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A B S T R A C T   

Major nuclear bomb tests and nuclear power plant incidents release large amounts of radionuclides. This study 
investigates beta (β) activities of radionuclides from four ice cores in the Third Pole (TP) to understand the 
transport routes and related atmospheric processes affecting the radionuclides deposition in glaciers of the re-
gion. All the ice cores show three major β activity peaks in the ice layers corresponding to 1963, 1986, and 2011. 
The β activity peak in the 1963 ice layer is referred to as the well-known 1962 Nuclear Bomb Test. Beta activity 
peaks in 1986 and 2011 ice layers from the Chernobyl and Fukushima Nuclear Incidents (CNI, FNI). Hysplit 
forward and backward trajectory analyses suggest that the radionuclides were transported by the westerly into 
the stratosphere and then to the high elevation TP glaciers. In the FNI case, the radionuclides traveled over 
Japan, the Pacific Ocean, Europe, and central Asia before being deposited in the TP glaciers. Investigations of the 
atmospheric circulation confirm that the stronger northern branch of westerly is responsible for high radionu-
clides during the FNI in the TP. Less precipitation with water vapor flux component divergence after the FNI also 
contributed to the enriched radionuclides.   

1. Introduction 

Nuclear events, such as atmospheric nuclear tests and nuclear power 
plant incidents, release radionuclides that threaten human health and 
wildlife survival through atmospheric and oceanic circulation on a 
hemispheric scale and even global scale (Masson et al., 2011; Bu et al., 
2015). Radionuclides deposited in glaciers are transported through at-
mospheric circulations. There are three sources of radionuclides recor-
ded in glaciers: 1) the geogenic source including the 235U, 232Th, 40K, 
and the family of 238U series like the 222Rn and its decay product of 
210Pb; 2) the cosmic source including the atmospheric constituents or 
extraterrestrial material accreted by the Earth, such as 7Be, 10Be, 14C, 
26Al, 32,33P, and 32Si; 3) the anthropogenic source mainly arising from 
human activities, such as nuclear power facilities, reprocessing plants, 

loss of radiation sources, detonation and loss of nuclear weapons, and 
laboratory accidents (Mabit et al., 2012; Szymczak, 2012). 

Among them, the anthropogenic radionuclides, especially the 131I 
and 137Cs, released by the nuclear events have been raised with great 
attention due to their high concentrations and health risk (Tang et al., 
2021). Generally, the artificial radionuclides (e.g., 137Cs 134Cs, 131I, 90Sr, 
60Co) released from nuclear events emitted beta (β) rays during their 
decay (Pröhl et al., 2012). As a fission product, the β decay results in 
changes of both valence and ionic size (Gray, 1982). Thus, after long 
distances traveled in the air, the β radionuclides are deposited in glaciers 
by snowfall through gravitational settling. 

From 1945 to 1980, the United States (US) and the former Soviet 
Union (FSU) conducted atmospheric Nuclear Bomb Tests (NBT). There 
were 85 tests conducted during the period 1957–1962, which released a 
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total yield of 239.6 Mt (Megatons TNT equivalents) distributed as local 
(~0.1%), tropospheric (~7%), and stratospheric (~93%) fallout 
(Wendel et al., 2013). The largest atmospheric NBT by the FSU was 
conducted in 1962 with a total yield of 132.7 Mt (Khalturin et al., 2005). 
After that, the US and the FSU signed the Partial Test Ban Treaty, a treaty 
stipulating a ban on NBT in all global environments (except for the 
underground) to prevent the dispersion of nuclear fallout and limit 
environmental risks. However, the construction of nuclear power plants 
has continued to meet economic development needs. Although technical 
advances have substantially reduced the environmental risks from nu-
clear facilities, human fallibility and natural disasters remain potential 
hazards (Lelieveld et al., 2012). The Ukraine Chernobyl Nuclear Incident 
(CNI) on 26 April 1986 released total radionuclides of 5.2 × 1018Bq into 
the atmosphere, and the Fukushima Nuclear Incident (FNI) on 11 March 
2011 released about 63 × 1017Bq of radionuclides (Kortov and 
Ustyantsev, 2013). 

