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North Atlantic Ocean natural variability
drives glacier mass loss over the
Northeastern Tibetan Plateau

M| Check for updates

Min Zhou®', Yetang Wang ®'
Yuzhe Wang'

, Shugui Hou ®2, Zhaosheng Zhai', Zhiguo Li*#, Weijun Sun' &

Ocean temperature anomalies can drive anomalous atmospheric circulation, further impacting High
Mountain Asia’s glacier dynamics, but this teleconnection remains underexplored. Here we present
robust interannual and multidecadal relationships between glacier mass balance over the
northeastern Tibetan Plateau and the North Atlantic sea surface temperature anomalies, after
removing anthropogenic warming trends. The annual sea surface temperature tripole pattern explains
33.6% of the interannual glacier mass variability, mediated by the atmospheric wave train. On multi-
decadal timescales, the average glacier mass loss of the northeastern Tibetan Plateau accelerates
from —0.16 +0.14 m w.e. yr~' (1965-2000) to —0.25 +0.10 m w.e. yr~' (2000-2020), coinciding with a
phase shift of the Atlantic Multidecadal Oscillation. Anomalous North Atlantic warming triggers mid-
latitude Rossby waves and an anticyclone over the northeastern Tibetan Plateau, amplifying early-
21st-century regional warming through reduced clouds and albedo to enhance glacier mass loss.
These results emphasize the crucial role of natural variability in the North Atlantic ocean alongside
anthropogenic forcing in comprehensively understanding glacier response to future climate changes.

The High Mountain Asia (HMA), excluding the Antarctic and Arctic, hosts
the largest fraction of Earth’s glaciers, commonly known as the Asian water
tower, because it sustains irrigation, freshwater supplies, and hydropower
for nearly two billion people in Asia'~. As a consequence of the approxi-
mately two-fold warming faster than the global mean in this region®, the
Asian water tower has experienced an imbalance in recent decades’, with the
transformation of more and more ice and snow into liquid water. Pro-
gressive ice-to-water conversion has triggered frequent occurrences of
glacier-associated hazards such as outbursts of glacier lakes, glacial debris
flow, and ice avalanches®?, posing severe threats to human lives, water
resources, and ecological security in local and downstream communities.
HMA glacier changes exhibit obvious spatial heterogeneity, char-
acterized by considerable ice mass loss in the southern Tibetan Plateau (TP)
and relatively minor recession and mass loss in the northern sectors during
the 21" century’ . Specifically, glaciers in the northwestern TP (Kar-
akoram, Pamir, and western Kunlun Mountains), are in balance or even
slightly growing called a phenomenon termed the Karakoram anomaly'>",
which lasts for at least three decades. This spatial heterogeneity arises from
regional differences in temperature trends and a north-south dipole pre-
cipitation pattern (wetter conditions in the north and drier conditions in the

south)'*"". Divergent regional climate changes in the HMA are primarily
governed by both mid-latitude westerly circulation and Asian summer
monsoon, and further modulated by oceanic teleconnection associated with
main SST variability modes, including the Atlantic multidecadal oscillation
(AMO), the Pacific decadal oscillation (PDO) and the Indian Ocean Dipole
(IOD)"*". Thus, oceanic teleconnections are likely important contributors
to the TP glacier mass changes through modulating atmospheric circulation
patterns. Nevertheless, the quantitative relationship between oceanic SST
anomalies and regional glacier mass balance remains unclear, and the
physical mechanism underlying these teleconnections is not yet fully
understood.

Here, we test the role of North Atlantic sea surface temperature
(NASST) anomalies in glacier mass balance in the northeastern Tibetan
Plateau (NTP), where is strongly affected by mid-latitude westerlies all year
round. Moisture originating from the North Atlantic is transported over
long distances to the NTP region via the mid-latitude westerlies, and the
North Atlantic has been identified as the primary marine oceanic source for
atmospheric moisture™ in this region (Fig. S1). Additionally, we investigate
the underly physical mechanisms driving glacier mass changes attributable
to NASST anomalies. Annual glacier mass change data are obtained from
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Hugonnet et al”'. Multidecadal estimations of glacier mass balance are
derived from digital elevation models (DEMs) generated using topo-
graphical maps and ASTER imagery.

Results

Interannual and multidecadal glacier mass balance in the NTP
Based on the glacier mass change dataset developed by Hugonnet et al.”
using ASTER images, we observed substantial interannual variability in
aggregated glacier mass balance across the NTP from 2000 onwards. A
statistically significant negative trend (p < 0.01) was evident in annual glacier
mass balance during 2000-2019 (Fig. S2).

