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Abstract
The ability to predict climate is becoming increasingly important. The ice core is one of the most useful
tools for reconstructing previous atmospheric data to assess past climatic changes. The core data provides direct
access to past atmospheric information, as the snow surface is in direct contact with the atmosphere. Therefore,
ice cores drilled in mountain glaciers and ice sheets are suitable for reconstructing previous atmospheric data.
However, an important limitation of ice core research is that ice-core data is a one-point data, making it difficult
to discuss spatial variation of past atmospheric information. In general, the spatial representation of ice cores is
unknown. However, we should extract past spatial data of atmospheric materials from ice cores for discussing
spatial material circulation. Hence, a detailed comparison of the results of meteorological analysis with ice core
data is a very important first step for reading past atmospheric circulation from ice-core data.
This study consists of two main chapters. Chapter 2 covers the North Pacific region from East Asia to the
North Pacific Ocean. This region is subject to Asian dust outbreaks and stratosphere-to-troposphere transport
(STT) associated with cyclonic activities, which may be important for assessing climate change. Therefore,
investigating climatic variations in this region from the past to the present is very important for future climate
prediction. Intra-annual ice-core data is useful for an assessment of those variations from the past to the present.
However, there have been no ice core data with full seasonal dating and no study focusing on the interaction
between the stratosphere and the troposphere by means of ice core research in this region thus far. Hence, the
tropospheric and stratospheric materials (dust and tritium, respectively) have been analyzed in an Alaskan ice
core and the data obtained are discussed in terms of ice core research. In Chapter 3, in terms of meteorological
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analyses, investigations on the interaction between the troposphere and the stratosphere are carried out as case
studies of severe dust storms in East Asia in 2001 and 2002 with simultaneous examination of their impacts on
the ice core site. Additional investigations on the seasonal march and interannual variation of atmospheric
circulation in spring–early-summer (March–June) were carried out to better understand atmospheric circulation
patterns, which may have impact on the Alaskan ice-core data and the interaction between the tropospheric and
the stratospheric circulation of material in the North Pacific region.
For research (1), to assess past variation of materials of tropospheric and stratospheric origin, a 50-m ice
core was drilled at the summit of the Mount Wrangell Volcano, Alaska (62°N; 144°W; 4100 m) and the dust
number, tritium concentrations, and stable hydrogen isotope were analyzed. The period covered was from 1992
to 2002. We found that the concentrations of both fine dust (0.52–1.00 μm), an indicator of long-range transport,
and coarse dust (1.00–8.00 μm) increased simultaneously every spring. Moreover, their concentrations
increased drastically after 2000, corresponding to the recent increase in Asian dust outbreaks in spring. In
addition, an increase in the spring of 2001 corresponded to the largest dust storm recorded in East Asia since
1979. Therefore, our findings imply that Asian dust strongly pollutes Mount Wrangell every spring. The
stratospheric tracer, tritium, had late spring maxima almost every year and we found it to be useful for ice-core
dating for identifying late spring in the North Pacific region. We also found that a high positive interannual
correlation existed between the calculated tritium and fine dust fluxes from late spring to summer. We propose
that an interannual relationship between the STT and Asian dust storms is most closely connected in late spring
because their activities are weak in summer. Therefore, the Mount Wrangell ice core is important and useful for
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assessing dust and tritium circulation in the distant past around the North Pacific with probable intra-annual time
scale information.
For research (2), the investigations on both the Asian dust and the STT and the impacts on the Alaskan ice
core site are described in terms of meteorological analyses. Previous results (1) suggested the hypothesis of an
interannual connection between Asian dust outbreaks and STT in spring from the Mount Wrangell ice core,
Alaska. However, no direct meteorological evidence explaining the results was shown. Hence, we investigated
five severe trans-Pacific dust storms in the spring of 2001 and 2002 in East Asia using forward trajectory and
meteorological analyses. We also examined the seasonal march of atmospheric circulation in the North Pacific
region in spring and its effects on Mount Wrangell. Results showed that severe Asian dust storms with STT
(ADSTT) exactly affected the ice-core site in three of five cases. We also found that snowfall at Mount
Wrangell is important for explaining the tritium data in the ice core because tritium mainly exists as tritiated
water vapor in the atmosphere. When tritium due to ADSTT in the two cases in 2002 was deposited onto the
ice-core site, the tritium concentration drastically increased in the ice-core data. Hence, ADSTT may
considerably increase tritium concentration in the troposphere. However, if it were not snowing at the ice-core
site when the ADSTT tritium was transported to the site, the tritium information would have been lost, as was
the case in 2001. When it was snowing at the site, an eddy developing near Alaska was often seen. It implies
that the developing eddy caused the snowfall at the core site and Other STT (OTSTT) near Alaska. All ADSTT,
OTSTT near Alaska, and snowfall conditions at Mount Wrangell are closely connected to each other because of
the atmospheric circulation in the North Pacific region. In fact, eddies in Siberia, the Aleutians, and the Gulf of
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Alaska have a high interannual correlation in spring (March–May). As a result, the high interannual connection
between fine dust and tritium variations in spring in the ice core can be well explained by this connection among
Asian dust storms with STT, other STT in the North Pacific Ocean, and snowfall conditions at the ice core site.
In normal years, tritium concentration maxima in the ice core are well explained by the seasonal cycle of
Brewer–Dobson circulation in the stratosphere with normal eddy-forced STT. In abnormal years, such as the
strong ADSTT outbreaks in 2002, exceptional tritium intrusion into the troposphere in early spring because of
strong eddy-forced ADSTT were added to the general tritium cycle where it shifted the tritium maximum from
late spring to early spring. Our results of dust and tritium analyses of the ice core are useful for reconstructing
the past circulation of the atmospheric material associated with Asian dust, STTs in East Asia and the North
Pacific Ocean, and storm track activities.
This Ph.D. study contributes to basic research on future climate and environmental prediction. To predict
global warming, it is essential to assess the relationship between Asian dust storms and ADSTT in spring
because both the atmospheric dust and one of the stratospheric tracers, ozone, have the capacity to change the
global radiation budget in terms of radiative forcing. Therefore, we should actively focus on this area of research
involving both fields of study, and more of such kinds of studies need to be conducted in the near future. This
will be a very useful research for predicting climate.
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Chapter 1

Introduction

Predicting climate is becoming increasingly important these days, because of some
anthropogenic emissions such as CO2, CH4, ozone-forming chemicals, which contribute to
tropospheric ozone production, sulfate, organic carbon, black carbon, nitrate, and dust, have been
drastically affecting the global heat balance since the Industrial Revolution, circa 1750 in IPCC
[2007]. Atmospheric aerosol and a stratospheric material, ozone, are important materials affecting
the atmospheric radiation balance (Fig. 1.1). Therefore, studies that can assess these variations in
atmospheric materials are essential for predicting climate.
This study focuses on variation of atmospheric dust and stratospheric-origin-material in the
troposphere in the North Pacific region. In the North Pacific region from East Asia to the North
Pacific Ocean, the activities of Asian dust storms in spring and storm tracks in late fall and early
spring [e.g., Sun et al., 2001; Nakamura, 1992] are caused by cyclonic activities. Cyclonic activities
are well associated with the stratosphere–troposphere exchange (STE) [e.g., Holton et al.,
1

Figure1.1. Global average radiative forcing (RF) estimates and ranges in 2005 for
anthropogenic carbon dioxide (CO2 ), methane (CH4 ), nitrous oxide (N2O), and other important
agents and mechanisms, together with the typical geographical extent (spatial scale) of the
forcing and the assessed level of scientific understanding (LOSU). The net anthropogenic
radiative forcing and its range are also shown. These require summing asymmetric uncertainty
estimates from the component terms, and cannot be obtained by simple addition. Additional
forcing factors not included here are considered to have a very low LOSU. Volcanic aerosols
contribute an additional natural forcing but are not included in this figure due to their episodic
nature. The range for linear contrails does not include other possible effects of aviation on
cloudiness. (2.9, Figure 2.20 in IPCC [2007])
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1995; Stohl et al., 2003a, 2003b]. In STE, the intrusion of stratospheric materials into the
troposphere is called stratosphere-to-troposphere transport (STT) [Stohl et al., 2003a, 2003b]. This
intrusion is often seen in cases of severe weather [Browning and Reynolds, 1994; Goering et al.,
2001] such as cyclonic activities, and is considered important for both dust outbreaks and STT. Dust
is a kind of solid aerosol and affects the atmospheric radiation budget. The amount of advection of
the stratospheric materials into the troposphere is important for material circulation and, in addition,
affects the radiation balance in the atmosphere if ozone is considered. As a result, variations in dust
and stratospheric materials in the troposphere are likely to affect the material circulation and the
radiation balance in the atmosphere as suggested in Figure 1.1.
In this study, dust (as a tropospheric tracer) and tritium (as a stratospheric tracer)
concentrations were analyzed using an ice core. The ice core is one of the most useful tools for
reconstructing atmospheric information from the past to the present, thus helping understand and
assess past climatic changes. The ice core data is capable of providing information on atmospheric
materials and circulations in the past because the snow surface comes in direct contact with the
atmosphere. Ice core sites are generally located at higher altitudes and are likely to reflect
atmospheric circulation. Many such ice cores have been drilled in mountain glaciers [e.g.,
Schwikowski et al., 1999; Shiraiwa et al., 2003; Shiraiwa et al., 2004; Thompson et al., 1998;
Thompson et al., 2000; Thompson et al., 2002] and ice sheets in Greenland and Antarctica [e.g.,
Petit et al., 1990; Watanabe et al., 2003; EPICA community members, 2004; North Greenland Ice
3