With an average elevation above 4000 m.a.s.l, the Third Pole region 
(TP), the Tibetan Plateau and its surroundings, contains the largest 
number of glaciers outside Antarctica and Arctic (Yao et al., 2012). Snow 
continuously falls on these glaciers associated with dust and other at-
mospheric impurities, including radionuclides, thus incorporated into 
the ice with time and preserved within glaciers. Measurement of ra-
dionuclides in ice cores from known events provides a way to calibrate 
the time series of a climate record from ice cores and verify the pollutant 
diffusion by atmospheric processes with the peaks of the β radionuclides 
from the nuclear events. 

The β activity peak of the most intensive nuclear test in 1962 per-
formed by the FSU has been detected in glaciers and identified in the ice 
layer corresponding to 1963 in the Northern Hemisphere (Bautista et al., 
2018) and 1964 in the Southern Hemisphere (Goursaud et al., 2017). 
The other two major β activity peaks detected from the glaciers all over 

the world are the 1986 CNI and the 2011 FNI (e.g., Haeberli et al., 1988; 
Di Stefano et al., 2019). 

Although the β activity in ice cores is traditionally used as a chro-
nological tool, the available β activity records in TP ice cores allow us to 
depict the β activity radionuclides profile of the TP glaciers and under-
stand how the radionuclides were transported to the TP and how at-
mospheric circulation was driving the transport process. In this study, 
we examine β activity records from four high elevation ice cores across 
the TP and one Alps ice core to reconstruct an overall picture of the 
geographical dispersion of the radionuclides of the three most critical 
nuclear events. The Hysplit forward and backward trajectory models 
were used to examine the transport routes of the radionuclides from 
their sources to the deposition sites on the TP. The atmospheric circu-
lation processes transporting the radionuclides are investigated by 
diagnosing the wind field, water vapor flux components from NCEP/ 
NCAR reanalysis data, and observed ground precipitation from the Na-
tional Meteorological Information Center (NMIC) of China Meteoro-
logical Administration (CMA) and reanalysis precipitation data from the 
Global Precipitation Climatology Project (GPCP), which allows us to 
identify the drivers of different β radionuclides from the origins of the 
nuclear events to the TP. 

2. Materials and methods 

Fig. 1 shows the drill sites of the four TP ice cores and Mt Ortles ice 
core (Gabrielli et al., 2016) in this study. The identification of each ice 
core is provided in Table 1. The ice cores were transported frozen to a 
cold room maintained at < − 20 ◦C. Ice core samples with a weight 
between 260 and 740 g were prepared from the upper parts of the ice 
cores. Table S1 listed the β activity with depth for each ice core in the 
supplemental information. As shown in Table S1, samples for the β 

Fig. 1. Map of ice core drill sites in the TP region 
with dominant air masses marked by arrows. In the 
figure, the stars indicate the ice core drill sites dis-
cussed in this study with red stars from this study and 
black stars from other studies. The QT No1 ice core is 
referenced from Shao et al. (2020), and the HRQ ice 
core is referenced from Wang et al. (2021); the grey 
cross and black cross denote the glaciers in which the 
radionuclides from the Fukushima incident were 
identified (Wang et al., 2015, 2020). The Mt Ortles in 
the Italian Alps (Purple dot, referenced from Gabrielli 
et al., 2016) and the Fukushima, Chernobyl, and the 
Nuclear Bomb Test (Red triangle) are shown in the 
lower-left insert map. The details of each ice core (i. 
e., locations, altitude, drill year, etc.) are listed in 
Table 1. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
The identification of ice core drilling sites of four TP ice cores and Mt Ortles ice core.  

Ice Core Longitude (E) Latitude (N) Altitude (m.a.s.l) Drill year Drill Depth (m) Reference 

Dunde (DD) 96◦24.6′ 38◦6.6′ 5320 2016 132 This study 
Guliya(GLY) 81◦22.8′ 35◦7.8′ 6200 2015 19.21 This study 
Qiangtang No1(QT No 1) 88◦41.4′ 33◦18′ 5890 2014 109 Shao et al. (2020) 
Hariqin (HRQ) 92◦6′ 33◦78′ 5664 2015 146.25 Wang et al. (2021) 
Mt Ortles 10◦32.58′ 46◦30.42′ 3859 2011 74.88 Gabrielli et al. (2016)  
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activity analysis were divided into 31, 16, 31, 11, and 6 layers for the 
DD, GLY, HRQ, QT No1, and Mt Ortles ice cores, respectively. Samples 
were melted at room temperature and then mixed with 4 mol/ml hy-
drochloric acid (HCl) until reaching a pH value of 2 to prevents hy-
drolysis and any sorption of radionuclides on the container walls and 
attach onto the membrane. The solution was filtered at least three times 
(to ensure absorption) through MN616 LSA-50 cation and MN 616 
LSB-50 anion membranes. The membranes were marked and dried on 
aluminum foil at room temperature. The β activity was measured by the 
Mini 20Alpha-Beta Multidetector (French Eurisys Measures Corpora-
tion) with a detection limit of 0.03dpm (disintegration per minute). 

