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Abstract Ice cores from the Himalayan region, downwind from vast arid and densely populated areas, are
important in revealing long‐term dust variability and the driving factors behind such variability. However,
logistical challenges in reaching the region have hindered the retrieval of long‐term dust records from the
southern side of the Himalayas. This study presents a 145‐year record of atmospheric dust from an 81.2‐m ice
core drilled in the Trambau (TB) glacier, a south‐facing glacier in the Nepal Himalaya, covering 1875–2019 CE.
Comparison of dust records from the northern and southern slopes of the Himalayas indicates that the ice core
from the southern slopes has preserved higher dust concentrations and larger particle sizes than records from the
northern slopes. Furthermore, the TB core record shows 50‐ to 70‐year multidecadal variability, positively
correlated with the Atlantic Multidecadal Oscillation (AMO). Based on correlation and composite analyses
using ERA5 reanalysis data, AMO phases have been linked with surface wetness/dryness in dust source regions
in the Middle East and Southwest Asia, likely contributing to variations in dust loading at the TB core site.

Plain Language Summary The Himalayan range acts as a significant barrier to atmospheric flow,
influencing dust transport and deposition patterns. Ice cores from this region provide critical insights into how
atmospheric dust levels have changed over time, and the factors driving these changes. However, the
challenging terrain has limited the collection of long‐term records, especially from the southern side of the
Himalayas. We analyzed an 81.2‐m‐long ice core drilled in the Trambau glacier on the southern slopes of the
Nepal Himalayas, spanning the period 1875–2019 CE. The southern slopes have higher dust concentrations and
larger particle sizes than the northern slopes. Moreover, dust levels show a 50‐ to 70‐year variability linked to
the Atlantic Multidecadal Oscillation (AMO). AMO phases are connected to wet or dry conditions in dust
source regions such as the Middle East, influencing dust transport to the glacier site.

1. Introduction
Dust aerosols have widespread effects on climate, biogeochemical and hydrological cycles, and human health.
Earth's radiative balance and thus surface and air temperatures are affected by aerosol scattering and absorption of
incoming solar radiation and re‐emission of outgoing longwave radiation (Ji et al., 2016; Miller & Tegen, 1998).
Cloud properties and precipitation patterns are affected by dust aerosols (Rosenfeld et al., 2001), and essential
nutrients such as iron are supplied to the oceans in dust, boosting marine productivity (Jickells et al., 2005).
Finally, fine particles threaten human respiratory health (Griffin & Kellogg, 2004). Given these effects, it is
important that the temporospatial variability in atmospheric dust loading, and the relevant driving factors, are
understood.

Glaciers in High‐Mountain Asia (HMA) are located near or downwind of major dust sources such as the Sahara,
Arabian, Taklamakan, and Gobi deserts (Figure 1a; Prospero et al., 2002; Ginoux et al., 2012). Many such glaciers
occur in the free troposphere at elevations above 5,000 m, where they receive local material from surrounding
rock walls and dust transported from remote arid regions. The concentration and composition of dust deposited on
glaciers thus reflect its source and atmospheric conditions during transport, and ice cores provide valuable in-
sights into past climatic and environmental changes (Thompson et al., 1989; Y. Zhang et al., 2015).

Ice cores have been extracted from HMA glaciers, particularly on the Tibetan Plateau and in Central Asia.
However, in the Himalayan region, the number of ice cores is limited due to logistical difficulties, and long‐term
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records spanning several centuries have been reconstructed for only two sites: the East Rongbuk glacier (ER core)
onMt. Everest (e.g., Kang et al., 2002; Kaspari et al., 2007; Qin et al., 2002) and the Dasuopu glacier (DP core) on
Mt. Shishapangma (Thompson et al., 2000) (Figure 1b). The ER core revealed a positive correlation between dust
concentration and reconstructed air temperatures, reflecting cold‐humid and warm‐dry climatic patterns of dust
source regions in Central Asia over the past five centuries (Xu et al., 2010). For the period since the 1950s, dust
concentrations in the ER core are negatively correlated with the North Atlantic Oscillation (NAO), suggesting that
winter NAO conditions may influence dust storm activity over the Tibetan Plateau (Xu et al., 2007). In contrast,
dust concentrations in the DP core indicate the strength of the monsoon, with high‐dust events corresponding to
historical droughts in India caused by monsoon failure (Thompson et al., 2000). However, these findings are
based on ice cores from the northern Himalayan slopes, and north‐south differences across the Himalayan range
remain unclear.