Core Project members, 2004], and are now available for reconstructing past atmospheric
information based on material circulations.
An important problem for reconstructing past atmospheric information is that ice core data is a
one-point data making it difficult for discussing spatial variations in the past atmospheric
information. In general, the degree to which ice core data reflects spatial information is unknown.
However, we should extract past spatial data of atmospheric materials from ice cores for discussing
spatial material circulation. Therefore, it is essential and important to understand the spatial
information from ice core data. Meteorology is helpful in understanding the circulation of
atmospheric material circulation in the horizontal and vertical scale, which can support the validity
of ice core data. Comparing detailed results of meteorological analyses with ice core data at a
higher time-resolution is a very important first step for interpreting the information of past
atmospheric circulation from ice core data.
In general, many meteorological studies on ice cores, often using annual ice core data, have
been mainly associated with atmospheric circulation in the troposphere and in the horizontal scale
[e.g., Moore et al., 2002; Kang et al., 2003]. Because seasonal dating is very difficult for ice core
research, an annual data set has often been used. However, in order to extract detailed atmospheric
information from ice core data, higher time-resolution ice core analysis with detailed
meteorological analyses are necessary as mentioned above. In this study, the material data from the
troposphere to the stratosphere in horizontal and vertical scales using coupled ice-core-meteorology
4

is discussed. The ice core in this study was analyzed at higher time-resolution and seasonal dating
was performed. This will help understand better the past material variations in the atmosphere as
detailed spatial information. This is an original concept and is discussed in this.
Information about tropospheric material circulation is known in the distant past to some extent,
in contrast to the stratospheric information, which remains almost entirely unknown. Some ice core
studies analyzed stratospheric tracers such as isotopes of beryllium and tritium in the ice core [e.g.,
Beer et al., 1988; Fujii et al., 1990; Schwikowski et al., 1999]. Unfortunately, most of them were
used for assessing solar activity and ice core dating. Thus, there have been no ice core studies
focused on the direct interaction between the stratosphere and the troposphere, especially in the
North Pacific region.
Assessing the impact of circulating stratospheric material associated with the circulating
tropospheric material is very important for understanding climatic changes in the present and the
past. For example, one of the stratospheric tracers, ozone, has unique characteristics such as
greenhouse effect and high oxidation. If the ozone balance in the troposphere and stratosphere
changes, it may considerably affect the environment leading to a global environmental change.
However, direct stratospheric ozone measurement from ice cores is difficult. In addition, ozone is
produced by a photochemical process in the atmosphere [e.g., Monks, 2000]. Separating the ozone
into tropospheric ozone and stratospheric ozone is, in general, difficult except for STT studies.
Hence, ozone may not be considered the best stratospheric tracer for ice core studies. On the other
5

hand, another stratospheric tracer, tritium, has often been used in ice core research and is relatively
easy to measure [Fujii et al., 1990; Kamiyama et al., 1997]. The tritium background level in the
atmosphere increased drastically after the nuclear tests during the1950s and 1960s [Gat et al., 2001].
However, except for the nuclear tests, tritium is mainly produced by cosmic rays in the stratosphere.
It primarily exists as tritiated water vapor and a clear spring peak of tritium in rain samples in the
troposphere has been well explained as advection from the stratosphere into the troposphere [Gat et
al., 2001]. Thus, tritium is considered the best stratospheric tracer involving STT information in ice
core research. Another stratospheric tracer, an isotope of beryllium (10Be), has also been measured
in ice cores [e.g., Beer et al., 1988], but an accelerator is necessary to measure this tracer, which is
more difficult than tritium measurement. Therefore, tritium was considered and was analyzed as the
stratospheric tracer in this study.
Simultaneous investigation of both stratospheric and tropospheric materials in specific ice
cores can be useful for interpreting the interaction between the troposphere and stratosphere in the
past. Until date, there have been no ice core studies where both tropospheric and stratospheric
origin materials are measured at the same time to focus on the interaction between the troposphere
and the stratosphere followed by a detailed comparison of the data to corresponding specific
atmospheric circulation patterns or weather events in each year in terms of meteorological analyses.
Therefore, this study provides an important progress in reconstructing past information of the
interaction between the troposphere and the stratosphere. Based on the result presented here, a more
6

detailed spatial information on the past troposphere and stratosphere from ice core studies can be
discussed. This doctoral research contributes to the progress in research associated with material
circulating in the troposphere and the stratosphere in the North Pacific region, and will be useful for
improving the estimation of Figure 1.1 by IPCC [2007] in near future.
The main parts of this study are comprised of two chapters (Chapters 2 and 3). Chapter two
focuses on the North Pacific region from East Asia to the North Pacific Ocean, a region which is
subject to Asian dust outbreaks and STT associated with cyclonic activities which may be important
for assessing climate change. Therefore, investigations on variation in this region from the past to
the present are very important for future climate prediction. Thus, the tropospheric and stratospheric
materials (dust and tritium in this study) were analyzed in an Alaskan ice core and the data are
discussed in terms of ice core research in Chapter 2. In Chapter 3, the investigations on the
interaction between the troposphere and the stratosphere were carried out as case studies on severe
dust storms in East Asia in 2001 and 2002 and, simultaneously, their impact on the ice core site
were examined. In addition, more investigations on the seasonal march and interannual variation of
atmospheric circulation in spring–early-summer (March–June) were carried out for understanding
atmospheric circulation patterns, which may affect the Alaskan ice-core data and the interaction
between the tropospheric and the stratospheric material circulation of the North Pacific region.
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Chapter 2

Intra-annual variations in atmospheric dust and tritium in the North
Pacific region detected from an ice core from Mount Wrangell, Alaska

2.1

Background
The North Pacific region is known to exhibit various climate phenomena such as the Pacific

Decadal Oscillation (PDO) [Mantua et al., 1997], El Niño-Southern Oscillation (ENSO) [Bjerknes,
1969], and Arctic Oscillation (AO) [Thompson and Wallace, 1998]. Therefore, a lot of geoscientists
focus on this region and carry out research on subjects associated with these climate phenomena.
Ice-core study is one of the important fields for the reconstruction of historical climate changes
in the North Pacific region. In the northern hemisphere, various ice cores were drilled mainly in the
Atlantic section at locations such as Greenland and mountain glaciers [e.g., Thompson et al., 2000;
North Greenland Ice Core Project members, 2004]. In the North Pacific section, however, only few
ice cores have been drilled so far. The locations are Mount Logan [Holdsworth et al., 1992;
Shiraiwa et al., 2003], Eclipse ice field [Wake et al., 2002] in the Yukon Territory, Canada, Mount
8

Bona Churchill by L. G. Thompson, Mount Ushkovsky in Kamchatka, Russia [Shiraiwa et al.,
2001], and Mount Wrangell in the Saint Elias Range, Alaska [Shiraiwa et al., 2004].
We particularly focus on the dust concentration in the Mount Wrangell ice core because it is
known to have been associated with a large dust outbreak in the Asian continent in the North Pacific
section. The atmospheric dust outbreaks in the northern hemisphere are mainly associated with dust
storms [Iwasaka et al., 1983], particularly storms in the Gobi and Taklamakan deserts of East Asia.
The outbreak frequency is highest in March, April, and May, and the dust outbreak frequency has
particularly increased after the year 2000 [Japan Meteorological Agency (JMA), 2006; Chun and
Lim, 2004]. The transport of Asian dust to Alaska was first identified in 1977 from aircraft samples
[Rahn et al., 1977] and it was also observed recently by elemental analysis using trajectory analysis
[Cahill, 2003] and satellite observations [Darmenova et al., 2005]. Hence, Asian dust has had
impacts on Alaska for a long time.
In June 2003, a 50-m ice core was recovered from the summit of Mount Wrangell—a volcano
located at 62°N, 144°W and 4100 m above sea level (a.s.l.) in Alaska [Shiraiwa et al., 2004]. Mount
Wrangell is an ideal site for ice-core study because of its proximity to the North Pacific, its high
snow accumulation rate (1.3 m yr–1 in water equivalent near the North Crater [Benson and Motyka,
1978]), and the relatively flat glacier surface (Figure 2.1). Consequently, an ice core with few
melt-frozen layers was obtained. The summit is in the free troposphere and its surface is strongly
affected by a westerly jet. Since insoluble microparticles (dust) are transported from East Asia to the
9

Figure 2.1. Schematic depiction of the summit of Mount Wrangell (elevation: 4100 m). The
large picture is an aerial photograph at the summit taken by AeroMap, Anchorage, US. The
summit caldera shapes a 4 × 6 km oblong crown and has 1 km deep [Shiraiwa et al., 2004].

summit of Mount Wrangell by this jet, the summit is probably the best site to detect the Asian dust.
Therefore, the ice core drilled at the summit of Mount Wrangell can be ideal for investigating the
past seasonal variations of dust from East Eurasia to Alaska around the North Pacific region.
In this work, we have analyzed the ice core drilled by Shiraiwa et al. [2004] and have
successfully obtained various datasets of Mount Wrangell through seasonal dating. The other ice
cores drilled in the region were drilled at sites with considerably lesser snow accumulations, and it
was unfortunately difficult to discuss the seasonal events. The goal of an ice-core study is generally
to reconstruct long-term information of the past atmospheric behavior extending beyond
contemporary meteorological observations. However, climate phenomena may vary on intra-annual
10

time-scales. Therefore, a seasonal dataset of ice cores and their examination for seasonal variations
of climate are necessary. If we could accurately discuss the details of seasonal climate variations
from ice cores using many meteorological datasets that are available, then we could understand the
distant past. It will also be helpful to simulate the past climate by General Circulation Model
(GCM) studies in the future. In this study, we discuss important seasonal ice-core data in the North
Pacific region.

2.2

Method

2.2.1

Ice core and snow sample analyses

The ice core was cut at intervals of 5–10 cm (some sections were slightly less than 5 cm) for a
total of 643 samples for dust analysis, which corresponded to 31–143 samples per year and to
roughly 3–12 days resolution. After cutting, we removed the surface of the samples to an extent of
approximately 5 mm with a ceramic knife to remove the external contamination; this was done with
clean-room clothes and poly gloves on a clean bench in a low-temperature clean room in a manner
similar to that of Fujii et al. [2003]. The 50-m ice core was analyzed over its entire length for the
dust particle number concentration in each range (0.52–0.71, 0.71–1.00, 1.00–1.42, 1.42–2.00,
2.00–2.82, 2.82–4.00, 4.00–5.70, 5.70–8.00, 8.00–11.15, and 11.15–16.00 μm) as well as the tritium
concentration and hydrogen isotopic ratio (δD). As the size of the dust influences its atmospheric
lifetime, we divided the dust sizes into fine dust (FD) with diameters 0.52–1.00 μm, coarse dust
11

(CD) with diameters 1.00–8.00 μm, and huge dust (HD) with diameters 8.00–16.00 μm. Their
characteristics and the reason why we defined these three ranges are discussed later. All the
analyzing processes for the dust were identical to those in the previous study [Fujii et al., 2003]
except for the rinsing process for the samples using ultra pure water because the ice core was firn,
and the estimated error in the dust analysis in this study was within 10%. We measured the tritium
concentration for every 40 cm (total 124 samples) by using a liquid scintillation counter [Kamiyama
et al., 1997]. The analytical error was ± 5% in a 50 g and 7 TU sample, where the tritium unit
(TU) is given by 1 TU = 10–18 [3H/H] = 0.1181 Bq/L. The ratio δD was analyzed using the IsoPrime
apparatus from Micromass [UK]. Measurements were made for every 10 cm for a total of 495
samples. The estimated measurement error was less than 0.1‰.
We also carried out a field observation in May 2004 at the summit of Mount Wrangell. The
snow samples were obtained approximately 3 times a day. The dust concentrations in these were
analyzed with the same method as that for the ice core.

2.2.2

Trajectory analysis

A 10-day backward trajectory analysis was performed for the understanding of air mass
transport routes to Mount Wrangell for the duration of the field observation at the summit in May
2004. A trajectory model was produced by Yamazaki [1986]. This trajectory model was constructed
based on the Lagrangian tracking method. The horizontal and vertical wind data (3D wind data)
12

from the Grid Point Values (GPV) data for May provided by the JMA were used for the calculations.
The wind data were complemented by a linear interpolation into the horizontal wind data and a
cubic spline interpolation into the vertical wind data. Air parcels were scattered in the space
comprising a latitude line, longitude line, and vertical layer. The initial space was divided into 25
bins ( 5 × 5 ) horizontally and 5 layers vertically ( 5 × 5 × 5 , total 125 bins). Abundant air parcel
scatterings make reappearance of air mass pathways to Mount Wrangell better. Subsequently, one
air parcel was scattered in each bin (total: 125 parcels). The calculation time step was 2 h. The
initial space centered on the summit of Mount Wrangell was set at 145.02˚W–143.02˚W in
longitude, 60.59˚N–62.59˚N in latitude, and 700–500 hPa in altitude.