From 1965 to 2020, the NTP experienced a pronounced negative
glacier mass balance of —0.19+0.11 m w.e. yr ' (Fig. 1a), with a slightly
accelerated loss rate of —0.25 +0.10 m w.e. yr ' during 2000-2020, com-
pared to —0.16+0.14m w.e. yr ' during 1965-2000 (Fig. 1b). Despite
difference in mass balance estimation methodologies, our post-2000 results
were consistent with those reported by Hugonnet etal.”' and Shean et al.”* in
the same region (—0.29 m w.e. yr ' and —0.28 + 0.07 m w.e. yr " for the
2000-2019 and 2000-2018, respectively), and also aligned with CryoSat-2
altimetry estimates (—0.29 +0.22 m w.e. yr ") between 2010 and 2019”.
Spatially, glacier mass loss rates were slightly higher in the eastern moun-
tains than in the west during 2000-2020, with the highest loss observed in
Lenglongling Mountain (—0.56  0.13 m w.e. yr~'). Despite spatial hetero-
geneity, the post-2000 acceleration in glacier mass loss rates was broadly
consistent across the 11 mountains (presented in Fig.1, Table S1), except
Haerke Shan, where glaciers showed a slight positive balance (0.05 + 0.02 m
w.e. yr ') during 2000-2020.

Influence of the NASST tripole on the interannual glacier mass
balance

Glacier mass balance was highly sensitive to climatic factors, particularly
temperature and precipitation. Based on detrended time series, annual
glacier mass balance from Hugonnet et al.”' showed a strong negative cor-
relation with observed summer temperature (r = —0.70, p < 0.01), but not a
significant correlation with annual precipitation (r = 0.14, p > 0.05) over the
NTP. Summer temperature correlated significantly (r = 0.79, p < 0.01) with
the ratio of snowfall to rain, but not significantly (r=0.33, p>0.05) with
precipitation in this region, indicating the impact of summer temperature
on snowfall amount by altering the precipitation phase. These suggested that
the inter-annual variations of the N'TP glacier mass balance were primarily
driven by summer temperature, which can be confirmed by sensitivity
experiments on the Ningchan No.1 Glacier and Qiyi Glacier of this region
using an energy and mass balance model™. Regional temperature and
precipitation changes were often modulated by large-scale dynamic pro-
cesses related to SST anomalies. We regressed global SSTs against NTP
glacier mass balance from 2000 to 2019, using detrended observations to
remove the background warming signal (see Methods), in order to explore
the potential impact of SST anomalies on glacier mass balance variability in
the region. A steady and statistically robust signal emerged in the North
Atlantic Ocean (Fig. 2, Fig. S3a), whereas responses in the Pacific and Indian
Oceans were weak and statistically insignificant during the same period.
This spatial pattern was confirmed by the reconstructed mass balance series
derived from in-situ observations of two NTP glaciers™ during 2000-2018
(Fig. S4). This signal resembled the interannual variability in NASST modes
and showed a tripole pattern (Fig. S3b), which explained 33.6% of the
variance in NTP glacier annual mass balance during 2000-2019 (Fig. S3c).
Moreover, the dominant NASST modes were seasonally dependent, which
gradually weaken from winter to summer and disappear in autumn
(Fig. S5). Specially during summer (June-August, JJA), the two leading SST
Empirical Orthogonal Function (EOF) modes (accounting for 38.2% var-
iance of NASST) displayed a pronounced tripole pattern with increased
strength in the second mode (Fig. 3a, b). Meanwhile, the dominant annual
glacier mass loss over the NTP occurred in summer™. This suggests that
summer NASST anomalies may modulate atmospheric circulation patterns
that affect the annual NTP glacier mass budget (Fig. 2).

The anomalous upper-level circulation over the NTP can be attributed
to interannual NASST anomalies, which excited an anticyclonic—cyclonic
teleconnection Rossby wave train across Eurasia™. During the positive phase
of the summer NASST tripole pattern, characterized by a meridional
negative-positive-negative (like —+—) SST pattern in the subtropical to
subarctic North Atlantic Ocean (Fig. 3a, b), enhanced convective activity
over the central North Atlantic induced strong upward motion, leading to
the development of anomalous high-pressure ridges developing in the upper
troposphere (Fig. 3e, f). The resulting atmospheric Rossby wave train pro-
pagated eastward through mid-latitude westerlies, causing an upper-level
trough over the Mediterranean and the Central Asian-West Siberian, and an
anomalous high-pressure ridge over the Ural Mountains region and the
North China plain-northern TP (Fig. 3g). The high-pressure anomaly
reduced total cloud cover and enhanced surface solar radiation in the NTP,
accompanied by oceanic warm air resulting from the atmospheric
teleconnection””.