Extensive studies of snow and ice across the HMA including both the northern and southern slopes of the
Himalayas and the Tibetan Plateau have identified the physiographic characteristics of these regions and found
that dust concentrations in snow and ice on the southern slopes were relatively low, suggesting a minimal in-
fluence of Asian dust, although this conclusion was based on a short‐term record limited to the 1990s (Wake
et al., 1994). In contrast, a more recent study of a 20‐m ice core drilled at Mera Peak on the southern slopes of the
Himalayas, covering the 2000s period, revealed remarkably high dust concentrations (Ginot et al., 2014). Dust
records for the southern slopes are thus restricted to brief periods of less than a decade, and the results of the few
existing studies are not necessarily consistent.

Direct observations of atmospheric aerosols have been conducted at the Nepal Climate Observatory‐Pyramid
(NCO‐P), located at 5,079 m a.s.l. on the southern slope of Mt. Everest (Bonasoni et al., 2010). This region is
downwind of the Indo‐Gangetic Plain, one of the most densely populated areas in the world, and the observations
show strong influence from anthropogenic emissions. Desert dust events are also regularly recorded at NCO‐P
(Bonasoni et al., 2010; Cristofanelli et al., 2010). However, these records span only the past few years. To
investigate how aerosol deposition has changed over more than a century in the southern Himalayas, which are
highly sensitive to regional emissions, and to identify its driving forces, ice cores offer essential paleoclimate
archives.

This study aimed to establish a new dust record spanning the past 145 years, using an ice core drilled on the
southern slopes of the Himalayas, and to clarify the characteristics of atmospheric dust deposition in the region.

Figure 1. Map of arid regions and the study area. (a) Distribution of Palmer Drought Severity Index averaged for 1901–2022 with arid regions. Negative values indicate
dry conditions. The red rectangle marks the area shown in (b). (b) Locations of the three Himalayan ice core sites: Trambau (TB; this study), Dasuopu (DP; Thompson
et al., 2000), and East Rongbuk (ER; Xu et al., 2010), and other ice core and snow sampling sites mentioned in the text. The color scale represents elevation (m a.s.l.).
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Factors controlling decadal‐scale variability in dust concentrations were investigated through comparison of this
record with neighboring ice core records and climate indices.

2. Methods
2.1. Ice Core Sample and Preprocessing

An 81.2‐m ice core (the TB core) was drilled in November 2019 in the Trambau glacier at 5,862 m a.s.l. in the
Rolwaling region, eastern Nepal (27.919°N, 86.545°E; Figure 1b; Tsushima et al., 2021). Annual accumulation at
the site was estimated to be 730 ± 390 mm water equivalent (w.e.), based on stake measurements and mass‐
balance simulations (Sunako et al., 2019). The ice core was transported to Japan in a frozen state (Tsushima
et al., 2021).

In the cold laboratory at the Institute of Low Temperature Science, Hokkaido University, Japan, the ice core was
divided into 1592 sections, each ∼50 mm in length, using a bandsaw. To remove contamination resulting from
drilling and transport, the outer surface of each sample was shaved off using a clean ceramic knife in a cold, clean
room (Class 10,000). The decontaminated samples were sealed in clean polyethylene bags and melted at ambient
temperature. Melted samples were stored in polyethylene bottles for analysis of major ions, pollen, and dust. The
ice core was dated by counting peaks of NO3

− and Ca2+ as winter boundaries, revealing that the 81.2‐m TB core
preserves a 145‐year record from 1875 to 2019 CE (Tsushima et al., 2025). For measurements of dust concen-
trations, small samples (less than ∼3 mL w.e.) were combined, and a total of 1,437 samples from top to bottom of
the core were analyzed.

2.2. Dust Analysis

Dust concentrations were determined for the entire core, which contained some large particles of ∼1 mm
diameter. However, for Himalayan ice cores, particles of >10 μm diameter are considered to be of local origin,
likely sourced from surrounding glacier sediments or rock walls. Such particles constitute <1% of the particle
number concentration and have negligible impact on the interpretation of dust concentration data (Xu
et al., 2010). These particles were removed by filtration of samples with 10 μm PC membrane filters (Isopore,
Merck Millipore, Germany). Solutions for analysis (15 mL) were prepared by mixing 3 mL of sample with 12 mL
of diluent (ISOTON II, Beckman Coulter Inc., USA) in 25 mL bottles (Accuvette ST, Beckman Coulter Inc.,
USA). The mixtures were left to stand for at least 12 hr before analysis, to ensure the dissolution of any air
bubbles, and were gently stirred immediately prior to analysis to homogenize any settled particles, with minimum
influence of bubbles.