2.3

Results

2.3.1

Ice core dating

We use two important calibration layers for the ice-core dating. One is the drastic increase in
the dust concentration in all the ranges at the depth from 26.824 to 26.873 m in water equivalent
(hereafter denoted as m w.e.) due to Mt. Spurr Volcano’s eruption in the fall of 1992. The other is
the top of the ice core because we know that the drilling date was June 20, 2003. The ice core was
drilled from a level of 0.85 m below the surface and the details will be discussed later.
The former was observed at the points labeled Y in Figure 2.2. The only visible sediment in the
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Figure 2.2. Dust, tritium, and δD variations in the Mount Wrangell ice core. Concentrations in
the (a) fine dust (FD) (0.52–1.00 μm); (b) coarse dust (CD) (1.00–8.00 μm); and (c) huge dust
(HD) (8.00–16.00 μm). (d) Tritium concentration. (e) Ratio of stable hydrogen isotope (δD).
Depth was converted to water equivalent depth by using the density profiles [Kanamori, 2004].
Circles, triangles, squares, reverse-triangles, and stars denote the approximate positions of early
spring, late spring, summer, fall, and winter, respectively, and each symbol is placed next to the
curve that was used in their determination. The symbols X1 (circle) and X2 (triangle) mark late
spring and early spring in 2000, respectively. The vertical solid lines of orange, yellowish green,
yellow, violet, and sky-blue also denote early spring, late spring, summer, fall, and winter,
respectively. The intervals between same colored vertical solid lines delineate annual
increments. Symbol Y in (a), (b), and (c) corresponds to the clear dust layer from 26.824 to
26.873 m in water equivalent. The error bars in (e) denote broad minima which were used to
determine the center depths in winter as mentioned in section 3.1. All the bold blue lines denote
running means of 5 data points. The horizontal lines denote –240‰ level of δD.
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50-m ice core was observed at this depth (Figure 2.3). The drastic increases in the dust
concentrations were seen in the dust layer. The increases in FD, CD, and HD were larger by a factor
of more than 100, 1000, and 10000 with regard to the mean values; the ash layer was excluded
during the computation of the mean values in each range. These concentrations were abnormally
higher than the background level in all ranges. In particular, the drastic HD increase suggests that a
huge dust outbreak occurred very near the location. In 1992, the Crater Peak of Mount Spurr near
Anchorage in Alaska erupted. The September 16-17 eruption ejected a large amount of volcanic ash
and the trajectory analysis showed that the ash was transported to Mount Wrangell; the amount of
dust deposition on the summit was presumed to be in the range from 50 to 100 g m–2 in Figure 16 in
the work of McGimsey et al. [2002].
The preliminary results that were obtained using a petrographic microscope showed that the
ash-layer samples were from the 1992 eruption of Crater Peak [K. L. Wallace of USGS Anchorage,
personal communication, 2005]. A Comparison with the 1992 ash deposited in Anchorage showed
petrographic and glass morphologic similarity to the ash samples in the ice core. The distances from
Mount Spurr to Mount Wrangell and Anchorage are approximately 444 and 127 km, respectively.
Additionally, we calculated the mass of the ash deposition in the dust layer. The representative
radius for each dust range, which was determined by the geometric mean between the minimum and
maximum radius in the dust range, was used to calculate the single-particle volume. The
single-particle mass at each range was then calculated with a typical mineral density of 2600 kg m–3
15

Figure 2.3. The picture of the ash layer corresponds to Mount Spurr eruption on 16-17
September in 1992 at a core depth of 26.824 to 26.873 m in water equivalent. The clear ash
layer was found only at this depth in the ice core.
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for each range. Subsequently, we estimated the amount of snow accumulation from the top of the
dust layer to the bottom and the dust concentration in the dust layer. Finally, we obtained the total
amount of ash deposition in all the dust ranges (0.52–16.00 μm) as 77.34 g m–2 by using the
abovementioned data. This value was in the range from 50 to 100 g m–2 that was presumed by
McGimsey et al. [2002]. In conclusion, the dust in the dust layer definitely corresponded to the
Mount Spurr eruption. Taking into account all the abovementioned facts, we were convinced that
the dust from the Mount Spurr eruption on 16–17 September 1992 was deposited onto the summit
of Mount Wrangell.
If we take a look at the relationship of the ice-core data with the ash layer of Mount Spurr, we
can determine the seasons corresponding to certain depths. We used a running mean of five data
points because the raw data greatly fluctuated over short distances, making it difficult to determine
each peak depth. The δD minima sometimes had broad depths in Figure 2.2e; similar minimum
values continued. Therefore, if more than two δD minima less than –240‰ were found around the
minima, we determined the minimum position in a certain year as the mean depth among the
minimum peak depths.
Now, we know that the dust layer was deposited in September (fall). If we take a look around
the ash layer, we find that just before the δD minimum peak depth the tritium concentration was
decreasing from the maximum to the minimum. Therefore, the tritium minima are regarded as
corresponding to the fall season, which occurred after 16-17 September (Mount Spurr eruption).
17

The dust peak of Mount Spurr eruption also was seen between the maximum and minimum of δD,
and the δD minima occurred after the tritium minima. Therefore, the δD maxima and minima are
regarded as corresponding to summer and winter, respectively. This δD seasonal cycle was identical
to that of δ18O at the nearest ice-core site, Eclipse Icefield (60.51˚N, 139.47˚W; 3017 m asl) in the
Saint Elias Range [Wake et al., 2002]. Therefore, the δD data in our ice core also reflect past
seasonal cycles and are similar to those of past ice-core studies [Holdsworth et al., 1992; Thompson
et al., 2000; North Greenland Ice Core Project members, 2004].
The other dating point comprises the dust, tritium, and δD at the top layer of the ice core. The
ice core was drilled in June 2003 from a depth of 0.85 m from the surface (0.207 m w.e.). If we
calculate the annual layer thickness by using δD, tritium, and FD and CD peaks, we obtain the
annual mean snow accumulations from 2.43 to 2.58 m w.e. A snow accumulation of 0.207 m w.e.
roughly corresponds to one month. Therefore, the ice-core data at the top roughly correspond to
May. At the time, the concentration of FD and CD had just crossed their annual maxima, while that
of tritium was located after the δD minimum and positioned near the maximum. We cannot
determine whether the tritium concentration in the top layer was the maximum. The δD values in
the top layer were almost the middle values between the minimum and the maximum in the annual
cycles. The tritium concentrations and δD values before and after the Spurr eruption were consistent.
All the tritium maxima occurred between the δD minima and maxima. Therefore, the tritium
maxima are regarded as corresponding to springtime.
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Moreover, we found that the CD maxima in Figure 2.2 appeared between the δD minima and
the tritium maxima except for the year 2000 (X1 in Figure 2.2). Two possible origins of the CD are
generally speculated. One is dust supply from a local source, while the other is dust transport from
significant dust events in a remote place. Therefore, a seasonal pattern in the CD is not generally
useful for intra-annual dating. However, it is useful to use the CD maxima for dating in this study
because of clear seasonal positions between the δD minima and tritium maxima. Additionally, the
correlation analysis between the FD and CD and field observations support the usefulness of dust
seasonality as discussed later.
Among the three types of dust (FD, CD, and HD), the FD dominated the dust from distant
sources, presumably due to its long residence time in the atmosphere. When long-range transport
from East Asia occurred, we observed that the FD increased in the field observation in May 2004
(Figure 2.4). This was verified by a 10-day backward trajectory model in which all 125 air parcels
were scattered simultaneously [Yamazaki, 1986] (Figure 2.5). It indicates that the dust originated
around the Gobi and Taklamakan deserts (Figure 2.5). In our data, we were generally able to
identify a major CD or HD peak with a local dust-generating event, including volcanic eruptions;
however, the CD levels also seasonally increased with the FD levels. For example, Figures 2.2a and
2.2b show that the FD and CD have similarly shaped broad peaks and minima, whereas the HD
profile in Figure 2.2c has different characteristics.
These HD peaks are probably due to dust from volcanic plumes from the summit craters of
19

Figure 2.4. Dust content in the uppermost 2 cm of surface snow at the summit. Variations of
FD, CD, and HD were measured about 3 times per day.
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Figure 2.5. Air mass trajectories to Mount Wrangell in May 2004. The 10-day backward
trajectories were analyzed using the trajectory model [Yamazaki, 1986] with 3D wind data from
the GPV obtained from the JMA for May 2004. Each color denotes the air mass trajectory for a
day. The denoted time is the start time of trajectory calculation in Coordinated Universal Time
(UTC).
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Mount Wrangell when the wind was blowing from the north crater (Figure 2.4) because we
observed a drastic increase in the HD characteristics at the summit in 2004 from 2-cm surface snow
samples. Therefore, in the case of Mount Wrangell, the HD contributes the most to the dust
variations in the ice core as its volcanic activities and the CD do not contribute significantly. After
removing the peak from the Mount Spurr ash layers (symbol “Y” in Figure 2.2), the correlation
coefficient between the FD and CD was calculated to be 0.62 (99.9% significance level; two-tailed
t-test; n = 638; t = 19.928). It also indicates that the FD and CD outbreak events were mostly
generated in the same place. Hence, the seasonal cycle of the CD is related with the FD variation.
We find that the depth positions for tritium and CD in 2000 in Figure 2.2 are inversely related,
which is an exceptional feature. The tritium and CD peaks for this year occurred only in early
spring and late spring, respectively, because the tritium peaks were located before the CD peaks.
With minor exceptions, we determined that the CD peaks mainly occur in early spring due to their
clear seasonal positions. In conclusion, we will consider the CD maxima in Figure 2.2 as
corresponding to early spring because almost all the CD peaks are located between the δD minima
and tritium maxima. Moreover, we observe a 11-year maxima in the FD, CD, tritium, and δD and
these maxima also fully explain the timing of the Y peaks in Figure 2.2 as being due to the dust
event in 1992. Finally, we obtained the ice-core data, which spanned the years 1992–2002, that
were divided into five seasons: early spring, late spring, summer, fall, and winter.
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2.3.2 Dust and tritium fluxes in each season
To compare the annual trends in each season, we calculated the dust and tritium fluxes (Figure
2.6). The fluxes reflect all the dust and tritium increase events in each distinct season. The fluxes
were calculated by multiplying the concentration of each element by the snow accumulation rate in
each season. For the tritium fluxes, we considered the tritium half-life of 12.32 years [Lucas and
Unterweger, 2000]. We used a representative month for each season in the calculation of tritium
flux—April for early spring to late spring, June for late spring to summer, August for summer to fall,
November for fall to winter, and February for winter to early spring. The HD was excluded from all
further calculations because it is affected by the level of Mount Wrangell’s volcanic activities.
Correlation analyses among the FD, CD, and tritium were done with the two-tailed t-test. The
results between dust and tritium with a significance level greater than 90% are shown in Figure 2.6.
Because tritium mainly exists as tritiated water vapor (HTO) in the atmosphere, snow deposition is
more important than dry deposition. However, dust deposits occur either by dry deposition or with
snow. For an ideal comparison between tritium and dust fluxes, we need to exclude data during
abnormally large and small snow accumulations. We thus used the flux data in each divided season
when the snow accumulations were within 1 σ of the mean values. Because we focused on the
Asian dust contribution, we excluded the data from summer through winter of 1992 when the
Mount Spurr eruption [McGimsey et al., 2002] occurred. We excluded the data from the summer to
the fall of 1998 too because large boreal forest fires occurred both in Siberia and Alaska in this year
23