Maximum covariance analysis (MCA) (see Methods) revealed that
warming in the NTP was associated with an upper-level Rossby wave
propagation induced by the interannual NASST anomalies (Fig. S6). MCA
further identified an atmospheric fingerprint associated with the NASST
patterns (Fig. S7). These analyses reproduced the NASST tripole patterns
and linked them to anomalous anticyclone and cyclone over the northern
hemisphere mid-latitude, further confirming a quasi-stationary atmo-
spheric wave train driven by NASST variability consistent with the pattern
shown in Fig. 3g. The positive phase of SST tripole modes can induce a
atmospheric wave train (like +—+—+), leading to more frequent occur-
rences of anomalous blocking highs over the NTP. Anticyclonic circulation
generated strong subsidence and warm southeasterly winds, further
amplifying surface warming over the region. Elevated temperature inten-
sified glacier melting. Thus, the positive phase of NASST tripole patterns can
trigger an anomalous atmospheric Rossby wave train that exacerbates NTP
glacier mass loss through thermal forcing.

The NASST tripole pattern can also regulate the NTP glacier mass
balance by influencing precipitation changes. This study focused on
investigating the role of summer precipitation on glacier changes, because it
accounted for 60-80% of annual precipitation, and dominated its inter-
annual variability (Fig. S8). The first leading EOF mode (explaining 26.7% of
the variability) consisted of a south-north dipole over the TP with negative
precipitation anomalies in the south, and positive anomalies in the north,
including the NTP (Fig. 4c and Fig. S9a). The northern wetting resulted
largely from a weakening of the Eurasian subtropical westerly jet (SW]) in
summer". At the interannual scale, the summer SWJ was closely associated
with the NASST tripole pattern (Fig. 4a, b). The positive phase of the NASST
tripole pattern corresponded to a significant weakening of the 200 hPa zonal
wind over the TP and a strengthening over the Mongolian Plateau (Fig. 4b).
This dipole pattern was linked to a blocking anticyclone over the North
China plain and northern TP (Fig. 3g), generated by the interannual
NASST-triggered wave train. This atmospheric configuration resulted in
anomalous westerly winds on the north side of the anticyclone, and easterly
and southeasterly winds on the south side. The latter weakened the SW7J,
promoting anomalous vertical moisture advection and hence enhancing
precipitation on the NTP. The increased precipitation may be beneficial to
snow accumulation over the glaciers and partly mitigate warming-induced
melting. Instead, due to increased summer temperature, more precipitation
fell as rain, not snowfall over the NTP*, and further caused glacier melting.

AMO’s role in the multidecadal NTP glacier variations

Glacier mass balance during 2000-2020 was more negative than during
1965-2000 over the NTP, corresponding to a warming of 0.83 °C, and an
increase of about 7% annual precipitation for the two timespans. Despite the
precipitation rise, the snow-to-rain ratio dropped by 13.6% from 1965-1999
to 2000-2020. Sensitivity experiments™ revealed thata 1.5 °C warming over
2000-2010 relative to the 1950s caused 51.9% glacier melting of the Lao-
hugou No. 12 Glacier in this area, which required a 30% enhancement in
annual snowfall to offset the resulting mass loss. Sensitivity analysis using an
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Fig. 1 | Glacier mass loss in the NTP region and its geographical context. a glacier
mass changes of the 11 mountain ranges in the NTP from the 1965-2000 and
2000-2020 periods, and numbers 1-11 correspond to the Altun Shan, Daxue Shan,
Danghenan Shan, Tuergendaban, Chaidamu Shan, Zoulangnan Shan, Tuolai Shan,
Tuolainan Shan, Shulenan Shan, Haerke Shan, and Lenglongling, respectively.
Column height indicates the magnitude of glacier mass loss. b the location of the
NTP within the HMA.
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Fig. 2 | Regression of annual NTP glacier mass balance (units: m w.e. yr ') against
global SST (units: °C) during 2000-2019. Blue dotted ellipses represent cyclonic
circulation centers, while red ones indicate anticyclonic centers. Black vectors denote
statistically significant regression coefficients at the 95% confidence level (p < 0.05).
The blue contour line represents the 2500 m elevation threshold, based on the
ETOPO5 Global Surface Relief data.