Dust concentrations and particle‐size distributions were determined using a Coulter Counter Multisizer 3
(Beckman Coulter Inc., USA) with a 30 μm aperture and counting in 300 channels spanning 0.6–18 μm diameter
(on a logarithmic scale). Each concentration value represents the average of at least three independent analyses of
the same sample. Uncertainty in repeated measurements averaged ±2.9% for number concentration (range
0.05%–12.5%). Background values were determined through blank tests with ultrapure water (18.2 MΩ cm), with
each sample comprising 3 mL ultrapure water and 12 mL diluent. The average blank error in number concen-
tration was 8.6%. As larger particles were removed by filtration, data for particles of 0.6–10 μm diameter only are
included here. Dust mass concentration was calculated from the measured dust volume, assuming a spherical
approximation and a particle density of 2.5 g cm− 3 (Delmonte et al., 2002).

2.3. Meteorological and Climate Data

Trends in dust concentrations were compared with climate indices. The NAO is an atmospheric pressure pattern
between the Icelandic Low and Azores High (e.g., Luterbacher et al., 2001; Ortega et al., 2015; Yu &
Zhou, 2004). The Atlantic Multidecadal Oscillation (AMO) is an index of multidecadal variability of North
Atlantic sea surface temperature (SST) (e.g., Delworth & Mann, 2000; Enfield et al., 2001), based on detrended
SST anomalies across the North Atlantic region (Wang et al., 2012). In recent years, the term Atlantic Multi-
decadal Variability has been increasingly used rather than AMO (Birkel et al., 2018; Booth et al., 2012).

Our identification of potential source regions of dust and chemical species preserved in the ice core was based on
air‐mass Hybrid Single‐Particle Lagrangian Integrated Trajectory (HYSPLIT) trajectories distributed by the US
National Oceanographic and Atmospheric Administration (Stein et al., 2015). Initial air masses for 10‐day back‐
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trajectories were set at 50, 500, 1,000, and 1,500 m above ground level (a.g.l.) at the TB site. The probability
distribution of air masses below 1,500 m a.g.l. was calculated at 1° resolution (Iizuka et al., 2018; Parvin
et al., 2019).

Correlation and composite analyses were undertaken using the European Center for Medium‐range Weather
Forecasts (ECMWF) ERA5 reanalysis data set (Hersbach et al., 2020) and the Palmer Drought Severity Index
(PDSI, a metric of meteorological drought) (Dai et al., 2004; Palmer, 1965) to investigate the meteorological and
surface conditions of potential dust source regions. Composite anomalies of 2‐m temperature, 500 hPa wind
components, precipitation, and PDSI were considered for the 5 years of most positive AMO (2008, 2009, 2015,
2016, 2017) and most negative AMO (1972, 1973, 1974, 1975, 1976). PDSI data were obtained from the global
Climatic Research Unit (CRU, University of East Anglia, UK) at 0.5° resolution (Barichivich et al., 2022; van der
Schrier et al., 2013).

Visualization of atmospheric dust loading on a wide spatial scale was based on Aerosol Optical Depth (AOD) data
from satellite observations, with AOD quantifying the degree to which dust and other particles in the atmosphere
reduce direct sunlight intensity. AOD spatial distributions at 1° resolution were obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS; Prasad & Singh, 2007; Ginoux et al., 2012).

3. Results and Discussion
3.1. Dust Concentration and Size Distribution

Core average (± standard deviation, 1σ) dust number and mass concentrations were (10.4 ± 8.0) × 104 mL− 1 and
(0.7 ± 0.6) × 103 μg kg− 1, respectively (Figures 2a and c). The timing of peaks in both number and mass con-
centration were synchronized, with a strong correlation (r= 0.92) of annual means (p< 0.001). The proportion of
larger particles (>5 μm) averaged 0.6% for number and 25.4% for mass throughout the entire period (Figures 2b
and d). Correlation between the total numbers, 0.6–10 μm, and those of smaller particles (<5 μm) was strong
(r > 0.999 for number and r = 0.990 for mass concentration, p < 0.001). These results indicate that smaller
particles predominate in the TB core.

Average dust concentrations in the TB core were compared with those in other ice cores from the Himalayas
(Table 1). In terms of overall averages, dust number concentrations in the TB core were 11.8 and 2.1 times higher
than those of the ER and DP cores, respectively, and the dust mass concentration of the TB core was 1.6 times that
of the ER core (no data were available for the DP core). However, measurement periods and size ranges differed
among the cores, with the ER and DP cores covering the past 14 and 5 centuries, respectively, much longer than
the TB core period. For the overlapping period of 1875–1996 CE, the dust number concentration in the TB core
was (10.4± 8.5)× 104 mL− 1 while that in the DP core was (7.2± 3.6)× 104 mL− 1. Although the DP core covers a
wider size range (0.6–20 μm), the TB core still exhibits ∼1.4 times higher concentration. A Welch's t‐test was
conducted to compare the annual mean dust number concentrations between the two cores during this period,
revealing a statistically significant difference (t = − 3.83, p < 0.001). These results indicate that the mean dust
number concentration in the TB core was significantly higher than that in the DP core (no dust concentration data
were available for the ER core).