Figure 2.6. FD, CD, and tritium fluxes in each seasonal period. (a): Early spring to late spring.
(b) Late spring to summer. (c) Summer to fall. (d) Fall to winter. (e) Winter to early spring.
Asterisks denote the data used for the correlation calculations (sample number: n). Also shown
are the correlation coefficients between dust and tritium that had a significance level exceeding
90%.
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[Kasischke and Bruhwiler, 2002; M. Fukuda of ILTS, Hokkaido Univ., Japan, personal
communication, 2005] and black carbon aerosol (soot) due to forest fires can be transported from
central Alaska to southern Alaska glaciers [Kim et al., 2005], probably corresponding to the drastic
increase of FD from the summer to the fall of 1998 (Figure 2.2a). All the correlation matrixes
among the FD, CD, and tritium fluxes and concentrations and snow accumulations in each season
are also shown in Table 2.1.
By dividing the annual ice-core signals into signals corresponding to five distinct seasons, we
obtained important data on the past atmospheric annual flux variations for each season (Figure 2.6).
The amounts of dust and tritium in the atmosphere varied for each year and season. In springtime,
abnormally high FD and CD peaks were found after 2001 (Figures 2.2a, 2.2b, 2.6b, and 2.6e). It has
been known that the outbreak frequency of Asian dust events is largest in March, April, and May. In
particular, this has increased after the year 2000 [Chun and Lim, 2004; JMA, 2006]. Our results
nicely support these two features and imply that Asian dust was definitely transported and deposited
onto the summit of Mount Wrangell. Our backward trajectory analyses suggest that there are a lot of
transport pathways from East Asia to Alaska and these vary with time. However, the background
levels of dust concentration were particularly higher in springtime after 2001 (Figures 2.2a and
2.2b), implying that the Asian dust contribution to Mount Wrangell was significant. These flux
increases in both the FD and CD were observed from the winter of 2000 to early spring of 2001 and
from late spring to the summer of 2002 (Figures 2.2a, 2.2b, 2.6b, and 2.6e). This shows that severe
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dust events occurred in the springtime of 2001-2002 compared to those in the springtime of
1992–2000. The CD concentration in early spring of 2001 was the highest since 1992 except for the
Mount Spurr eruption in 1992 (Figure 2.2b). Further, the FD concentration also increased together
with the CD concentration (Figures 2.2a and 2.2b). This implies that the severest dust storm
occurred in this year since 1992. Therefore, we can state that the atmosphere in early spring of 2001
was the most contaminated (both by the FD and CD) during the period 1992–2002.
The tritium concentration was high from early spring to summer and the highest in late spring
in the raw data (Figure 2.2d). Tritium mainly exists as tritiated water vapor in the atmosphere, and
prominent tritium peaks are detectable from spring to summer at the ground surface in the Northern
Hemisphere [Gat et al., 2001]. Therefore, our results correspond to those of previous tritium studies.
Most of the tritium that reaches the ground is produced in the stratosphere by cosmic rays and has a
half-life of 12.32 years [Lucas and Unterweger, 2000]. Airborne tritium is also produced by nuclear
tests. It has been used for determining the year 1962/1963 in ice-core researches [e.g., Fujii et al.,
1990] because of the massive tritium injections by the nuclear tests from 1961-1962 and the one- or
two-year time lags of these effects. The tritium background level in the atmosphere has now
returned to the level that existed before the nuclear tests [Gat et al., 2001]. Therefore, the recent
seasonal tritium variations in precipitation are mainly produced by cosmic rays in the stratosphere
and intrusions from the stratosphere to the troposphere.
Tritium is exchanged between the troposphere and stratosphere by the stratosphere-troposphere
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exchange (STE). This process plays an important role in the material exchange (e.g., tritium and
ozone) between the stratosphere and troposphere [Holton et al., 1995; Monks, 2000; Gat et al.,
2001; Stohl et al., 2003]. In this study, we use the term STE to refer to the one-way material
intrusion from the stratosphere to the troposphere. The STE is actively generated through the
tropopause folding by cutoff low, blocking high, or cyclonic activities [Holton et al., 1995; Monks,
2000; Gat et al., 2001; Stohl et al., 2003a]. The seasonal maximum of the STE is predominantly
seen in springtime in the northern hemisphere [Holton et al., 1995; Monks, 2000; Gat et al., 2001;
Stohl et al., 2003]. The maximum concentration of stratospheric tracers such as tritium and ozone is
also predominantly observed at the ground surface in springtime [Monks, 2000; Gat et al., 2001].
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Tritium has the highest concentrations north of 30 latitude [Gat et al., 2001].
Two modifying processes delay the arrival of tritium at the ground surface by 26 days [Ehhalt,
1971]. One is the vertical transport process between high and low altitudes. The other is the
re-evaporation of the winter and spring precipitation. The latter effect is dominant at altitudes below
3.05 km [Ehhalt, 1971]. Both effects contribute to the delay in the arrival of tritium at the ground
surface. Due to the study location being at 4100 m, the delay caused by the vertical transport
process may be the most important for tritium transport to Mount Wrangell. Therefore, tritium may
be transported from the stratosphere to the summit of Mount Wrangell within one month.
We compared the tritium concentration at Mount Wrangell with the seasonal characteristics of
tritium concentration in the precipitation at Anchorage, Alaska, by using the Global Network of
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Isotopes in Precipitation (GNIP) from the International Atomic Energy Agency (IAEA) and the
World Meteorological Organization (WMO), Austria [IAEA/WMO, 2004] (Figure 2.7). Seasonal
tritium peaks appeared from late spring to early summer (May–July) at Anchorage. Even if we
consider a one-month delay at the ground surface as mentioned above, the tritium concentrations at
the surface have maxima from early spring to summer (Figure 2.7). The tritium peaks in late spring
in our ice-core results nicely correspond to those in the precipitation data; therefore, our ice-core
results also reflect the seasonal cycle of tritium in the atmosphere. The tritium concentration and
flux are the highest in late spring in Figures 2.2d and 2.6b, supporting the fact that tritium intrusions
into the troposphere are the most active in late spring.
All the correlation coefficients with the two-tailed t-test among the fluxes and concentrations
of FD, CD, and tritium and snow accumulations in each season were calculated within the limited
period as mentioned earlier and are shown in Table 2.1. In the season from early spring to late
spring (Table 2.1a), the FD and tritium fluxes were strongly correlated. The FD flux correlated with
both the snow accumulation and the FD concentration, although the correlation between the FD
concentration and flux was less than the 90% significance level. However, the correlation
coefficient between the FD flux and concentration was similar in degree with the other
high-significance correlations such as that between the dust and tritium fluxes or the dust flux and
snow accumulation. It indicates that an annual relationship between the dust and tritium should
exist between early and late spring. However, variations in the snow accumulation also strongly
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Figure 2.7. Seasonal variations of tritium concentration from 1992–2002 in precipitation data at
Anchorage station, which was obtained from IAEA-GNIP data [IAEA/WMO, 2004]. Error bars
denote measurement errors.

control this relationship. Hence, the annual relationship between the dust and tritium fluxes was
observed due to the variations of dust and tritium concentrations and those of snow accumulation.
The tritium concentration and flux from early spring to late spring were highly correlated,
indicating that the annual variation of tritium flux was due to variations in the concentration (Table
2.1a). The tritium flux was also correlated with snow accumulation, indicating that the snow
effectively decreased the tritium background level in the atmosphere in this season. This is
reasonable because tritium existed as tritiated water vapor in the atmosphere as mentioned above
and therefore may have an increased affinity to snow or wet depositions rather than dry depositions.
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In the season from late spring to summer, the fluxes of FD and tritium had the highest
correlation (Table 2.1b). These also had high correlations with the concentrations of FD and tritium,
CD flux, and the snow accumulation, indicating that the strong annual variations of the FD and
tritium fluxes were due to both the variations in the concentration and the snow accumulation.
However, the CD flux was not highly correlated with the snow accumulation. Therefore, the annual
variations of both the FD and tritium fluxes were associated with snow deposition and that of the
CD was associated with the dry deposition in this season (late spring to summer). It indicates that
FD from a remote place may contribute to the annual relationship between dust and tritium. This is
an interesting feature. In conclusion, the FD had the strongest annual relationship with tritium in
this season.
In the season from summer to fall, the FD and CD were correlated only with snow
accumulation (Table 2.1c) because the increases in dust and tritium were small and this season is
the summer rainy season in Alaska [Polissar et al., 1998]. Hence, the mean atmospheric dust levels
were almost constant in this season from 1993 to 2002 and the amount of snowfall controlled the
amount of dust deposition.
In the season from fall to winter, snow accumulation did not contribute to the flux variations
significantly and variations in the concentrations of FD, CD, and tritium contributed the most to the
fluxes (Table 2.1d). Therefore, the variations in the concentrations strongly controlled the annual
flux variations.
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In the season from winter to early spring, the FD and CD fluxes were correlated with their
concentrations (Table 2.1e). However the correlations for tritium were weak, indicating that the
annual variations of the dust fluxes depended on variations in their concentrations and that of
tritium depended on the snow accumulation in this season.

2.3.3 Comparison of dust deposition amount in Alaska with those in other areas
We calculated the annual mean and seasonal mean of the dust particle number density, dust
mass, and fluxes with the same method that was used in sections 2.3.1 and 2.3.2, as shown in Table
2.2. The abbreviations for ES, LS, SU, FA, and WI in Table 2.2 denote early spring, late spring,
summer, fall, and winter, respectively. The dust size range 8–16 μm was excluded because Mount
Wrangell’s volcanic activities contributed the most in this range as mentioned above. Table 2.2 was
originally produced by Zdanowicz et al. [1998] and we added our results to it. The Mount Spurr
eruption strongly contributed to the mass deposition. However, if we exclude it, the values were less
than those observed in China [Wake et al., 1994]. The annual mean mass in this study was the same
as that for the Alaskan range near Mount Wrangell [Hinkley, 1994]. The range of the dust flux for
Mount Wrangell was the same as those of the Canadian Basin and Saint Elias Range (USA)
[Windom, 1969; Mullen et al., 1972; Darby et al., 1974]. Greenland and Canadian Arctic were
cleaner than our site [Murozumi et al., 1969; Kumai, 1977; Hammer, 1977; Fisher and Koerner,
1981; Koerner and Fisher, 1982; Hammer et al., 1985; Steffensen, 1988, 1997;
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Zdanowicz et al., 1998]. However, the seasonal means of the mass from late spring to fall for Mount
Wrangell were similar to the annual means in Canadian Arctic and larger by a factor of 2–3 as
compared to Greenland. The contamination in the atmosphere around the summit of Mount
Wrangell was higher in spring than in the season from summer to fall by a factor of 4. With regard
to the history of dust studies in the Northern Hemisphere, the annual mean value in this study
corresponded to those of the Younger Dryas event and the post-Last Glacial Maximum in Greenland,
and the seasonal mean value in springtime (WI-ES and ES-LS) in the present ice core agreed with
that of the Eemian event 2 [Steffensen, 1997].