The instrument was run for 72 h to reach a stable state at first. Then 
the background β activity and detector efficiency were measured by a 
blank sample with no contamination indicated. The background of the 
GLY, QT No1, and DD ice core is 0.03–0.2, 0.03–0.34, and 0.03–0.28, 
which are well below the actual value of β activity. Finally, each sam-
ple’s β activity (dph/kg, disintegration per hour in the 1-kg sample) was 
measured on a Mini 20Alpha-Beta Multidetector, and the final β activity 
is calculated as: 

β=
βsample − βbackground

M ∗ E
*60  

where βsample is the β activity measurements of ice core samples (dpm); 
βbackground is the β activity measurements of the blank sample (dpm); M is 
the sample’s weight (kg, kilogram); E is the efficiency, which is deter-
mined using certified known alpha and beta sources. 

The depth-age developments of the four ice cores are provided in 
Fig. S1. The three β peaks correspond to the annual time series that is 
based primarily on the seasonal variations of δ18O in each core. The QT. 
No1 and HRQ have been documented in Shao et al. (2020) and Wang 

et al. (2021). The GLY ice core was analyzed at the Institute of Tibetan 
Plateau Research, Chinese Academy of Sciences (ITPCAS) as part of a 
cooperative program with the Byrd Polar Climate Research Center 
(BPCRC) at The Ohio State University. The β activity and δ18O from the 
BPCRC ice core have been presented in Thompson et al. (2018). We 
show the β activity record from the part of the ITPCAS ice core for the 
first time in this study. 

The three β activity peaks in the Mt Ortles ice core and its depth-age 
development were reported by Gabrielli et al. (2016). 

3. Results and discussion 

3.1. Beta radionuclides in Third Pole ice cores 

Fig. 2 shows the specific total β activity profiles from the four TP ice 
cores and the Alpine Mt Ortles ice core (Gabrielli et al., 2016). The value 
of each peak and its factor over the background (i.e., excluding the three 
β peaks) are listed in Table 1. Here, as aforementioned, the δ18O-based 
time series and the β activity levels in all the ice cores are mutually 
supportive, confirming that the three β activity peaks represent the FNI 
in 2011, the CNI in 1986, and the NBT in 1962. These peaks are tradi-
tionally used for calibrating ice core time series since they represent the 
exact absolute year of either nuclear tests or nuclear incidents. Note that 
the β activity is an activity for the day of the analysis year (2015 for DD, 
2016 for GLY, 2015 for HRQ, 2014 for QT No1, and 2016 for Mt Ortles) 
and does not take into account the decline due to the half-life. 

As shown in Fig. 1, the β activity peak at the top of the GLY, HRQ, and 
Mt Ortles ice cores are the most pronounced. This peak corresponds to 
the FNI in 2011, which was extensively detected throughout the 
Northern Hemisphere, including eight snow pit samples from TP glaciers 

Fig. 2. Specific total β activity recorded in four TP ice cores, (A) Dunde, (B) Guliya, (C) Hariqin, (D) Qiangtang No1, and the Alpine (E) Mt Ortles ice core. The three 
β activity peaks marked by diamonds and joined by dashed lines correspond to the Fukushima nuclear incident in 2011, the Chernobyl nuclear incident in 1986, and 
the nuclear bomb test in 1962. Shaded plots indicate the continuous β activity analyses. Ice cores are identified by abbreviations which are defined in Table 1. 
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in Fig. 1 (Wang et al., 2015, 2020), in the Mt Ortles in the Italian Alps 
(Gabrielli et al., 2016), and in the snow and ice samples from other 
high-elevation glaciers (e.g., Di Stefano et al., 2019). Airborne radiation 
from the FNI traveled through much of the hemisphere at lower (3–4 
km) and higher altitudes (>5000 m) (Hsu et al., 2012), also comparable 
to the elevation of the ice core drilling sites in this study (5320–6200 m, 
Table 1). These records imply that atmospheric circulation might be 
responsible for transporting the radionuclides from the FNI to the high 
elevation glaciers in the Northern Hemisphere (Masson et al., 2011). 