Wake et al. (1994) measured microparticle concentrations in snow samples from the Ngozumpa glacier on the
southern slopes of the Nepal Himalayas (Figure 1b) and noted that the levels were low, with a number con-
centration of 5.9 × 104 mL− 1 for the size range of 0.6–13 μm, implying minimal influence of the vast arid and
semi‐arid regions of Central Asia. In contrast, an ice core drilled at Mera Peak (Figure 1b), also on the southern
slopes of the Himalayas, yielded much higher concentrations, with a mass concentration of 10.1 × 103 μg kg− 1 in
the size range of 1–30 μm (Ginot et al., 2014). This suggests that dust concentrations in ice cores drilled on the
southern slopes of the Himalayas are likely higher than those on the northern slopes. The results of Wake
et al. (1994) were based on snow samples from 1989 to 1990 CE, a very limited record, and may not fully reflect
dust deposition in the region.

However, the dust mass concentration in the TB core is an order of magnitude lower than that of Tibetan ice cores.
For example, the average dust mass concentration in the Mugagangqiong core of central Tibet (Figure 1b; Li
et al., 2019) is 11.3 times that of the TB core. This is consistent with previous studies, which reported that the
highest concentrations of dust and crustal elements (e.g., Ca2+) in Tibetan ice cores occur in the northwest, near
arid regions such as the Taklamakan Desert and Qaidam Basin, and decrease toward the southeast with the lowest
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concentrations in the Himalayas (Wake et al., 1993;Wu et al., 2010;W. Zhang et al., 2016; Yang et al., 2022). The
TB core thus highlights the contrasting dust concentrations of the northern and southern slopes of the Himalayas.

Particle size distributions relative to dust mass and number concentrations in the TB core are shown in Figure 3.
The number concentration (Figure 3a) is higher for smaller particles, decreasing logarithmically as particle size
increases, consistent with the Junge distribution for continental aerosols (Junge, 1955). The size distribution
relative to mass concentration is shown in Figure 3b. The average distribution over the entire period is unimodal,
with a modal value of 5.0 μm.

Figure 2. Dust concentrations in the Trambau core for (a) particle number and (c) mass for 1875–2019. Proportions of large
particles (>5 μm) in the total concentration are presented for (b) number and (d) mass. The values indicate overshoot spikes
in concentration.

Table 1
Comparison of Dust Concentrations From Three Himalayan Ice Cores: TB (Trambau; This Study), ER (East Rongbuk; Xu et al., 2010), and DP (Dasuopu; Thompson
et al., 2000)

Latitude (°N) Longitude (°E) Elevation (m a.s.l.) Period (year CE) Size range (μm) Number (×104 mL− 1) Mass (×103 μg kg− 1)

TB 27.92 86.54 5,862 1875–2019 0.6–10 10.35 0.73

ER 27.59 86.55 6,518 600–1960 1.0–30 0.88 0.47

DP 28.23 85.43 7,200 1450–1996 0.6–20 4.93 n/a

Note. n/a means not available.
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The dust particle size distribution was compared with records from nearby ice cores and snow samples. The modal
value for the TB core is similar to those reported for the HMA, particularly the Tien Shan Mountains and
northwestern Tibet (4–7 μm; Wake et al., 1994; W. Zhang et al., 2017). In contrast, modal values reported for the
northern slopes of the Himalayas are smaller than that of the TB core, with snow samples fromMt. Shishapangma
Peak, near the DP site, yielding sizes of ∼3 μm (Wake et al., 1994) and the ER core 3.2–4.2 μm (Xu et al., 2010).
An ice core drilled at Mera Peak (Figure 1b) yielded a mode of 5.7–6.2 μm for the period 1999–2010 CE (Ginot
et al., 2014), compared with 5.3 μm calculated for the TB core for the same period. This suggests that the particle
size distribution varies between the northern and southern slopes of the Himalayas, with larger average particle
sizes on the southern slopes. This is likely because the southern sites are located closer to major dust sources (see
Section 3.3 for details on dust sources). Although Wu et al. (2009) reported that differences in particle size
distribution depend on dust concentration rather than geographical location, our results suggest that geographical
location affects both north‐south concentration gradient and size distribution.