2.4

Discussion

2.4.1

Dust characteristics for each defined range and their origins

Dust concentration in the FD and the CD ranges showed clear seasonal variations (Figure 2.2),
and these two ranges were closely correlated with each other as mentioned in section 2.3.1. In the
Mount Wrangell ice core, we determined that the dust maxima in Figure 2.2 corresponded to early
spring. Previous studies have mentioned that soil aerosols in Alaska increase the most in April
[Malm et al., 1994; Malm et al., 2004]. The Si variation also has spring maxima in Alaska [Polissar
et al., 1998]. These previous results were obtained from the Interagency Monitoring of Protected
Visual Environments (IMPROVE) network (http://vista.cira.colostate.edu/IMPROVE/); this
network was established by an interagency consortium of federal land management agencies and
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Figure 2.8. Mass of calcium particles less than 2.5 μm in diameter observed at Denali National
Park; the data was supplied by the IMPROVE network. Bold line denotes 5-point running
mean. Circles and diamonds with date denote the maxima of 5-point running mean
corresponding to spring and other seasons, respectively.
the Environmental Protection Agency in the spring of 1985 to assess visibility and aerosol
monitoring for the purpose of tracking spatial and temporal trends of visibility and
visibility-impairing particles in rural areas. A sample of the IMPROVE data in Alaska at Denali
National Park (63.72˚N, 148.97˚W, 658 m a.s.l.; highest site in Alaska) is shown in Figure 2.8,
which is calcium data for particles less than 2.5 μm. The Ca data mainly have distinctive spring
maxima; however, they sometimes have additional peaks corresponding to another season. Our
result for the early spring maxima in the FD and CD corresponds to the seasonal variations in
Figure 2.8. Therefore, our results for the dust at the summit of the mountain may also represent the
typical seasonal variation of the atmospheric soil dust in Alaska.
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We discuss the origins of dust in springtime in the following. First, we consider two typical
origins. One is from a local area in Alaska. The other is due to transport from a remote area in the
world. Polissar et al. [1998] mentioned that Alaskan time periods had been divided according to
different synoptic conditions in the Arctic as follows. Spring from March to June is associated with
a period of intensive long-range transport and effective photochemical transformation of aerosols in
the Arctic troposphere during polar sunrise. Summer from July to September is related to a period
of low long-range transport and more effective scavenging processes by precipitation and clouds.
Winter from October to February is represented by a transitional synoptic situation. Therefore, it is
known in Alaska that long-range transport is dominant in springtime and not dominant in summer
because of the summer rainy season. In fact, in our results, the FD concentration increases the most
in springtime due to long-range transport, as shown in Figure 2.2, and both the FD and CD flux are
correlated with the snow accumulation only from summer to fall in Table 2.1, indicating that wet
deposition is the most dominant in this season. Our drilling site is located at a high altitude and
synoptic atmospheric circulations may influence the summit directly. The long-range transport of
FD from East Asia was actually observed at the summit in the field observation (Figures 2.4 and
2.5). The case of long-range transport showed one example of a typical springtime pattern for
material transport from East Asia. It is presumed that the seasonal FD and CD cycles are due to dust
outbreak events in remote places. Of course, dust from local areas near Mount Wrangell may
contribute to the variation of the CD in the ice core to some extent. However, we assumed that the
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clear seasonal cycles of dust mainly depend on contributions from remote areas because the FD
generally has a long residence time and the FD and CD were highly correlated with regard to their
seasonal cycle.
For long-range transport of the CD, a stronger wind velocity as compared to the FD is required
to cover the required distance in the atmosphere. Additionally, the CD needs to reach a higher
altitude because long-range transport by the westerly jet occurs in the free troposphere. It was
pointed out by Sun et al. [2001] that cold fronts with a strong wind velocity were important in
springtime for the long-range transport of dust and the dust of the Taklamakan Desert contributed
more to the long-range transport as compared to that of the Gobi Desert. The maxima of the FD and
CD were observed in early spring with a high positive correlation in our dating (Figures 2.2a and
2.2b). In this season, the main sources of dust from East Eurasia to the North Pacific are the Gobi
and Taklamakan deserts and arid regions in East Asia. These deserts are known to have frequent
dust storms in springtime [Sun et al., 2001]. A strong vertical convection and high wind speeds at
the ground surface are needed to lift dust to the altitude of the strong westerly jet.
Long-range transport of Asian dust over the Pacific Ocean has been observed [Rahn et al.,
1977; McKendry et al., 2001; VanCuren and Cahill, 2002; Cahill, 2003; Darmenova et al., 2005].
In the springtime of 2001, the CD dust concentrations and fluxes increased the most in the ice core
(Figures 2.2b and 2.6e); The FD also increased together (Figure 2.2a). In fact, severe dust storms
occurred in East Asian deserts and large amounts of dust were transported to the North Pacific and
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Alaska [Yu et al., 2003; Zhang et al., 2003; Darmenova et al., 2005]. The Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) images also showed abnormally large and long-lasting dust clouds
in April 2001 (NASA science news, 17 May 2001 at http://science.nasa.gov/headlines/). In the
article, Herman, the principal investigator of NASA's Total Ozone Mapping Spectrometer (TOMS)
experiment, mentioned that in terms of the area covered, this was the largest dust storm observed in
the Northern Hemisphere since 1979. The largest Asian dust storm broke out on April 6-7, 2001 and
its large dust cloud reached Alaska on April 13, 2001 (see the web site of Visible Earth:
http://visibleearth.nasa.gov/view_rec.php?id=14051). Although our ice core covers the years from
1992 to 2002, the CD maximum in the spring of 2001 in Figure 2.2b is undoubtedly the largest after
1992, except for the eruption of Mount Spurr and probably corresponds to the dust storm from East
Asia. In the case of northern Chinese deserts during this spring, the peak mass loading occurred for
the range of 4 to 8 μm in most dust-storm cases and these dust storms were commonly associated
with dry and windy conditions [Zhang et al., 2003]. The dominant dust range corresponds to our
CD range. Of course, generally, CD has a lower residence time in the atmosphere as compared to
FD. However, the contribution of the westerly jet to the long-range transport of dust to Mount
Wrangell is large as mentioned above. Therefore, we cannot exclude the contribution of the Asian
dust; it is also not possible to explain the clear seasonal variations in the CD that are associated with
those of the FD at altitudes greater than 4000 m in the free troposphere without the Asian dust
contribution. Therefore, we propose that a site at a high altitude, like the summit of Mount Wrangell,
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is largely affected by the Asian dust in the springtime every year; this is also true for other places in
Alaska and regions around the northeast Pacific Basin and Canada [Rahn et al., 1977; McKendry et
al., 2001; VanCuren and Cahill, 2002; Cahill, 2003].
In the North Pacific region, ice-core results are still sparse. However, dust loading is large in
this area and various transport models have calculated the dust distribution and transport pattern
[e.g., Takemura et al., 2002; Uno et al., 2003; Tanaka et al., 2005]; however, information on the
actual dust deposition is desirable. In particular, this importance is larger with regard to the past for
which there is no meteorological data. Therefore, our intraseasonal dust data in the ice core may
contribute to these demands, enabling an assessment of the past seasonal climate phenomena.

2.4.2

Seasonal variation of tritium in the troposphere

We obtained the maximum tritium concentration in late spring, except for the year 2000 (early
spring), for the period from 1992 to 2002 (Figure 2.2d). The observed precipitation data near the
ground surface depicted in Figure 2.7 also showed similar seasonal variations. Therefore, the
seasonal variation of tritium with the maximum in late spring may be a typical phenomenon in this
region. The origin of tritium in recent years is mainly from the stratosphere where it is produced by
cosmic rays; tritium that resulted from the effect of thermonuclear tests has disappeared [Gat et al.,
2001]. Although the half-life of tritium is short (12.32 years [Lucas and Unterweger, 2000]), we can
detect the seasonal cycle till the year 1963, which is one year after the year of a thermonuclear test.
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This anthropogenic effect may help to reconstruct the seasonal variation as a visible variation in the
concentration and compensate the half-life decay. After around 1980, tritium concentration levels
have been returning to pre-1963 values [Gat et al., 2001]. Hence, the effects of nuclear tests have
almost disappeared since 1980 and the seasonal variation of tritium after 1980 may mainly be due to
their production by cosmic rays in the stratosphere and their intrusion into the troposphere in
springtime. In conclusion, in the ice-core study at Mount Wrangell, tritium is very useful to
determine the late spring period if a time resolution is sufficient for about one month.