A less pronounced β activity peak in the ice layer underneath the 
2011 FNI ice layer of the TP ice cores and Mt Ortles ice core corresponds 
to the CNI in 1986, which has been extensively reported worldwide (e. 
g., Ambach et al., 1987; Pinglot et al., 1994; Haeberli et al., 1988; Tian 
et al., 2006; Hou et al., 2018). The uniformity of the results from 
different studies confirms the widespread deposition of radionuclides 
from the CNI to the high-elevation glaciers in the Northern Hemisphere. 
Not only is the overall intensity lower, but also the average value of each 
β peak and its ratio to its respective background are lower (Table 2). 

All cores show noticeable increases in β activity in the ice layer 

corresponding to 1963, a consequence of the former Soviet NBT pro-
gram in 1962. Between 24 September 1957 and 25 December 1962, 85 
atmospheric nuclear tests with a total yield of 239.6 Mt were carried out 
at Novaya Zemlya Test Site, including 2 tests with a yield of 4.5 Mt in 
1957, 24 tests with a yield of 16.2 Mt in 1958, 24 tests with a yield of 
86.2 Mt in 1961, and 35 tests with a yield of 132.7 Mt in 1962 (Khalturin 
et al., 2005). Of all the nuclear tests in different years, 1962 is the year 
with the largest radionuclides releases. The highly remarkable β activity 
peak in 1963 was observed in all the ice cores from middle and high 
latitude glaciers (e.g., Thompson et al., 2018; Bautista et al., 2018; 
Goursaud et al., 2017). The β activity corresponding to the 1962 NBT 
that occurred in 1963 is the most distinct in the DD and QT No1 records. 

The peak of β radioactivity appeared at different depths in different 
glaciers, depending on glacier accumulations. Based on the depth cor-
responding to the 1963 β peak, we calculated the annually-averaged 
accumulation (ice equivalent) of each ice core site as shown in 
Table 2. The annually-averaged accumulation is the highest in the DD, 
moderate in the GLY and QT No1, and lowest in the HRQ. The different 
accumulations have resulted from different regional precipitations 

Table 2 
The value of the β activity peaks corresponding to the 2011 Fukushima and the 1986 Chernobyl nuclear incidents and the 1962 nuclear bomb test (which peaked in 
1963 in ice core records), respectively, in the four TP ice cores and Mt Ortles ice core. The factors of each peak over its background level (the average β activity value 
without three β activity peak values) for each event are shown next to the columns of each β activity peak value.  

Ice Core 
Site 

2011 (dph kg− 1) Factor 1986 (dph kg− 1) Factor 1963 (dph kg− 1) Factor Accumulation (i.e) 

Dunde 2581.74 3.86 749.17 1.12 3569.14 5.33 294 
Guliya 1170 2.77 604.8 1.43 1036.8 2.46 170 
Qiangtang No1 2158.67 3.65 779.41 1.32 3318.69 5.62 185 
Hariqin 2812.33 14.39 620.16 3.17 961.27 4.92 195 
Mt Ortles 48900 4.05 45480 3.77 47040 3.89 881  

Fig. 3. Forward trajectories for the 2011 Fukushima 
nuclear incident (green lines), the 1986 Chernobyl 
nuclear incident (black lines), and the 1962 Nuclear 
bomb test (blue lines), along with the backward tra-
jectory for the QT No1 ice core site for the heights at 
(A) 1500 m above ground level (AGL), (B) 2000m 
AGL, (C) 3000 m AGL, and (D) 4500 m AGL. The 
trajectories are determined using the HYSPLIT model 
(https://ready.arl.noaa.gov/archives.php) with 
global archive data. The shaded region indicates the 
TP region with the QT No1, Mt Ortles ice core, and 
each event site marked by a purple dot, red star, and 
red triangles, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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caused by large-scale atmospheric circulation systems of the TP region 
(Yao et al., 2012). 