Regarding the dust mass size distribution, previous studies have reported a pattern of decreasing dust concen-
tration approaching zero for particle sizes <2 μm (Ginot et al., 2014; W. Zhang et al., 2016, 2017). In contrast, the
TB core exhibits a distinct pattern whereby the concentration remains high even for particles of <2 μm size
(Figure 3b). This suggests that the TB core contains a relatively high proportion of fine dust particles compared
with the other cores, possibly indicating dust from more distant sources.

The modal particle sizes for the ER core differ significantly between low‐concentration periods (3.2 μm for 1815–
1825 CE) and high‐concentration periods (4.2 μm for 1690–1730 CE) (Xu et al., 2010). In contrast, the modal
values of the TB core are similar in high‐ and low‐concentration periods (Figure 3b; e.g., 4.96 μm during the
AMO positive phase, and 5.01 μm during the negative phase). However, the mass size distribution of the TB core
indicates higher concentrations of smaller particles (∼1.4 μm) during the low‐concentration period, with a
bimodal distribution (Figure 3b). The unimodal distribution in the ER core indicates a single primary dust source
in the arid regions of Central Asia (Xu et al., 2010) while multiple more distant sources may have contributed to
the TB core during low‐concentration periods.

Figure 3. Dust particle size distributions in the Trambau core for (a) number and (b) mass concentration. Vertical axes represent dust concentration per measurement
channel (out of 300 total channels); horizontal axes represent the logarithm of particle size diameter. Orange, red, and blue dots indicate average distributions for the
entire period (1875–2019), for the Atlantic Multidecadal Oscillation (AMO) positive phase (high‐concentration period: 1875–1900, 1928–1962, 1998–2019), and the
AMO negative phase (low‐concentration period: 1901–1927, 1963–1997), respectively. Gray shading represents ±1 standard deviation for the entire period. Values in
(b) are modal values of each distribution.
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3.2. Time Series of Dust Concentration

The time series of dust mass concentrations in the TB core during 1875–2019 CE is shown in Figure 4a. The dust
concentration in the TB core was highest in the 1880s, and although high‐concentration peaks were observed in
other years (Figures 2a and 2c), the baseline concentration in the early 1880s is clearly higher than that in other
periods. In contrast, the nearby ER and DP core sites do not show notable dust peaks for the 1880s (Thompson
et al., 2000; Xu et al., 2010). A possible explanation for the high dust concentration in the TB core is the severe
drought in India during 1876–1877 CE, which is recorded in the DP core where high dust and Cl− concentrations
are linked to a drought event caused by a weakening of the Indian summer monsoon (Thompson et al., 2000).
Although no dust concentration peak occurs in the ER core during this time interval (Xu et al., 2010), other studies
of the core have reported elevated Ca2+ concentrations in the 1880s (Qin et al., 2002) and intermittent high Fe (a
proxy for mineral dust) concentrations in the late 19th century (Kaspari et al., 2009). While the dust peak in the TB
core appears ∼5 years after that in the DP core, and no significant Cl− peak was found, the TB peak in the early

Figure 4. Time series of dust concentration, flux, particle properties in the Trambau core, and the Atlantic Multidecadal
Oscillation (AMO) index for 1875–2019. (a) Dust mass concentration; (b) dust flux; (c) mean mass concentration per
particle; (d) mass fraction of large particles (>5 μm); and (e) annual mean AMO index. Dashed lines in (a, c, d) represent
annual averages; solid lines in (a–d) represent 11‐year running averages.
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1880s may have been influenced by the Indian drought, especially considering the potential dating uncertainty in
the DP core (Hou et al., 2018).

Dust concentrations in the TB core show 50‐ to 70‐year cycles, including the high‐concentration period in the
1880s (Figure 4a). The multidecadal variability in dust concentrations is discussed further in Section 3.4.

3.3. Dust Source Regions

Aerosol transport by westerlies is dominant in the Himalayas during winter and spring (Kang et al., 2004; Kaspari
et al., 2009; Xu et al., 2007). High concentrations of aerosols have been reported through atmospheric obser-
vations, particularly during the pre‐monsoon season (Bonasoni et al., 2010). Therefore, we constructed 10‐day
back‐trajectories for the 5‐month period December‐April, using 60‐year average values from 1960 to 2019 CE

Figure 5. Distributions of (a) air mass back‐trajectories and (b) Aerosol Optical Depth (AOD) over potential dust source
regions for the Trambau (TB) core site (yellow star). (a) Probability distribution for an air mass arriving at the TB core site
from a 10‐day back‐trajectory analysis during the winter‐spring season (December‐April) for 1960–2019. (b) Decadal mean
(November 2009 to October 2019) of the Moderate Resolution Imaging Spectroradiometer‐derived Aerosol Optical Depth
index.
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(Figure 5a). The trajectories overlapped distant arid regions including the Arabian Peninsula and Southwest Asia
(specifically Iran, Afghanistan, and Pakistan), as well as relatively proximal areas such as the Thar Desert in
northwest India (Figure 1a).