energy and mass balance model for Qiyi and Ningchan No.1 glaciers of this
region also showed that almost all mass loss of the two glaciers from
1970-1994 to 1995-2015 resulted from increased summer temperature over
the same two timespans™. Thus, the more negative NTP glacier mass bal-
ance since 2000 was primarily forced by regional summer warming.
Another important factor was warming-induced reduction in precipitation
falling as snow”*. Given these climatic influences, a critical research priority
was to elucidate how atmospheric circulation patterns modulate decadal-
scale glacier mass balance variability over the NTP via their influence on
temperature and precipitation patterns. On multidecadal scales, the AMO
(see Methods) has been recognized as a major driver of climate variability
across Eurasia®. Indeed, a strong positive correlation (r=0.61, p <0.01)
existed between the AMO index and summer air temperature on the NTP
glacier region, underscoring the important AMO’s influence on NTP glacier
mass budget. Since the mid-1990s, the AMO experienced a multi-decadal
shift from a cold to a warm phase (Fig. 5¢). During its warm period, warmer
SST caused anticyclonic circulation anomalies over the North Atlantic,
which propagated a wave train of cyclonic and anticyclonic anomalies
across Eurasia’ (Fig.5a), strengthening anticyclonic conditions over the

NTP and increasing regional temperatures during 2000-2020. Increased
temperature directly enhanced glacier melting and further exacerbated this
by reducing snowpack on the glacier surface and corresponding surface
albedo. As a consequence, this warming signal aligned with the observed
acceleration of glacier mass loss in the NTP after 2000 (Fig.5¢).

Despite the important influence of anthropogenic aerosols on the
weakening of summer Eurasian SW] during the past 40 years™, a substantial
portion of inter-annual and decadal variability in the SWJ since the late 20™
century was attributed to the Atlantic SST variability™, ie., interannual
NASST tripole anomalies (See above) and positive phase of the AMO™,
respectively. Opposite to the positive polarity of the AMO, the summer SWJ
index switched from positive to negative anomalies during the mid-1990s.
This switch largely resulted from the AMO-triggered anticyclonic blocking
(Fig. 5a) over the Mongolian, which led to easterly anomalies and anom-
alous upward motion over the NTP (in front of the trough) (Fig. 5b), and
caused increased precipitation (Fig. 4d). Moreover, orographic uplift
enhanced ascending air motion, which in turn further promoted increased
precipitation. However, due to an increase in dedacal summer temperature
associated with AMO phase shift and anthropogenic forcing, the mean
snow-to-rain ratio over the NTP glaciers decreased from 37.7%
(1965-2000) to 24.1% (2000-2020) (Fig. S10). Furthermore, the ratio
consistently remained below 0.5 throughout the post-2000 period, indi-
cating a transition toward rainfall-dominated precipitation, which further
intensified glacier ablation.