2.4.3

Comparison among dust and tritium fluxes

We examined the strength of the annual relationship between tritium and the dust fluxes. The
highest positive correlation (98% significance level; two-tailed t-test) occurred in late spring
through summer in the case of tritium and FD fluxes (Figure 2.6b). This suggests that the
long-range transport of FD and the amount of STE may be related on an annual basis and strongest
in late spring because the STE and strong frontal storms with Asian dust outbreaks are the most
active in springtime and the weakest in summer [Holton et al., 1995; Monks, 2000; Gat et al., 2001;
Sun et al., 2001; Stohl et al., 2003; Chun and Lim, 2004; JMA, 2006]. The drastic increases in the
FD and CD fluxes after 2000 (Figures 2.6b and 2.6e) coincide with the recent increase in Asian dust
outbreaks [Chun and Lim, 2004; JMA, 2006]. As discussed in section 2.4.1, the contribution of
Asian dust in springtime may be large in this region. For such a long-range transport of dust, the
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Asian dust must be lifted up to the altitude of the strong westerly jet by severe weather at the
ground surface and a strong vertical convection. The severe weather such as strong cyclonic
activities also contributes to the STE [Browning and Reynolds, 1994]. Further, the air from the
stratosphere into the troposphere may tend to increase in strength, and an increase in stratospheric
tracers such as tritium and ozone might be observed near the ground surface; an example is the case
of ozone increase in East Asia with the Asian dust storm [Kim et al., 2002]. The annual relationship
between the STE and strong frontal storms with Asian dust outbreaks is weak, except for the
seasons from early spring to late spring in Figures 2.6a and 2.6b; this indicates that the contribution
of strong frontal storms with Asian dust outbreak to the STE is the largest in late spring. Hence, we
propose that the annual relationship between the STE and strong cyclonic activities with Asian dust
outbreaks may be the strongest in late spring (Figure 2.9).
Although there have been many studies on the Asian dust and the STE independently, there
have been no studies on the annual relationship between the strong frontal storms with Asian dust
outbreaks and STE because it has been difficult to obtain observations at a single location for
several years. Because ice cores continuously preserve the past atmospheric information, it is
possible to detect the relationship for several years. Unfortunately, our results are still not sufficient
to fully discuss the annual relationship between the STE and strong cyclonic activities with Asian
dust outbreaks because the STE mostly occurs on a few days; however, our timely high-resolution
data for the dust and tritium roughly correspond to one week and one month, respectively. Of course,
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Figure 2.9. Schematic of the annual relationship between Asian dust storm and the STE in late
spring according to our proposal. If the Asian dust annually increases, the amount of STE will
also increase.
we also cannot know the locations where the STE occurred from only the ice-core results. However,
the flux data reflect all the seasonal atmospheric dust and tritium events and our results suggest that
Asian dust effect to Mount Wrangell in springtime is evident. Therefore, our speculation is probable
and we suggest that this study is the first step to assess the annual relationship between the STE and
strong frontal storms with Asian dust outbreaks; henceforth, we should monitor this relationship
over a longer time because it leads to various climate changes due to intrusions of the stratospheric
tracer into the troposphere and also causes changes in the radiative balance due to an increase in the
dust in the troposphere. More studies involving field observations and model studies are necessary
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and in the near future they will elucidate the annual relationship between the STE and strong
cyclonic activities with Asian dust outbreaks and assess their influence on climate change.

2.5

Conclusions
By analyzing an ice core from the summit of Mount Wrangell with an intra-annual dating

resolution, we obtained data for clear seasonal variations in δD, tritium, and dust from 1992 to 2002.
We succeeded in dating the intra-annual layers and divided each year into five distinct seasons to
show the clear annual variations of tritium and dust for each season. The parameter δD has summer
maxima and winter minima. The FD and CD concentrations were strongly correlated and had early
spring maxima, and Asian dust storms in springtime may strongly contribute to the seasonal
variations of the dust. The annual mean dust deposition flux (Table 2.2) at the summit of Mount
Wrangell, which is in the free troposphere, was larger than that for the Canadian Arctic and
Greenland; less than that for China, Nepal, France, and USA mainland; and similar to that for the
Arctic Ocean. The tritium in the ice core had a late spring maximum and fall minimum and its
fluxes had the highest annual correlation with the FD fluxes in the late spring season. Subsequently,
the strongest annual link between Asian dust storms and the STE may occur in late spring. However,
the time resolution of our ice-core data and the analysis for transport pathways in springtime are
still not sufficient for a full discussion, and more studies are necessary in the future. Our result is the
first step in the study on the annual relationship between Asian dust storms and the STE. The
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number of days on which Asian dust storms have been observed in East Asia has been increasing
recently [Chun and Lim, 2004; JMA, 2006]; this may not only increase the dust in the atmosphere
but also the amount of STE depending on our result that FD and tritium fluxes were annually
correlated in late spring the most (Figure 2.9). This can lead to an increase in tritium and ozone in
the troposphere. More studies in the future on both the STE and Asian dust will explain this.
In the North Pacific region, a seasonal variation in the climate is evident. Therefore, seasonal
datasets of ice cores are necessary to reconstruct the past climate here. However, such datasets in
the North Pacific region are still sparse. We fortunately succeeded in intra-annual dating with 5
seasons in this region. If we analyze longer ice cores drilled at the summit of Mount Wrangell and
covering several hundred years, we can present detailed discussions on intra-annual climate changes
in the past for which there is no meteorological data. The Mount Wrangell ice core will also
contribute considerably to paleoclimate studies and model researches on dust circulation around the
North Pacific involving probable features on intra-annual time scales. Our preliminary results in this
study have covered only the recent 11 years, but the results will contribute to further studies.
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Chapter 3

Case studies, monthly characteristics, and interannual connections
between Asian dust storms and stratosphere-to-troposphere transport
and their impacts on the Mount Wrangell ice core site, Alaska

3.1 Background
Nowadays, we have a better understanding of the impact of atmospheric dust on the global
radiation budget [Intergovernmental Panel on Climate Change (IPCC), 2007] than in the past.
Atmospheric dust directly scatters solar radiation [Zhou et al., 1994], is involved in cloud processes
[Wurzler et al., 2000], and acts as ice nuclei [Sassen et al., 2003; Sassen, 2005]. Thus it indirectly
affects the global radiative balance through cloud physics [Sassen et al., 2003; Sassen, 2005]. It is
deposited onto the ocean and also affects the oceanic biogeochemistry [Jickells et al., 2005].
Therefore, atmospheric dust is an important factor in the assessment of the present and future
climate.
The Gobi and Taklamakan deserts and other arid regions in East Asia are important natural
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dust sources. These dusts are called Asian dust or “Kosa” in Japanese. Spring is the preferred
season for dust outbreaks in East Asia. Asian dust storms occur because of cyclonic activities with
strong surface winds in spring [Kurosaki and Mikami, 2003, 2005; Yamamoto et al., 2007], and
they are often associated with cold fronts [Sun et al., 2001; Hayasaki et al., 2006]. Transpacific
long-range transport of these Asian dusts has been known; occasionally they reach Taiwan, Alaska,
Canada, North America, and Greenland [Rahn et al., 1977; Biscaye et al., 1997; McKendry et al.,
2001; Bory et al., 2002; Takemura et al., 2002; VanCuren and Cahill, 2002; Cahill, 2003;
Darmenova et al., 2005; Zdanowicz et al., 2006; Yasunari et al., 2007 (hereafter, YS2007); Wang,
2007]. Widespread Asian dust in spring is one of the important factors affecting climate and
material circulation.
On the other hand, the stratospheric air mass intrusion into the troposphere (also called
stratosphere-troposphere exchange, STE) is an important meteorological phenomenon for material
exchange between the troposphere and the stratosphere [Holton et al., 1995; Stohl et al., 2003a,
2003b]. Stohl et al. [2003a, 2003b] proposed that the STE should be considered for exchanges in
both directions, i.e., stratosphere-to-troposphere transport (STT) and troposphere-to-stratosphere
transport (TST). We focus on STT in this study. Stratospheric tracers such as tritium, ozone,
beryllium isotopes, etc. move into the troposphere by STT [Gat et al., 2001; Monks, 2000; Zanis et
al., 2003]. The STT accompanied by tropopause foldings is induced by strong cyclonic activities,
cut-off lows, etc. Those stratospheric tracers are mainly observed with spring maxima in the
troposphere. Although ozone is produced by photochemical production, STT also contributes to the
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ozone budget in the troposphere [Monks, 2000]. Stratospheric materials such as ozone may affect
the radiation balance and oxidation process in the troposphere. Hence studies on STT with
stratospheric tracers are essential for the assessment of material circulation and climate change.
Although it is well known that STT and Asian dust outbreaks are dominant in spring, sufficient
information about those interannual is not available. For the first time, the possible interannual
relationship between them was shown in YS2007 as mentioned in the next paragraph. In 2003, a
50-m ice core was drilled at the summit of Mount Wrangell, Alaska (62°N; 144°W; 4100 m asl)
[Shiraiwa et al., 2004]. The site is close to the Gulf of Alaska. YS2007 mentioned that the spring
peaks of dust in fine and coarse sizes and tritium concentrations in the ice core may mainly occur as
a result of Asian dust storms and STT, respectively. Recent studies have indicated that the effect of
STT is lower at lower altitudes but greater at higher altitudes [Stohl et al., 2003a, 2003b; Zanis et al.,
2003]. Therefore the Mount Wrangell ice core may be ideal for assessing the spring STT and Asian
dust.
YS2007 presented a correlation analysis between the dust and tritium fluxes in each season
and showed the highest interannual correlation between fine dust and tritium fluxes, particularly in
late spring (a strong correlation from early spring to late spring was also observed). This suggests
that the Asian dust outbreaks and stratospheric tritium intrusion into the troposphere are
interannually connected by frontal cyclonic activities in spring. There have been no studies on the
interannual relationship between the Asian dust outbreaks and stratospheric tritium intrusion at one
observatory because it was difficult to measure those tracers at one location over a long period. The
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STTs are accompanied by strong surface winds [Browning and Reynolds, 1994; Goering et al.,
2001]. Asian dust outbreaks require strong surface wind. Hence the hypothesis presented in YS2007
is the most probable. In fact, Asian dust storms associated with increased ozone in the troposphere
have also been observed [Kim et al., 2002]. Asian dust outbreaks accompanied by deep tropopause
folding, which indicates STT, have also been observed [Zhao and Zhao, 2006]. These results
support the hypothesis in YS2007. However, these studies did not focus on the Mount Wrangell ice
core and therefore do not provide crucial support for the hypothesis. Unfortunately, the problem of
ice core study lies in spatial representation. With ice core analysis, it is difficult to obtain spatial
information and we cannot determine whether Asian dust storms and STT occur simultaneously and
whether the air mass from the stratosphere and the troposphere due to the dust storm event is
transported to the Wrangell ice core site.
To explain dust and tritium variations in spring in the Mount Wrangell ice core and develop the
hypothesis in YS2007 for the interannual relationship between STT and Asian dust, the following
three points should be investigated in terms of atmospheric circulation. (1) Simultaneous Asian dust
outbreak and STT due to cyclonic activity. (2) Transport and deposition of Asian dust and
stratospheric materials onto the Mount Wrangell ice core site due to the simultaneous outbreak
event. (3) Atmospheric circulation patterns in the North Pacific region and snowfall conditions at
the ice core site in each month from early spring to early summer. As a first step, investigation of
the first two points is necessary to explain each dust and tritium variation in the Mount Wrangell ice
core associated with the hypothesis in YS2007. After these case studies, we can investigate whether
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other contributions to dust and tritium variations exist in the ice core. This point is essential in
discussing the mechanism of detailed dust and tritium variations and interannual correlation
between Asian dust and STT in spring in the Mount Wrangell ice core in terms of the seasonal
change in pressure patterns.
In order to explain and develop the hypothesis in YS2007, we investigated five important
Asian dust storms that occurred in April 2001 and March and April 2002 in terms of meteorological
analyses with forward trajectory analyses. We then investigated the spring–early-summer
meteorological characteristics at the Mount Wrangell ice core site from typical atmospheric
circulation patterns in the North Pacific region in 2001 and 2002.
In this paper, we discuss the following topics in section 3.3. In section 3.3.1, we summarize the
variations of dust and tritium in the Mount Wrangell ice core in YS2007; we discuss the
relationship between Asian dust storms and STT in East Asia and examine the air-mass impacts on
the summit of the Mount Wrangell ice core site from five case studies in the spring of 2001 and
2002 in sections 3.3.2 and 3.3.3, respectively; we discuss the dust and tritium contributions to the
Mount Wrangell ice core site due to Asian dust storms in the spring of 2001 and 2002 in section
3.3.4; in section 3.3.5, we examine the snowfall frequency at the ice core site in the climatology
from 1992 to 2002, corresponding to the period corresponding to the YS2007 ice core, because
tritiated water vapor in the atmosphere prefers snowy conditions [YS2007], and the conditions may
be important for tritium deposition onto the ice core site; in section 3.3.6, we investigate the
seasonal march of pressure patterns, potential vorticity fields, storm track activities, and meridional
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heat flux in the atmosphere from March to June. These investigations on spatial information may
clarify the connections among Asian dust outbreaks, STT, and snowfall at Mount Wrangell. Finally,
in section 3.3.7, we discuss a possible explanation for the mechanism of dust and tritium variations
in spring in the Mount Wrangell ice core and the interannual connection between fine dust and
tritium fluxes in spring suggested in YS2007. YS2007 mentioned that this relationship was due to
Asian dust storms and STT in East Asia. We investigate whether this interannual correlation can be
explained by only the contributions of Asian cyclonic activity.
Discussions on the interannual relationship between Asian dust outbreaks and STT in terms of
other climate forcings such as the Pacific Decadal Oscillation (PDO) [Mantua et al., 1997], El
Niño-Southern Oscillation (ENSO) [Bjerknes, 1969], and the Arctic Oscillation (AO) [Thompson
and Wallace, 1998] are the next steps after this study, and we will not discuss those details in this
study. We hope that the hypothesis in YS2007 with meteorological support in this study will open a
new research field involving STT, Asian dust, ice core, climate, etc. Our studies will be useful not
only for the interpretation of ice cores in the North Pacific region, but also in other research fields
associated with climate and material circulation changes.