3.2. Possible transportation routes of beta radionuclides from nuclear 
events 

Forward and backward trajectories (Tositti et al., 2012) were used to 
reconstruct possible radionuclides transport from the three events sites 
to the four TP glaciers, based on the NOAA–ARL (National Oceanic and 
Atmospheric Administration Air Resources Laboratory) 3D kinematic 
HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory 
Model) trajectory model (Stein et al., 2015). Global reanalysis data are 
from NCEP (National Weather Service’s National Center for Environ-
mental Prediction) (Kalnay et al., 1996). Previous studies have detected 
the arriving time of the radionuclides at different places after the FNI. 
The radionuclides anomalies from the FNI were measured on 15 March 
in the US, on 16 March in the North American continent, on 23 March in 
northwestern Europe, on 26 March in Mongolia and China (Tang et al., 
2021), and on 3 April in Belarus (Masson et al., 2011). A study on TP 
snow pit samples suggests that the radionuclides deposited on TP gla-
ciers approximately 20 days after the FNI (Wang et al., 2015). Based on 
the study, the period from 11 March to 23 March is used for our forward 
trajectory analysis, while the period from 23 March to 1 April 2011 is 
used for the backward trajectory analysis in the case of the FNI. For the 
CNI case, Steinhauser et al. (2014) found that after the initial peak 
release, further releases of radionuclides occurred over 10 days due to 
the graphite fire. This assumes continuous radionuclides over 10 days 
from the CNI. We, therefore, used the period from 26 April to 8 May in 
1986 for both the forward and backward trajectory analyses in the case 
of the CNI. The period from 1 January to 13 January in 1963 is used for 
the backward trajectory of the NBT around Novaya Zemlya and 18 
December to 31 December in 1962 is used for the forward trajectory. We 
calculated forward and backward trajectories at the heights 1500 m, 
2000m, 3000 m, and 4500 m above ground level (AGL) between each 
event site and ice core site. The QT No1 ice core is used as the repre-
sentative TP target point since it is located in the center of the four TP ice 
core sites (Fig. 3). 

As shown in Fig. 3, the backward trajectory from the QT No 1 site is 
linked with the forward trajectory from the origins of NBT at the height 
of 1500 m AGL (Fig. 3A), indicating that the radionuclides-bearing 
aerosols after the NBT might be transported through the atmospheric 
boundary layer. The backward and forward trajectories were not linked 
to each other at the height of 1500 m and 2000m AGL (Fig. 3A and B) for 
FNI and CNI, while they were linked at the height of 3000 m AGL for the 
CNI and NBT (Fig. 3C). The height of 4500 m AGL is a favorable 
transport route for radionuclides from the origins of FNI and CNI to the 
QT No1 ice core (Fig. 3D). In the case of the FNI period, the forward 
trajectory at 4500 m AGL traveled over Japan, the Pacific Ocean, Can-
ada, Arctic Ocean, Europe, France through the Mt Ortles, and Central 
Asia, while the backward trajectory from the QT No1 traveled over the 
Iran, Mediterranean, Netherland, Arctic Ocean, America, and the Pacific 
Ocean where it met with the forward trajectory. It is reasonable that the 
stratospheric and tropospheric intrusions transported the radionuclides 
from all three events, which were carried by the prevailing westerly. The 
upper stratospheric air mass will mix with the local tropospheric air 
mass bringing radionuclides and transporting the radionuclides to ice 
core sites. Such high-velocity movement of radioactive contamination 
through prevailing westerly indicates the quickly spread out of nuclear 
risk worldwide. 

Previous studies suggest that the nuclear incidents and nuclear bomb 
tests injected radionuclides into the stratosphere, and transported them 
on regional to global scales before deposition (e.g., Aoyama, 1988; 
Hirose and Povinec, 2015; Malakhov and Pudovkina, 1970). The ra-
dionuclides from the FNI were firstly ejected into a high tropospheric 
plume and then transported around the NH (Mészáros et al., 2016). The 
radionuclides discharged from the FNI have been recently detected in 
several regions of China (Shi et al., 2014) and from the NBT and CNI in 
an extensive range of literature and various samples (e.g., Kortov and 
Ustyantsev, 2013; Steinhauser et al., 2014). Our ice core results further 
indicate long-range radionuclides risks from the mid-and low-tropo-
sphere transport from the recent FNI and the previous CNI and NBT in 
the region. 