Discussion
We found that the interannual variability of the NTP glacier mass budget
was closely associated with the interannual NASST tripole mode. This
covariation arose that the mid-latitude westerlies, teleconnected with the
extratropical Atlantic ocean climate through atmospheric wave propa-
gation, serve as the predominant boundary conditions driving temporal
variability in glacier mass budget over the NTP. In particular, atmo-
spheric waves triggered by the interannual mode of the interannual
NASST tripole pattern facilitate the occurrence of anomalous cyclone
and anticyclones, and alter the SWJ strength on the NTP during summer.
In turn, these changes obviously impacted local temperature and pre-
cipitation, thereby resulting in glacier mass variations. Correlation ana-
lysis using detrended time series of reconstructed mass balance against
temperature and precipitation showed that temperature was the domi-
nant driver of glacier mass loss in this region (Fig. S11), which explained
approximately 47% and 60% of mass budget variations of the Qiyi
Glacier and the Laohugou No.12 Glacier, respectively. By comparison,
precipitation played a minor role in glacier accumulation (in Qiyi Glacier
(r=0.15, p>0.05) and in Laohugou No.12 Glacier (r=0.22, p >0.05).
Despite a substantial influence of the East Asian summer monsoon on
glacier changes elsewhere on the TP during summer, its impact on glacier
changes on the NTP was minor, as more than 95% of the glacierized
regions lay outside the boundaries of the summer monsoon on the TP*.
Previous studies have recognized a warming and wetting trend since
the 1980s, with an acceleration from the mid-1990s onward over Northwest
China including the NTP**”. While much of the overall warming was
attributable to ongoing emission of greenhouse gases™, our analyses, based
on the detrended and low-frequency-filtered observational and reanalysis
data, showed that internal climate variability, especially the NASST tripole
pattern and the AMO phase transition, also played a key role. The multi-
decadal signatures from AMO dynamics were superimposed onto the
interannual variability in NTP glacier mass balance by altering glacier
melting and accumulation conditions. Simulations from the Atlantic
Pacemaker experiments using CESM1 with external forcings removed
exhibited that during the positive phase of the AMO, SST anomalies
induced the anomalous anticyclonic circulation (Fig. S12), which propa-
gated toward the TP via the Rossby wave trains. This led to an upper-level
anticyclonic high over the NTP (Fig. S13), suppressing cloud formation and
reducing surface albedo (Fig. S14), thereby enhancing regional warming, as
observed higher average temperatures during 2000-2020 than 1965-2000,
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Fig. 3 | Relationship between summer NASST anomalies and temperature over
the NTP region. a, b Spatial patterns of the leading EOF modes of summer NASST
and their corresponding normalized principal components (PCs; ¢, d) during
1965-2020. e, f Correlations of PC1 and PC2 with the 300 hPa geopotential height
over the North Atlantic for the same period, respectively. g correlations between
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summer temperature in the NTP glacier region and the Northern Hemisphere
300 hPa geopotential height during 1965-2020. Black dots indicate grid points
where correlation coefficients are statistically significant at the 95% confidence level.

which accelerated glacier ablation after 2000. Furthermore, the easterly and
southeasterly winds associated with the anticyclone block westerly airflow,
resulting in increased precipitation. But because of elevated temperature, a
decrease in the average snow-to-rain ratio during 2000-2020 was observed,
relative to 1965-2000 (Fig. S10). The increased precipitation falling as rain
further enhanced melting. An additional factor contributing to glacier mass
loss was the deposition of light-absorbing impurities such as black carbon
(BC) on glacier surfaces, which reduced the albedo and caused glacier
melting. Yet, they only accounted for about 6.3% of current glacier melting
on the NTP”. Therefore, projections of future glacier evolution in this
region must account for both anthropogenic forcing and internal modes of
climate variability such as the AMO and interannual NASST patterns.

Conclusions

This study highlights the obvious influence of NASST anomalies on glacier
mass balance variability over the NTP at both interannual and multidecadal
timescales. Over the past 50-plus years, glaciers in the NTP region experi-
enced an acceleration of mass loss, with rates increasing from
—0.16+0.14m we. yr' (1965-2000) to —025+0.10m we. yr'
(2000-2020). The interannual NASST tripole pattern excited atmospheric
wave trains that propagate across Eurasia, driving regional climate
anomalies and then year-to-year NTP glacier mass fluctuations. At the
multidecadal scale, the AMO’s phase transition from negative to positive
since 2000 amplified summer warming which contributed to accelerated
glacier mass loss. These findings emphasize natural oceanic variability as a
critical modulator of glacier responses to ongoing climate changes in the
HMA. Quantifying these linkages is imperative for projecting future glacier
dynamics under anthropogenic forcing.

Data and Methods

DEM construction

A total of 84 topographic maps at the scale of 1:50000 across the NTP were
collected, with contour lines with a 10-meter interval, generated by the
Chinese Military Geodetic Service (CMGS) using aerial photogrammetry.
After digitizing the scanned topographic map contour lines, the Delaunay
triangulation method was used to create irregular triangulation networks,
from which historical DEMs (here called TOPO-DEM) were constructed.
Aerial photographs used to generate the topographic maps of the NTP
glacier region were acquired from 1956 to 1975, with the majority (covering
more than 50% glacier area) dating to the mid-1960s (Table S2). Thus,
TOPO-DEM was taken to represent the entire NTP glacier surface elevation
circa 1965. According to the compilation standards and specifications of the
topographic Maps released by the General Administration of Quality
Supervision Inspection and Quarantine®, the vertical error of topographic
maps were controlled within 6-10 m for the flat or hilly regions with slopes
less than 6°, 10-16 m in mountainous areas with slopes of 6°-25° and
16-28 m in high mountain areas with slopes greater than 25°, respectively.
With an average slope of 17.8° across the NTP glacier region, the TOPO-
DEM vertical accuracy was estimated to be better than +8 m.