To capture the dust aerosol loading in the atmosphere around the TB site, we studied the decadal average AOD for
the period November 2009 to October 2019 (10 years prior to core drilling) (Figure 5b). The spatial distribution of
AOD revealed a band of high aerosol loading along the southern side of the Himalayas, indicating that dust from
Southwest Asia, including the Thar Desert, was transported eastward along this side of the range. The Himalayas
likely act as a barrier to the northward transport of dust, with less deposition in the northern region. This dis-
tribution supports the contrasting dust concentrations between ice core sites on the northern and southern slopes.
To visualize the spatial distribution of atmospheric dust load over the HMA region, satellite‐derived data such as
MODIS AOD have been used in several studies (e.g., Wu et al., 2010). However, AOD data do not exclusively
represent dust load, as they also reflect the presence of other aerosols. Therefore, caution should be taken when
interpreting the implications of the AOD data.

Back‐trajectory analyses have also been undertaken for the ER core, showing a similar distribution of trajectories,
but with each study identifying different source regions based on additional analyses. Based on the unimodal dust
size distribution of the ER core, Xu et al. (2010) concluded that the extensive arid and semi‐arid regions of Central
Asia were the only primary source area. Kaspari et al. (2009) identified primary sources as the Arabian Peninsula,
Thar Desert, and northern Sahara Desert based on spatial correlation between a satellite‐based aerosol index and
Fe concentrations in the ER core. Xu et al. (2009) used Sr‐Nd‐Pb analyses to clarify the dust composition and
concluded that the main sources lay in Northwest India including the Thar Desert, excluding the Sahara and
Taklamakan deserts. Primary dust sources for the TB core are presumed to be the Middle East, Southwest Asia,
and the Thar Desert, consistent with source areas for the ER core. There appear to be no significant differences in
back‐trajectory air mass distributions between the ER and TB core sites. It follows that differences in concen-
tration and particle size between the two sites are not due to differences in sources but are more likely due to
differences in air mass transport, with the Himalayan range acting as a barrier for the ER core site (Wake
et al., 1994; Wu et al., 2010).

3.4. Multidecadal Variability of Dust and the AMO

Dust records from ice cores are often compared with climate indices, as dust concentration and particle size reflect
atmospheric conditions. HMA ice‐core dust records have shown significant correlations with the NAO (Xu
et al., 2007; Y. Zhang et al., 2015; W. Zhang et al., 2017). However, the dust mass concentration in the TB core
shows no significant correlation with the NAO (r = − 0.11, p > 0.05) for the period 1875–2015 CE; rather, 50‐ to
70‐year cycles are evident (Figure 4a). The mean mass per particle (mass concentration/number concentration)
and the mass fraction of large (>5 μm) particles in the total concentration similarly display 50‐ to 70‐year var-
iations (Figures 4c and 4d). These variations correspond to AMO phases (Figure 4e), with higher values for these
dust properties observed during positive AMO phases and vice versa. For the TB core, annual means of dust mass
concentration, mass per particle, and the >5 μm mass fraction are significantly correlated with the AMO
(r = 0.23–0.34; Table 2). However, the dust number concentration in the DP core is not correlated with the AMO
(r = 0.05, p > 0.05, 1875–1996 CE; Thompson et al., 2000). To assess the significance of the multidecadal
variability in the dust data, we performed spectral analysis using the Lomb‐Scargle periodogram with a red‐noise
background estimation analogous to the REDFIT method (Schulz & Mudelsee, 2002). The TB core dust mass
concentration exhibited a statistically significant periodicity at the 95% confidence level, comparable to that

Table 2
Correlation Coefficients Between the Atlantic Multidecadal Oscillation Index and Dust Properties in the Trambau Core

Dust mass concentration Dust flux Mass per particle >5 μm mass fraction

Annual 0.226a 0.160b 0.308 0.337

5 year 0.372 0.344 0.562 0.576

11 year 0.457 0.480 0.683 0.700
a0.01 > p > 0.001, bp > 0.05, no remark p < 0.001.
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observed in the AMO. In contrast, the multidecadal variability in the DP core dust number concentration was not
statistically significant.