Fig. 4. Spatial patterns of the wind field (m/s, arrows) averaged at 300-700 hPa over the TP after the (A) Fukushima nuclear incident, (B) Chernobyl nuclear 
incident, and (C) the difference between 2011 and 1986 and the vertical profile of the meridional wind between 700 and 100 hPa after the (D) Fukushima nuclear 
incident, (E) Chernobyl nuclear incident, and (F) the difference between 2011 and 1986. All data are calculated for two months after each nuclear test or incident, 
from 11 March 2011 to 11 May 2011 after the 2011 Fukushima nuclear incident and from 26 April 1986 to 26 June 1986 after the 1986 Chernobyl nuclear incident. 
The data of meridional wind in Fig. 4d–f is averaged at the neighboring four points (square) of gridded data. Red stars mark the ice core drill sites in figure 
(Fig. 4A–C) with abbreviations defined as Fig. 1. The wind fields are from the NCEP/NCAR reanalysis data set (http://www.esrl.noaa.gov/psd/data.ncep.reanalysis. 
derived.html). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Factors affecting the transport of beta radionuclides after the 
fukushima and chernobyl incidents 

As mentioned in section 3.1, the radionuclides in the TP and Alps ice 
core records demonstrate that the radionuclides from the three nuclear 
events are preserved in high-elevation glaciers throughout Eurasia. The 
NBT released radionuclides are still significant because of their huge 
releases, which agree well with the largest peak recorded in the TP ice 
cores and Mt Ortles ice core in this study. The deposition processes of the 
FNI and CNI incidents are different in different regions worldwide. 
Previous comparison studies indicate that the CNI has released larger 
radionuclides into the atmosphere than the FNI (Lelieveld et al., 2012; 
Steinhauser et al., 2014). Our results from four TP ice cores showed that 
the β activity of radionuclides from the FNI is substantially higher than 
that of the CNI. Despite lesser levels compared to the TP ice core, the Mt 
Ortles ice core also showed 3420 higher β activities in 2011 FNI than in 
1986 CNI. This difference is caused by the complexity of the atmospheric 
circulation systems governing the dispersion and meteorological con-
ditions of the region (Qiao et al., 2011; Bu et al., 2015). The radionu-
clides from atmospheric nuclear tests and nuclear power plant incidents 
follow the prevailing westerly wind directions and strength, which 
dominate different transportation routes (Wendel et al., 2013; Haeberli 
et al., 1988; Huh et al., 2012). We, therefore, looked for the atmospheric 
circulation systems and meteorological conditions for the targeted TP 
region to understand the transport processes of the radionuclides 
deposition from the stratosphere to the glaciers on the TP. 

Fig. 4 illustrates the regional wind field averaging 300-700 hPa over 
the TP in two months after each nuclear incident, from 11 March 2011 to 
11 May 2011 for the FNI and from 26 April 1986 to 26 June 1986 for the 
CNI. The TP region is subject to the competing influences of two large- 
scale atmospheric circulation systems: the continental westerly during 
the winter and spring and the Indian monsoon in summer (Yao et al., 
2013). It is clear from Fig. 4A and B that the westerly winds prevailing 
over the TP from 11 March 2011 to 11 May 2011, after the FNI, were 
much stronger than that on 26 April 1986 to 26 June 1986, after the CNI. 

The TP divides the westerly into the northern branch and southern 
branch at around 35◦N. When the northern branch of westerly (northern 
westerly) is very strong, the wind speed of the southern branch of 
westerly (southern westerly) is weak, which is the case in 2011 after the 
FNI (Fig. 4A). When the northern westerly is weak, then the wind speed 
of the southern westerly is strong, which is the case in 1986 after the CNI 
(Fig. 4B). The difference in wind fields between 2011 and 1986 also 
indicates stronger northern westerly winds after the FNI than after the 
CNI (Fig. 4C). As shown in Fig. 4D–F, the vertical profile of the merid-
ional wind between 700 and 100 hPa over each TP ice core site is 
averaged by the neighboring four points (square) of gridded data located 
at the negative phase after the FNI while it is positive after the CNI 
(Fig. 4D–F), confirming the northern westerly prevails after the FNI and 
the southern westerly combining with the Indian Monsoon dominance 
after the CNI. The spatial pattern of the regional wind field and the 
vertical profile of the meridional wind over Mt Ortles site indicate that 
the westerly circulation is stronger after the 2011 FNI and weaker after 
the 1986 CNI (Fig. S2). Thus, we suggest that the stronger westerly, 
particularly the stronger northern westerly prevailing over TP, is 
responsible for driving the high radionuclides deposition after the FNI in 
the TP glaciers. Due to the similar vertical profile of zonal winds at 
700-100 hPa atm pressure on each TP ice core site and Mt Ortles ice core 
site between the two incident periods (Fig. S3), the radionuclides were 
possibly independent of zonal winds. 