For contemporary glacier elevation, we acquired all available AST_L1A
stereo imageries (30 m resolution) covering the NTP glaciers for the
2000-2002 and 2019-2021 epochs. Using the NASA Ames Stereo Pipeline
(ASP) tool, DEMs were created from the AST_L1A stereo images (3 N band
and 3B band). We manually selected the high-quality and minimal-void
data and mosaicked them to generate glacier surface DEMs for 2000 and
2020, respectively. The SRTM Version 3.0 Global 1 arc second dataset
(SRTM GL1) served as a vertical reference. All DEMs were harmonized to
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Fig. 4 | Influence of NASST tripole pattern on TP precipitation variability.

a, b The correlations between PCI and PC2 of the North Atlantic summer SST EOF
modes with Northern Hemisphere 200 hPa zonal winds during 1965-2020,
respectively. Shaded areas indicate the values statistically significant at the 95%
confidence level (p < 0.05). ¢ the first EOF mode of precipitation over the TP. d The

1970 1980 1990 2000 2010

normalized principal component (PC1) of the precipitation EOF mode, the SW]
index anomaly (left y-axis), and summer precipitation anomalies over the NTP
glacier regions (right y-axis). All time series were smoothed by a 9-year run-

ning mean.

the World Geodetic System 1984 (WGS84) coordinate system and EGM96
vertical datum.

Glacier extent extraction

Glacier boundaries for the NTP in 1965 were digitized directly from topo-
graphic maps. Landsat 7 Enhanced Thematic Mapper Plus (ETM + ) and
Landsat 8 Operational Land Imager/Thermal Infrared Sensor (OLI/TIRS)
images with cloud cover less than 10%, acquired during June-October, were
used to manually delineate the glacier outlines in 2000 and 2020, respec-
tively. A total of 30 Landsat 7 ETM+ images and 26 Landsat 8 OLL_TIRS
images were used (Table S3). All images were reprojected to the WGS84
geographic coordinate system and the Universal Transverse Mercator
(UTM) projection. Co-registration with topographic maps was performed
using 20-30 ground control points (GCPs), ensuring registration errors
within one pixel. To enhance ice-rock spectral contrast, false-color com-
posites were generated using Shortwave Infrared-2 (band 7), Near-Infrared
(band 5), and Green (band 3) wavelengths. Glacier boundaries were then
manually digitized through visual interpretation, cross-validated with the
Randolph Glacier Inventory v6.0 (RGI 6.0).

Glacier mass balance changes and uncertainties
Prior to glacier surface elevation and mass balance calculations, the Nuth
and Kiadb co-registration method” was used to estimate DEM

misalignments and correct spatial offsets between the multi-source DEMs.
This approach iteratively solved a cosine equation to estimate the direction
and magnitude of displacement, based on a Python package xDEM™.
Iterations terminated when either the maximum number of steps was
reached or the normalized median absolute deviation (NMAD) no longer
improved obviously. After differencing DEMs (dDEM) to obtain surface
elevation changes, we filtered out the eliminated values with elevation
changes of more than 100 m or slopes of greater than 45° to minimize noise.
Then, the remaining voids in the dDEM were filled by a regional hypso-
metric interpolation method (integrated in the xDEM package), which
assumed that elevation changes were strongly dependent on elevation and
estimated elevation change gradients across the region to interpolate
missing data. Ultimately, we combined the different DEMs and a snow-ice
density conversion factor (p) (850 + 60 kg m )" to estimate the decadal
glacier mass balance in the NTP region during 1965-2020. Glacier mass
balance (AM) was calculated using the following formula:

AV xp N 1

e (s+5)/2 02=2)

)

where S; and §; represent the initial area and the end area of the glaciers,
respectively. y, andy, represent the initial year and the end year,
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Fig. 5 | Relationship between the AMO and summer air temperature over the

NTP glacier region. a the difference in 200 hPa geopotential height and wind fields
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blue bands represent the 9-year running mean of summer temperature anomalies in
the NTP glacier regions and AMO anomalies.

respectively. AV denotes the of glacier volume change, which is obtained by
multiplying the glacier elevation change by the initial glacier area.