3.2

Methods
The dynamical tropopause in the extratropics is usually defined as having a potential vorticity

(PV) of 2 potential vorticity units (PVU; 1 PVU = 10−6 m2 K s−1 kg−1) [e.g., Holton et al., 1995;
Goering et al., 2001; Stohl et al., 2003a, 2003b]; we followed this definition in this study. The data
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pertaining to temperature, ozone mixing ratio, relative humidity, vertical and horizontal wind, and
PV at each pressure level and wind at the 10-m surface were used from the European Centre for
Medium-Range Weather Forecasts (ECMWF) 40-year reanalysis (ERA-40) [Uppala et al., 2005].
The 6-h analysis and monthly mean data are available in ERA-40. The potential temperature was
calculated using the temperature and pressure data. Surface pressure data were calculated from sea
level pressure, altitude, and geographical data. In this study, we focused on one of the stratospheric
tracers, tritium, impacting on the Mount Wrangell ice core site; therefore, spatial information on
stratospheric tracers was necessary. Unfortunately, tritium spatial data were not available; therefore,
we used spatial ozone data from ERA-40 to understand the transport process of stratospheric tracers
instead of tritium. Ozone data in ERA-40 are relatively well reproduced over a large part of the
stratosphere [Dethof and Holm, 2002]. Although some problems partly exist in the troposphere with
the vertical structure of the analyzed ozone in absolute values, we will discuss the transport pattern
of ozone from the upper troposphere to the lower stratosphere, and those problems are not
particularly serious in this study. In addition, when STT occurs, we also interpret the potential
vorticity (PV) values of 2 PVU as the tropopause and air in the upper troposphere with increased
ozone along 2 PVU line as dry stratospheric air. Each data from the other stratospheric information
with ozone data can be used to determine whether the ozone data are proper as a double-check.
Relative humidity data from the grid point value (GPV) data for May 2004 provided by the Japan
Meteorological Agency (JMA) were also used as a reference because the data for 2004 are not
available in ERA-40. The 12 h-analysis data are available in JMA-GPV. Monthly mean sea surface
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temperature (SST) data from the UK Meteorological Office [Rayner et al., 2006; UKMO –
GISST/MOHMATN4/MOHSST6 – Global Ice coverage and SST (1856–2006); available from
http://badc.nerc.ac.uk/data/gisst/] were used for comparison with atmospheric data.
In order to understand the air mass transport to the summit of the ice core site of Mount
Wrangell, forward trajectory analyses were performed on five severe dust-storm cases in East Asia
in the spring of 2001 and 2002. Those dust storms broke out on 6–7 April 2001, 8–9 April 2001,
18(19)–22 March 2002, 24–25 March 2002, and 5(6)–9 April 2002 [Liu et al., 2003; Shao and
Wang, 2003; Shao et al., 2003; Sugimoto et al., 2003; Zhou and Zhang, 2003; Darmenova et al.,
2005; Sun et al., 2006]. These dust storms were also detected as transpacific dust storms by Total
Ozone Mapping Spectrometer (TOMS) (see the web site: http://toms.gsfc.nasa.gov/index_v8.html;
hereafter called, Website 3.1). The trajectory model was constructed based on the Lagrangian
tracking method [Yamazaki, 1986]. The horizontal and vertical wind data (3D wind data) from the
ERA-40 data for 2001 and 2002 were used for the calculations. The wind data were interpolated
linearly in the horizontal direction and with a cubic spline interpolation in the vertical direction. The
time step for the trajectory calculation was 20 min, and the output time interval was 2 h. Initial air
parcels were set in boxes defined initially (Table 3.1). The initial regions correspond to the central
area of a cyclone and a STT in each dust storm case. The initial area was divided horizontally into
900 bins (30 × 30) and vertically into 30 levels. At that time, these vertical levels extended from the
lowermost stratosphere to the lower free troposphere. A total of 27000 air particles were set in the
initial box. We defined the Wrangell Area as the box of 57–67°N in latitude, 139–149°W in
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Table 3.1. Initial boxes for forward trajectory calculations
Time set

Longitude

Latitude

12:00 UTC on 6 April 2001

100–120ºE

40–50ºN

700–250

8

6:00 UTC on 9 April 2001

100–120ºE

35–50ºN

700–250

6

6:00 UTC on 20 March 2002

105–120ºE

35–48ºN

700–250

8

6:00 UTC on 24 March 2002

100–120ºE 42.5–52.5ºN

700–250

8

105–115ºE

700–250

9

0:00 UTC on 6 April 2002

42–48ºN
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Pressure (hPa) Calculation term (days)

longitude, and 500–650 hPa in pressure level. Mount Wrangell is centered on the Wrangell Area.
Only the trajectories that pass through the Wrangell Area are drawn in the next section.
We investigated the monthly march of subweekly fluctuations associated with migratory
synoptic scale eddies as in Nakamura and Wallace [1990] and Nakamura [1992]. In those studies,
local instantaneous storm track activity as the baroclinic wave amplitude at the upper troposphere
was measured by the “envelope function” (Ze). The 9-day high-pass-filtered daily mean
geopotential height at 250 hPa was used in this study. The quantity Ze was defined locally as
doubling the squared high-pass-filtered time-series-data. It was then smoothed using a 9-day
low-pass filter once again and its square root was taken. This quantity represents the local
instantaneous amplitude of geopotential height fluctuations with periods shorter than 9 days.
Regions with larger values of Ze show frequent cyclone passages and are regarded as a storm track.
Finally, Ze was multiplied by a factor of sin(45ºN)/sin(lat.) to mimic eddy amplitude in the
geostrophic streamfunction. In the figures, we will plot monthly mean Ze values obtained from
daily Ze data.
A monthly mean poleward (meridional) heat flux due to subweekly fluctuations ( v'T ' ) was
also calculated with the 9-day high-pass-filtered meridional wind velocity and temperature at 850
hPa in daily mean data. To extract the long-wave component in the subweekly fluctuations, the flux
data were smoothed by a 9-day low-pass filter once again. The method was the same as the
calculation of the envelope function. This quantity represents the instantaneous storm track activity
in terms of the baroclinic nature of migratory synoptic scale disturbances in the lower troposphere.
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In the figures, we will plot the monthly mean of the poleward (meridional) heat flux values.

3.3

Results and discussion

3.3.1

Variations of dust and tritium in the Mount Wrangell ice core

YS2007 presented analysis of the dust amount and tritium concentrations in a 50-m ice core
drilled at the summit of Mount Wrangell, Alaska (Figure 3.1). In Figure 3.1, clear dust and tritium
peaks were seen in the spring of 2001 and 2002. The largest dust peaks were seen in fine and coarse
dust in the early spring of 2002 and 2001, respectively (Figure 3.1). The variations of fine and
coarse dust in the ice core had a high-positive correlation in the raw data [YS2007]. Hence fine and
coarse dust vary together in annual cycles and their spring concentrations were higher. The 2001
dust peak in spring was discussed in YS2007 and may be mainly due to a perfect transpacific severe
dust storm on April 6–7, 2001 [Darmenova et al., 2005]. The 2002 dust peaks in spring have not
been discussed before. Three larger coarse dust peaks with fine dust increasing from early spring to
late spring in 2002 are seen in Figure 3.1. In 2002, four severe dust storms were observed in East
Asia on 18(19)–22 March, 24–25 March, 5(6)–9 April, and 21–24 April [Shao and Wang, 2003;
Shao et al., 2003; Zhou and Zhang, 2003; Sun et al., 2006]. No severe dust storms were recorded in
May 2002 [Sun et al., 2006; Zhou and Zhang, 2003]. Sun et al. [2006] mentioned that the dust
storms on 18(19)–22 March and 5(6)–9 April were severe and that the area and intensity of dust
emissions in the former case were wider and larger than those in the latter case. Sugimoto et al.
[2003] also focused on dust storms on 20 March and 6 April 2002 and mentioned that the dust
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Figure 3.1. Recorded ice core data from 2000 to 2002 of fine dust (gray solid line; left side
scale; size range of 0.52–1.00 μm), coarse dust (green solid line; left side scale; size range of
1.00–8.00 μm), and tritium concentrations (black solid line; right side scale) from Figure 2 of
YS2007 (Figure 2.2). Solid lines in pink, red, and blue denote five data-point running means of
fine dust, coarse dust, and tritium concentrations, respectively. The vertical orange, yellowish
green, yellow, violet, and sky-blue solid lines denote the relative center positions of early spring,
late spring, summer, fall, and winter, respectively. The written dates denote Asian dust
contributions as discussed in section 3.3.
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storm on 20 March was the largest in the last 10 years in Beijing; i.e., the 18(19)–22 March dust
storm was the largest dust storm in 2002. If we consider four severe dust storms in the TOMS data,
all of the Aerosol Index intensity data due to those dust storms showed transpacific transport and
strong intensities (see Website 3.1). Except for the dust storm on 21–24 April, all of the dust was
transported to higher latitudes, such as the Alaskan region. Hence the dust storms on 18(19)–22
March, 24–25 March, and 5(6)–9 April may be important and impact on the Alaskan ice core site.
Therefore we will examine the detailed parts of those three dust storms in section 3.3.3.
In the ice core data from Mount Wrangell, dust peaks generally show spring maxima earlier
than those of tritium in the raw data in Figure 2 of YS2007 (Figure 2.2). Time resolutions in dust
and tritium analyses in the ice core were different because tritium analysis requires a large amount
of ice core sample as melt water. Tritium time resolution was roughly 1 month and that of dust was
roughly 3–12 days. Hence we cannot compare dust maxima with tritium maxima at the same time
resolution. However, occasionally spring dust maxima are positioned within the range of tritium
maxima in the raw ice core data in Figure 2 of YS2007 (Figure 2.2) (e.g., the dust peaks in the
spring of 1995 and 2002; the 2002 case is shown in Figure 3.1). In addition, occasionally a spring
dust peak was located within the second tritium maximum (e.g., the dust peaks in the spring of
1998). The spring maxima of dust and tritium in 2001 were positioned at different depths, and the
spring maximum of dust in 2002 was within the tritium maximum in the spring of 2002. Hereafter,
in the raw observed tritium data in Figure 3.1, TF2001 is the tritium first maximum in 2001,
TS2001 is the tritium second maximum in 2001, TF2002 is the tritium first maximum in 2002, and
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TS2002 is the tritium second maximum in 2002. Hence in sections 3.3.2–3.3.7, we will compare
and discuss those differences in terms of meteorological analyses including case studies and the
seasonal march of atmospheric circulation in the spring of 2001 and 2002.
Although spring dust peaks in the ice core are mainly due to Asian dust contributions as
discussed in YS2007, tritium spring peaks are due to STT events, which are possibly not only STT
due to Asian dust storms (hereafter, ADSTT) but also other STT events including STT due to eddy
development and slow downward motion of meridional transport of the stratospheric air, called the
Brewer–Dobson circulation [Brewer, 1949; Dobson, 1956] (hereafter, OTSTT). The OTSTT
contribution to the ice core site cannot be excluded because STT also occurs in the North Pacific
Ocean [Sprenger and Wernli, 2003]. It is worth noting that if there are no connections between
ADSTT and OTSTT, the highest interannual correlation between fine dust and tritium fluxes in
spring in YS2007 cannot be explained. The independent contribution of tritium due to OTSTT may
disturb the high correlation. This is due to the high interannual correlation between fine dust and
tritium fluxes in spring. For explaining the mechanism of dust and tritium variations in spring in the
Mount Wrangell ice core and developing the hypothesis on the interannual connection between
Asian dust and STT in Figure 9 of YS2007 (Figure 2.9), we investigate the details of ADSTT and
OTSTT and discuss these in sections 3.3.2–3.3.7.