Dust concentrations in ice cores may be influenced by local snow accumulation at the drilling site, which might be
affected by AMO. To investigate the factors underlying the observed relationship between dust concentrations in
the TB core and AMO, we compared the TB dust record with annual accumulation rates reconstructed from
annual layer thicknesses dated by Tsushima et al. (2025). It should be noted that the TB drilling site is affected by
glacier flow and melt‐refreeze processes, and the accumulation rates used here are provisional, as they have not
been corrected for these influences (therefore figure is not shown). A negative correlation was found between the
annual accumulation and AMO (r= − 0.31, p< 0.001), suggesting that periods of negative AMO tend to coincide
with higher accumulation rates. This implies that during the negative AMO phases, increased accumulation could
dilute the dust content in snow, leading to lower dust concentrations and vice versa. Therefore, the observed
positive correlation between dust concentration and AMO might be influenced by changes in accumulation. To
evaluate the potential impact of accumulation, we calculated dust flux by multiplying dust mass concentration by
accumulation and compared it with the other variables (Figure 4b and Table 2). The dust flux also shows a
positive correlation with AMO (r = 0.48), comparable to that between AMO and the dust mass concentration
(r = 0.46). In contrast, the dust flux shows no significant correlation with the accumulation (r = 0.08, p > 0.05),
whereas it strongly correlates with the dust concentration (r = 0.81, p < 0.001). These results suggest that the
relationship between AMO and dust concentration in the TB core primarily reflects changes in dust deposition
and that the influence of accumulation at the drilling site is likely limited.

To explore these relationships further, we analyzed the spatial distribution of the correlation of the ERA5
reanalysis data and the PDSI during the winter‐spring season (December‐April) during 1941–2019 CE, with both
the dust mass concentration in the TB core and the AMO (Figure 6). For potential dust source regions of the
Middle East and Southwest Asia, we found that dust concentrations are positively correlated with temperature,
with patchy negative correlations with precipitation and PDSI (Figures 6a–6c). The spatial distributions of
correlations with the AMO show similar but clearer patterns (Figures 6d–6f). These observations suggest that
during periods of high dust concentration, potential dust source regions are characterized by higher temperatures,
less precipitation, and more negative PDSI values, and vice versa.

We further undertook composite analyses to investigate the degree of fluctuation in the variables that occur
independently of the degree of correlation (Figure 7). Particularly in the Middle East and Southwest Asia, pre-
cipitation and PDSI values indicate drier conditions during positive AMO phases, and vice versa (Figures 7b, 7c,
7f, and 7g). For temperature (Figures 7a and 7e), the high‐temperature tendency during positive AMO phases may
have enhanced drier conditions. However, as the 5 years with the highest positive AMO phases occurred in the
2000s, and those with the most negative phases occurred in the 1970s, this pattern may simply reflect a broader
warming trend. To determine whether this is attributable to the AMO, temperature data must be detrended by
removing the linear trend. We examined wind speed and direction at the 500 hPa level, which is relevant for
aerosol transport at the elevation of the ice core site, and found that westerly winds toward the TB site were
enhanced during both positive and negative AMO phases (Figures 7d and 7h). However, there are no clear
differences that would affect the dust supply. Furthermore, the same composite analysis for the back‐trajectory
distributions suggests no significant differences in the trajectory patterns (figure not shown). These results
suggest that dust concentrations in the TB core are more strongly influenced by changes in source‐region surface
conditions than by variations in atmospheric circulation.

We found positive correlations between the AMO and the dust mass concentration, dust flux, mean mass per
particle, and large‐particle mass fraction (Figure 4; Table 2). This suggests a lower contribution of larger particles
and reduced overall particle size during negative AMO phases. Indeed, the dust mass size distribution shows a
secondary peak at ∼1.4 μm during negative AMO phases, resulting in a bimodal distribution (Figure 3b). Wetter
surface conditions in primary dust source regions would have suppressed dust emissions, with dust then being
sourced predominantly from more distant regions.

It is thus clear that dust concentrations in the TB core were strongly influenced by the AMO, while the DP core, on
the northern slopes, was less affected. This may be explained by only a small fraction of air masses passing over
AMO‐influenced dust source regions reaching the northern slopes. The spatial distribution of AOD (Figure 5b)
shows a clear contrast in aerosol concentration between the southern and northern sides of the Himalayas. Air
masses carrying dust from regions that have become drier under the influence of the AMO are blocked by the
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Himalayan barrier, with few reaching the northern side. Therefore, dust concentrations on the southern side of the
Himalayas are dominated by the AMO, while those on the northern side are less affected, and perhaps more
affected by other climate indices such as the NAO.