We have investigated the water vapor transport by analyzing the 
vertically integrated mass-weighted water vapor flux component and 
the divergence of water vapor flux in the atmosphere column at 300-700 
hPa based on reanalysis data. The result shows that the TP ice core sites 
are located at the divergence zone after the 2011 FNI and the conver-
gence zone after the 1986 CNI (Fig. 5A–C). The negative phase of the 
vertical wind velocity profile at 700-100 hPa after the 2011 FNI suggests 
the descending motion, while the positive one after the 1986 CNI sug-
gests the ascending motion over the TP ice core (Fig. 5D–F) and Mt 
Ortles ice core sites (Fig. S4). It means that the divergence with 
descending process transported more radionuclides after the FNI, while 

Fig. 5. Spatial patterns of vertically integrated mass-weighted water vapor flux component in the atmosphere column averaged at 300-700 hPa after the (A) 
Fukushima nuclear incident, (B) Chernobyl nuclear incident, and (C) the difference between 2011 and 1986, and the vertical profile of vertical velocity in the 
atmosphere column between 700 and 100 hPa after the (D) Fukushima nuclear incident, (E) Chernobyl nuclear incident, and (F) the difference between 2011 and 
1986. The arrows in Fig. 5a–c shows the integrated mass-weighted water vapor flux components and the shading indicates the integrated divergence of water vapor 
flux. All data are calculated for two months after each nuclear incident, which is from 11 March 2011 to 11 May 2011 for the 2011 FNI and from 26 April 1986 to 26 
June 1986 for the 1986 CNI. The vertical velocity data in Fig. 5D–F is averaged at the neighboring four points (square) of gridded data. Black stars in Fig. 5A–C mark 
the ice core drill sites with abbreviations defined in Fig. 1. The mean daily air temperature, pressure at the surface, relativity, and vertical velocity are downloaded 
from http://www.psl.noaa.gov/data/gridded/data.ncep.reanalysis.html. 
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the convergence with ascending process transported less radionuclide 
after the CNI. 

Based on the daily observation data of the neighboring eight stations 
of TP ice core sites and Global Precipitation Climatology Project (GPCP) 
reanalysis data, we have further investigated the precipitation two 
months after the FNI (from 11 March 2011 to 11 May 2011), late spring 
season, and two months after the CNI (from 26 April 1986 to 26 June 
1986), early summer season (Fig. 6 and Fig. S5). The results show that 
the amount of precipitation and the number of days with precipitation 
two months after the FNI are generally less than those two months after 
the CNI. The radionuclides depositions in the TP glaciers were enriched 
due to less precipitation after the FNI and diluted due to more precipi-
tation after the CNI. 

4. Conclusions 

Ice cores in the Third Pole region allow us to reconstruct the history 
of radionuclides deposition from nuclear events and understand their 
atmospheric processes. Three distinct β activity peaks were identified as 
the 2011 Fukushima Nuclear Incident (FNI), 1986 Chernobyl Nuclear 
Incident (CNI), and 1962 Nuclear Bomb Test in the four TP ice cores and 
the Mt Ortles ice core. The forward and backward trajectory analyses 
show that the upper-level westerly is instrumental in transporting ra-
dionuclides of the three nuclear events to the TP glaciers. The stronger 
westerly, particularly the stronger northern branch of the westerly, 
brought more radionuclides to the glaciers in the TP after the 2011 FNI. 
The weak southern branch of the westerly associated with the Indian 
monsoon resulted in less transportation of radionuclides and low 
deposition in the TP glaciers after the 1986 CNI. The divergence of water 
vapor flux component with descending motion process and less precip-
itation after the FNI also contributed to the enriched radionuclides in ice 
core records. 

