Fig. 3b; in hot 

Fig. 3  (a) Linear trend in the BCSMASS from the MERRA-2 reanalysis data 29 for the region of the TP 
above 2000 m in DJF from 1981–2020. The black dots represent significant trends (p < 0.05). (b) Mean 
linear regression coefficient of the BCSMASS against the winter (DJF) SAT, albedo, direct radiative forc-
ing (DRF), and ATC amplitude (A) for the 50-m elevation zones. (c) Mean elevation dependence of BC-
induced anomalies in winter (DJF) SAT, albedo, DRF, and ATC amplitude in the multimodel ensemble 
mean (Δ: variables with BC minus variables without BC). A thicker line indicates statistical significance 
above the 90% confidence level
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pink), which indicates that the sensitivity of the SAT to BC aerosols was most pronounced 
at higher elevations, particularly at approximately 5000 m. The model simulations (piClim-
BC vs. piClim-control) also showed an increasing sensitivity with elevation, but the peak 
occurred at a lower elevation of approximately 4000 m (Fig. 3c; in hot pink). Thus, both the 
observations and the models suggest a stronger BC impact on the SAT in the high-elevation 
zone, although the exact elevation of the maximum effect differs: the observations point to 
approximately 5000 m, whereas the models place it at approximately 4000 m. This discrep-
ancy may stem from model biases in simulating the snow depth distribution, as discussed 
later.

Similarly, both observations and models indicated that BC-induced changes in albedo, 
direct radiative forcing, and ATC amplitude increased with elevation and reached their 
maximum values in the high-elevation zone (Fig. 3b, c, steel blue, orange-red, and olive 
drab, respectively). In the observations, these maxima occurred in the uppermost part of 
the 4000–5300 m range, particularly near 5000 m (Fig. 3b). The models again exhibited a 
similar elevational dependence, although the maxima were shifted to approximately 4000 m 
(Fig. 3c). Consequently, both observations and models revealed that the BC-induced sur-
face albedo reduction increased with elevation, with the strongest reduction occurring near 
5000 m in the observations and approximately 4000 m in the models (Fig. 3b, c; in steel 
blue). The positive direct radiative forcing from snow darkening also increased with eleva-
tion in both datasets, peaking at approximately 5000 m in the observations and at 4000 m 
in the models (Fig. 3b, c; in orange-red). This elevation-dependent warming led to a cor-
responding decrease in the ATC amplitude at higher elevations in both the observations and 
the models, with the most pronounced decrease observed near 5000 m in the observations 
and approximately 4000 m in the models (Fig. 3b, c; in olive drab). Overall, while the exact 
a elevation of the maximum effect differed, both observational and model evidence consis-
tently revealed to a stronger BC impact on these variables in the high-elevation zone.

This spatial pattern is indicative of an underlying mechanism tied to the snowpack state. 
That mechanism is most active where persistent, aged snow accumulates. The snow line 
in a given year is usually defined by the lower limit of the annual snowpack distribution 
height in the warmest month of that year. Aged snow is generally distributed in regions 
above the multiyear average elevation of the snow line. The elevational distributions of 
BCSMASS and snowfall in winter, as well as the snow depth in July, are shown in Fig. 4. 
Over the TP from 1981 to 2020, although BCSMASS increased more below 3800 m (Fig. 
4a), the albedo darkening effect caused by BC was suppressed because of the absence of 
aged snow (Fig. 4b). Hence, the albedo abnormality triggered by BC did not dramatically 
decrease below 3800 m (Fig. 3b; in steel blue). On average, the aged snow was distributed 
mainly at elevations above 4000 m on the TP, with the maximum snow thickness centred 
at approximately 4800–5300 m (Fig. 4b). The most marked decrease in albedo (Fig. 3b; in 
steel blue) occurred precisely where aged snow was thicker (Fig. 4b) and where snowfall 
did not increase significantly (Fig. 4c). These findings indicated that the snow-darkening 
effect triggered by BC depended not only on the BC mass concentration but also on the aged 
snow thickness and snowpack microphysics associated with snow grain size and metamor-
phism with ageing on the TP.

The discrepancy between the observed and modelled elevational peaks can be explained 
by the underestimation of snow depth by the MME at higher elevations (Fig. 3c). As shown 
in Fig. S3, the MME simulated greater snow thickness mainly between 3800 and 4400 m, 
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which was lower than the observed zone of maximum aged snow (above 4800 m). Similarly, 
the BC-induced anomalies in SAT, albedo, radiative forcing, and ATC amplitude all peaked 
near the modelled maximum snow-depth.