Previous studies have also shown that changes in precipitation associated with positive and negative AMO phases
affect surface conditions, thereby influencing dust loading. For example, the negative‐positive AMO transition
during 1980–2006 led to increased precipitation in the Sahel region of West Africa. This, in turn, reduced dust
concentrations in downwind marine areas (Foltz & McPhaden, 2008; Wang et al., 2012). This relationship,
however, is opposite to that recorded in the TB core. Although direct mechanisms that AMO influences the
climate conditions of the Middle East and Southwest Asia remain unclear, multidecadal variations in temperature
and precipitation, such as those observed in the Sahel region, could occur in the regions. Compared with regions
such as Europe and North America, long‐term observational data from the Middle East and Southwest Asia are
limited, particularly during periods when the AMO phase was negative in the 1980s. As a result, direct obser-
vational data for comparisons across positive and negative AMO phases are scarce. Establishing more obser-
vation sites and continuing long‐term monitoring over the coming decades may help to clarify the mechanisms
linking AMO variability to climate conditions in the regions. On a broader scale, satellite observations have
revealed a decreasing trend in global and North African dust concentrations since 1975 (Shao et al., 2013),
contradicting the trend revealed by the TB core. Although satellite observations and model simulations have

Figure 6. Spatial correlation between the ERA5 reanalysis (a and d) surface air temperature and (b and e) precipitation, and (c
and f) Palmer Drought Severity Index for the winter‐spring season (December‐April) with (a–c) dust mass concentration in
the TB core and (d–f) the Atlantic Multidecadal Oscillation index (1941–2019). The color scale indicates correlation
coefficients based on 5‐year running averages.
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Figure 7. Composite analyses for the ERA5 reanalysis (a and e) surface air temperature, (b and f) precipitation, (c and g) Palmer Drought Severity Index, and (d and h)
500 hPa wind speed and direction (vectors) for the winter‐spring season (December‐April). Five‐year composites are made with (left panels, a–d) the most negative
Atlantic Multidecadal Oscillation (AMO) (1972, 1973, 1974, 1975, 1976) and (right panels, e–h) the most positive AMO (2008, 2009, 2015, 2016, 2017), respectively.
Color scales represent anomalies expressed in terms of the standard deviation (σ). White stars indicate the location of the Trambau core site.
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enhanced our understanding of the global distribution and variability of dust concentrations, regions with sparse
observational data, such as the Himalayas, still exhibit significant uncertainties (Ginoux et al., 2012; Mahowald
et al., 2010). Our TB dust data offer valuable new constraints for model simulations, providing critical insights
that may reduce uncertainties in such understudied regions.

4. Conclusions
This study presents a 145‐year atmospheric dust record reconstructed from the TB ice core drilled on the southern
slopes of the Himalayas—a region for which, to our knowledge, there were no previous long‐term dust records.
This record enabled a comparison between ice cores from both sides of the Himalayan range, showing that the TB
core contains higher dust concentrations than the ER and DP cores from the northern slopes. The southern slopes
are strongly influenced by the AMO, and the northern slopes are less so, likely due to the Himalayan range acting
as a barrier to air mass transport. Our results for the TB core indicate that even for ice cores drilled in
geographically proximal locations within the same Himalayan range, there are significant differences between the
southern and northern slopes, confirming that no single ice core can fully represent the entire Himalayan region.
Given current data limitations, the identification of the factors behind these variations remains challenging.
Additional ice core drilling and data comparisons are essential to advance our understanding of atmospheric
conditions in the Himalayan region.

Data Availability Statement
Dust and age scale data for the TB core are available from Zenodo (Esashi, 2025; Tsushima & Fujita, 2024). Dust
data for the DP core are archived at the National Centers for Environmental Information (NCEI), National
Oceanic and Atmospheric Administration (NOAA) (Thompson et al., 2000; https://www.ncei.noaa.gov/access/
paleo‐search/study/11180). ERA5 monthly averaged data on single levels were obtained from the Copernicus
Climate Data Store (Hersbach et al., 2020; https://cds.climate.copernicus.eu/). The AMO index (Enfield
et al., 2001; https://www.psl.noaa.gov/data/timeseries/AMO/) and the NAO index based on the 20CRV3 dataset
(Compo et al., 2011; https://psl.noaa.gov/data/20thC_Rean/timeseries/monthly/NAO/) were obtained from the
NOAA Physical Sciences Laboratory. Palmer Drought Severity Index data (1901–2022 Preliminary 4.07) were
obtained from the Climatic Research Unit (CRU) at the University of East Anglia (van der Schrier et al., 2013;
Barichivich et al., 2022; https://crudata.uea.ac.uk/cru/data/drought/). MODIS Aqua AOD data (Aerosol Optical
Depth at 550 nm, Deep Blue, Land‐only, MYD08_M3 v6.1) were accessed via NASA's Giovanni data portal
(Platnick et al., 2015; https://giovanni.gsfc.nasa.gov/giovanni/).
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