Author contributions 

Deji: Writing-original draft, Validation, Formal analysis Tandong 
Yao: Conceptualization, Writing-Reviewing and Editing, Supervision 
Lonnie G. THOMPSON and Mary E. DAVIS: Conceptualization, 
Writing-Reviewing Baiqing XU, Guangjian WU, Huabiao ZHAO, Sujie 

LIANG, Meilin ZHU, and Chao YOU: Resources, Writing-Reviewing and 
Editing. All authors made substantial contributions to discussions of the 
manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work is supported by the “Key Research Programs in Frontier 
Sciences” of the Chinese Academy of Sciences (QYZDY-SSWDQC003), 
“The second Comprehensive Scientific Expedition on Tibetan Plateau 
(2019QZKK0208)”, “International Partnership Program” of CAS 
(131C11KYSB20160061), the National Science Foundation Paleo Per-
spectives on Climate Change (1502919), and the National Natural Sci-
ence Foundation of China (42101133, 41971092). Special thanks are 
extended to D. M. QU, Y. Y. Shi for experimental support and to Z.L. Yu, 
G.M. Wu, X.J. Zou, R. Zhang, Z. Liu, J.J. Sun, X. Zou, H.W, Dong, S.H. 
Wang, S.E. Porter, E. Beaudon, W.T. Hu, J.B. Zong, and A.B. Wilson for 
their technical support. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jenvrad.2022.107016. 

References 

Ambach, W., Rehwald, W., Blumthaler, M., Eisner, H., 1987. Chernobyl fallout on Alpine 
Glaciers: a new reference horizon for dating. Trans. Am. Geophys. Union 68 (45). 
https://doi.org/10.1029/eo068i045p01577-01, 1577-1577.  

Aoyama, Michio, 1988. Evidence of stratospheric fallout of caesium isotopes from the 
Chernobyl accident. Geophys. Res. Lett. 15 (4), 327–330. https://doi.org/10.1029/ 
GL015i004p00327. 

Bautista, A.T., Miyake, Y., Matsuzaki, H., Iizuka, Y., Horiuchi, K., 2018. High-resolution 
129 I bomb peak profile in an ice core from SE-Dome site, Greenland. J. Environ. 
Radioact. 184, 14–21. https://doi.org/10.1016/j.jenvrad.2017.12.015. 

Bu, W., Ni, Y., Guo, Q., Zheng, J., Uchida, S., 2015. Pu isotopes in soils collected 
downwind from Lop Nor: regional fallout vs. global fallout. Sci Rep-Uk 5. https:// 
doi.org/10.1038/srep12262. 

Di Stefano, E., Clemenza, M., Baccolo, G., Delmonte, B., Maggi, V., 2019. Cs-137 
contamination in the Adamello glacier: improving the analytical method. J. Environ. 
Radioact. 208, 106039 https://doi.org/10.1016/j.jenvrad.2019.106039. 

Gabrielli, P., Barbante, C., Bertagna, G., Berto, M., Binder, D., Carton, A., Carturan, L., 
Cazorzi, F., Cozzi, G., Dalla Fontana, G., Davis, M., De Blasi, F., Dinale, R., Draga, G., 
Dreossi, G., Festi, D., Frezzotti, M., Gabrieli, J., Galos, S.P., Ginot, P., Heidenwolf, P., 
Jenk, T.M., Kehrwald, N., Kenny, D., Magand, O., Mair, V., Mikhalenko, V., Lin, P.N., 
Oeggl, K., Piffer, G., Rinaldi, M., Schotterer, U., Schwikowski, M., Seppi, R., 
Spolaor, A., Stenni, B., Tonidandel, D., Uglietti, C., Zagorodnov, V., Zanoner, T., 
Zennaro, P., 2016. Age of the Mt. Ortles ice cores, the tyrolean iceman and glaciation 
of the highest summit of south tyrol since the northern hemisphere climatic 
optimum. Cryosphere 10, 2779–2797. https://doi.org/10.5194/tc-10-2779-2016. 

Goursaud, S., Masson-Delmotte, V., Favier, V., Preunkert, S., Fily, M., Gallée, H., 
Jourdain, B., Legrand, M., Magand, O., Minster, B., 2017. A 60-year ice-core record 
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