4  Conclusion and discussion

A negative trend in the ATC amplitude was observed to intensify on the TP at elevations 
above approximately 4000 m. Our analysis revealed that this intensification was driven pri-
marily by stronger warming in winter than in summer. Anthropogenic aerosols played a 
dominant role in the change in the ATC amplitude at elevations above 4000 m. The albedo 
darkening triggered by increased BC aerosols in winter accounted for the decreased ATC 
amplitude at higher elevations of the TP. The most robust sensitivity of the surface albedo 
to the change in BC aerosols occurred at higher elevations, where there are typically greater 
aged snow depths and limited fresh snowfall. This pattern points to the involvement of the 
grain-size feedback, which is augmented by the temporal accumulation of BC. BC deposi-
tion decreases the surface albedo in the presence of snow. This direct surface darkening 
effectively accelerates snow grain growth, which then speeds up snow ageing and further 
reduces the snow albedo. This phenomenon is known as the grain-size feedback (Skiles et 
al. 2018). Furthermore, in perennial snowpacks, BC can accumulate over multiple seasons, 
leading to higher effective concentrations at the surface (Doherty et al. 2013; Xu et al. 2009), 
whereas seasonal snowfall resets the BC burden annually (Qian et al. 2015). Therefore, the 
efficiency and magnitude of BC-induced snow albedo decay are greater for aged snowpack 
because of this combination of physical amplification (via larger grain sizes) and higher 

Fig. 4  Mean elevation dependence of the linear trend for (a) the BCSMASS 41 from the MERRA-2 
reanalysis data and (c) snowfall calculated in our study over the TP in DJF from 1981–2020. A thicker 
line indicates statistical significance above the 90% confidence level. (b) Elevation-dependent variation 
in snow depth over the TP from 1981–2020 in July from the observations
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cumulative BC loading (Doherty et al. 2013; He et al. 2018; Niu et al. 2017; Usha et al. 
2021). This coarse-grained snow with greater aged snow depths and limited fresh snowfall 
enhances the surface darkening effect triggered by BC more efficiently. Collectively, snow 
optical properties are synthetically dominated by snow grain properties (that is, size, shape 
and metamorphism with ageing) and the concentrations of light-absorbing particles (Dang 
et al. 2016; Sarangi et al. 2020; Wang et al. 2020; Warren 2019). Relative to surface mass 
concentration, the factors associated with the snow grain properties and multiseasonal BC 
accumulation, such as the amount of aged snow are essential for enhancing the efficiency 
of BC-induced snow albedo darkening over the TP. In the region where surface albedo is 
sensitive to changes in BC, BC-triggered albedo decay may significantly reduce the ATC 
amplitude by increasing surface absorbed shortwave radiation and accelerating warming in 
the winter.

Our results align with and extend those of previous studies documenting a widespread 
reduction in the ATC amplitude over extratropical land areas (Duan et al. 2019; Stine et al. 
2009; Wang and Dillon 2014), including the TP (Duan et al. 2017), for which the underlying 
mechanisms—especially the relative roles of aerosols over the high-elevation TP—have 
remained unclear. This study clarifies the specific impact of BC aerosols on the reduced 
ATC amplitude over the high-elevation TP. By establishing a mechanistic basis for BC-
driven winter warming, our study provides a key link to understanding how trends in BC 
emissions could directly influence high-elevation snowmelt, thereby potentially affecting 
regional hydrology and water resources. These results not only highlight the climate co-
benefit of aerosol mitigation for cryospheric conservation but also provide a critical sci-
entific basis for the adaptive management of alpine ecosystems and future climate impact 
assessments.

Several caveats should be considered when our results are interpreted. First, the analysis 
relies on CMIP6 simulations, which exhibit known biases in representing the TP climate, 
particularly in simulating snow depth and aerosol–snow interactions. The lower elevation of 
the maximum snow depth in the models likely explains the slight downward shift in the sim-
ulated sensitive zone of albedo darkening relative to the observations. Second, to elucidate 
the physical process, this study utilized standardized “idealized perturbation” experiments 
(piClim-control vs. piClim-BC) from AerChemMIP. These publicly available simulations 
are specifically designed to isolate the climate response to perturbations in BC emissions 
and provide key evidence supporting the proposed snow–albedo feedback mechanism. To 
further quantify and refine this understanding, future work could benefit from designing 
and conducting additional sensitivity experiments with regionally tailored BC emission 
scenarios, particularly using high-resolution regional climate models that incorporate more 
sophisticated snow–aerosol–microphysics coupling. Such targeted simulations would help 
to constrain the magnitude of the feedback and better represent the complex interactions 
over the heterogeneous terrain of the Tibetan Plateau.
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