Following Hugonnet et al.** and Rolstad et al.”’, the glacier elevation
uncertainty (U,;,) was estimated as the ratio of the NMAD of elevation
differences on stable terrain and the arithmetic square root of the effective
number of observations (N eﬁ). The effective number of observations was
obtained from the total pixel number of the stable topographic area and the
spatial autocorrelation distance. When calculating the glacial mass balance
uncertainty (U,,), we also accounted for uncertainties in the glacier area
error (U ), ice density (U;), and measurement extrapolation (U,), and its
formula as follow:

2
UAh : UA g Ud g Ue 2
U, =AM Bk A —d e | /ah
M X(Ah)+A+p+Nejf/
2
R
Uy=—24  x0.03 3)
RP /A pau et al)

where Ah represents the elevation difference, Rp/, is defined as the ratio
between the perimeter and area, and the value of Ry,
5 03 kn’fl 46,47 (Paul et al)

AMO and SWJ indices

The AMO index was defined here as the annual average of SST anomalies
over the North Atlantic according to Enfield et al.*’. Its spatial pattern
resembled the first EOF pattern of the NASST, characterized by dominant
warming in the North Atlantic and a bi-center structure near southern
Greenland and the tropical Atlantic Ocean. Following previous studies'>”,
the subtropical westerly jet (SW]) was defined as the averaged zonal wind
over 35°-45°N, 40°-120°E.

Correlation, regression, EOF, and MCA

Pearson correlation coefficients were calculated after removing long-term
trends from the datasets. Two-tailed Student’s t-test was applied to calculate
the statistical significance of all regressions and correlations. Additionally, to
further verify how NASST affects temperature and precipitation variations
as well as glacial mass balance in the NTP region by influencing atmospheric
circulation anomalies, we analyzed summer-mean horizontal wind fields,
geopotential height fields, vertical velocity, water vapor flux, snow-to-rain
ratio, and albedo differences/anomalies for the 1965-2000 and 2000-2020
periods. All variables were derived from the ERA5 reanalysis, with the
exception of snowfall and rainfall, which were sourced from the ERA5-Land
dataset.

Empirical orthogonal function (EOF) analysis was applied to extract
the meridional tripole structure of the North Atlantic (0°-70°N,
90°W-15°E) SST variability during 1965-2020, with positive (negative)
loadings in the south of Greenland and the subtropics, and negative
(positive) loadings in between (Fig. 3a, b; Fig. S5). Moreover, the first two
leading modes of summer precipitation across the TP were also extracted by
the EOF analysis (Fig. S9).

The maximum covariance analysis (MCA), also known as singular
value decomposition, was used to determine the dominant coupled patterns
between the 300 hPa geopotential height over the northern hemisphere and
both the summer temperature of the entire TP region (Fig. $6) and the
NASST (Fig. S7). Remarkably, the correlation, regression, EOF, and MCA
analysis results were conducted using detrended and low-pass filtered
summer mean datasets.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

AST_LIA stereo imageries are obtained from NASA EOSDIS Land Pro-
cesses Distributed Active Archive Center (https://search.earthdata.nasa.
gov/). Landsat images are available at the U.S. Geological Survey (USGS,
https://earthexplorer.usgs.gov/). Global monthly mean SST data from the
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National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST Version 5 dataset are available at https://psl.noaa.gov/
data/gridded/data.noaa.ersst.v5.html. The ECMWEF ERA5 reanalysis pro-
duct is available at https://www.ecmwf.int/en/forecasts/datasets. The ERA5-
Land dataset product is also publicly available through the official ECMWF
data portal at: https://cds.climate.copernicus.eu/datasets. The AMO index
can be downloaded at https://psl.noaa.gov/data/timeseries/ AMO/. SRTM
DEMs are obtained from the USGS EROS archive (https://www.usgs.gov/
centers/eros/science/usgs-eros-archive-digital-elevation-shuttle-
radartopography-mission-srtm-1). Monthly gridded temperature and
precipitation (0.5° x 0.5°) from the CRU TS Version 4.07 dataset come from
the UK National Centre for Atmospheric Science (NCAS) (https://crudata.
uea.ac.uk/cru/data/hrg/cru_ts_4.07/). The Community Earth System
Model version 1 (CESM1) Atlantic Pacemaker Simulations dataset is
available at https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.ATL-
PACEMAKER html.

Code availability
The data in this study are analyzed with widely available tools in Python.
Contact the Corresponding author for specific code requests.
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