3.3.2

Simultaneous Asian dust storm and STT in April 2001

On 6–7 April 2001, a severe dust storm (a perfect dust storm) occurred in East Asia
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[Darmenova et al., 2005]. The presence of the dust cloud over the North Pacific was verified by
several satellite sensors such as the Moderate Resolution Imaging Spectroradiometer (MODIS),
Total Ozone Mapping Spectrometer (TOMS) (Scientific Visualization Studio at NASA:
http://svs.gsfc.nasa.gov/vis/a000000/a002800/a002860/; hereafter, Website 3.2), and the dust storm
was mentioned in the NASA science news on 17 May 2001 (see the web site at:
http://science.nasa.gov/headlines/). The dust cloud over the Gulf of Alaska on 12–13 April was
detected based on TOMS data [Darmenova et al., 2005]. Cahill [2003] mentioned that the dust
from East Asia was transported in the lower troposphere and reached Adak Island, Alaska, which is
one of the southernmost Aleutian Islands, on 13 April 2001. The dominant dust was coarse with a
size of more than 1.15 μm. Zdanowicz et al. [2006] also detected the Asian dust at higher altitudes
in the St. Elias Mountains, Yukon Territory, Canada, and its size was also coarser. YS2007 also
showed a drastic increase in the dust concentration in coarser sizes (1.00–8.00 μm) in the spring of
2001 in the ice core from Mount Wrangell, Alaska, which may correspond to this dust storm.
At 12:00 UTC on 6 April 2001, a cyclone was developing in the area extending from
approximately 40–50°N to 100–120ºE (Figure 3.2a). Stratospheric ozone advection into the
troposphere along the 2 PVU tropopause line was seen from northwest to southeast in this area
(Figure 3.2b, 3.2c, and 3.2d). We found a tropopause folding at the south-southwest side of this
cyclone with strong downward wind (Figure 3.2c and 3.2d). Surface wind was very strong in this
area (Figure 3.2a), and the dust storm broke out in this area on 6 April [Darmenova et al., 2005].
The stratospheric air moved into the troposphere along the 310 K isentropic surface with strong
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Figure 3.2. Meteorological conditions for the Asian dust storm at 12:00 UTC on 6 April 2001.
(a) Geopotential height at 850 hPa (shaded contour; unit: m) and surface wind at 10 m (green
vector; unit: m s−1). (b) Ozone volume mixing ratio (color shaded contour; unit: ppmv), 2 PVU
tropopause line (blue solid line), and wind (white vector; unit: m s−1) at 300-hPa level. (c) Ozone
volume mixing ratio (color shaded contour; unit: ppmv), potential temperature (PT; white solid
line; unit: K), and vertical p-velocity, omega (black contour; only downward components are
plotted; unit: Pa s−1), at the 45°N line for the cross section between longitude and pressure level
(<500 hPa). (d) Same as (c), but for the 107.5°E line for the cross section between latitude and
pressure level (<500 hPa). The data grid is interpolated to a finer grid using cubic interpolation.
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downward wind (Figure 3.2c and 3.2d). Then the large dust cloud due to this Asian dust storm
reached the Gulf of Alaska on 12–13 April 2001 (see Website 3.2).
Figure 3.3 shows the 8-day forward trajectories starting from the dust storm area at 250–700
hPa in East Asia, which finally reached the Wrangell Area. The trajectories in the lower free
troposphere passed near the boundary layer over the east side of the Eurasian continent during the
first 2 days (Figure 3.3-a2 and 3.3-b2), and these corresponded to the pathway of the dust cloud
from East Asia to the North Pacific region in shown Websites 3.1 and 3.2. The air mass from the
lower troposphere reached near the summit of Mount Wrangell on 14 April (red and deep blue
colored trajectories in Figure 3.3-a1 and 3.3-b1, respectively). Thus we have verified the Asian dust
transport due to the 6–7 April dust storm in 2001 in terms of trajectory analysis. Hence we conclude
that the 2001 coarse dust peak with fine dust increase shown in Figure 3.1 is mainly due to this
severe dust storm in East Asia. The results of Zdanowicz et al. [2006], YS2007, and this study
imply that long-range transport of coarse Asian dust in spring may be regarded as an ordinary
phenomenon at higher altitude in the North Pacific region.
On 6 April, part of the stratospheric air parcels in the initial area rapidly moved into the lower
free troposphere (Figure 3.2c and 3.2d) within 1 day because of the developing cyclone, which
corresponds to the yellow colored trajectories in Figure 3.3-a2 and the southward branch of red
colored trajectories in Figure 3.3-b1 and 3.3-b2. Most of the other branches shown as red
trajectories traveling toward northward in Figure 3.3-b1 (near 60ºN) remained mainly in the upper
troposphere for a few days after the Asian dust storm (Figure 3.3-a2). From 12:00 UTC on 9 April
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Figure 3.3. Recorded trajectories from the initial area of the Asian dust storm at 12:00 UTC on
6 April 2001 to the Wrangell Area. Left side figures (a1) and (a2) denote the trajectories in each
day (each color shows 1 day transport length). Right side figures (b1) and (b2) denote the
trajectories in each initial pressure level defined as follows: the initial air mass positions in the
700–600 hPa layer, 600–400 hPa layer, and 400–250 hPa layer were indicated in deep blue,
yellowish green, and red, respectively. Only the air parcels that reached the Mount Wrangell
Area are drawn.
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to 12:00 UTC on 11 April, the air mass in the upper troposphere was transported rapidly to the
middle troposphere corresponding to the yellowish green and purple trajectories downstream in
Figure 3.3-a2. That was due to a cyclone developing around the Alaska Peninsula intensifying the
downward motion of the air mass at the southwest end of the trough (Figure 3.4). This cyclone
functioned effectively as an escalator transporting the air mass from the upper troposphere to the
middle troposphere. In the process of downward motion, the advection of other
stratospheric-origin materials into this air mass due to this developing cyclone (OTSTT) was also
considered. The stratospheric-origin air masses due to both the Asian dust storm (ADSTT) and
this developing cyclone (OTSTT) in the North Pacific met here near 180ºE. Then, both the
stratospheric origin air masses mixed and the major parts of the air passed the Mount Wrangell
Area on 12 April. Some parts returned above the summit of Mount Wrangell from the Arctic
region on 14 April (the upper red trajectories in Figure 3.3-a2 and the thin parts of red trajectories
in Figure 3.3-a1 and 3.3-b1). The dust cloud reached the Wrangell Area on 14 April 2001. The
most important point here is that the Asian dust storm and the STT broke out simultaneously, but
the major parts of the dust cloud and the stratospheric air masses were transported along different
pathways and on different dates (two-day time lag).
Zdanowicz et al. [2006] mentioned that the Asian dust fell in the St. Elias Mountains due to
snowfall and the assumed deposition dates were between 11 April and 19 April 2001. Mount
Wrangell and Mount Logan in the St. Elias Mountains are very close, and both sites are located at
higher altitudes. The distance between them is approximately 240 km. Hence synoptic-scale
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Figure 3.4. Geopotential height (color shaded contour; unit: m), horizontal wind (gray vector;
unit: m s−1), and vertical p-velocity, omega (green contour; unit: Pa s−1), at the 600-hPa pressure
level at 0:00 UTC on 11 April 2001. The data grid is interpolated to a finer grid using cubic
interpolation.
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atmospheric circulation around Mount Wrangell and Mount Logan may affect both sites
simultaneously.
We also checked the relative humidity and ozone of ERA-40 at and above the Mount Wrangell
ice core site when dust and the stratospheric tracers were transported (Figure 3.5). Our ice core site
at Mount Wrangell (4100 m asl) roughly corresponds to a 600-hPa surface. If we consider the
trajectories in the upper transport pathways (red and yellowish green trajectories in Figure 3.3-b2),
those including the stratospheric air mass reached the Wrangell Area on 12 April 2001 (the
boundary between orange and blue trajectories in Figure 3.3-a1). On 12 April, a relatively dry air
zone with increased ozone was seen above Mount Wrangell (Figure 3.5). These ozone increments
were due to the air mass transport of stratospheric origin mixed with the ADSTT on 6–7 April and
the OTSTT on 9–11 April near 180º. After 12 April, the air of stratospheric origin turned around
one turn clockwise (Figure 3.3-a1 and 3.3-b1), then the dust cloud with relatively higher moist air
was transported to Mount Wrangell on 14 April because the dust cloud passed through the lower
free troposphere above the North Pacific Ocean. Most of the upper trajectories reached Canada
through the Arctic Ocean. Then, that part of the air trajectories from the upper troposphere returned
above the Mount Wrangell ice core site. However, dry stratospheric origin air stayed above about
400 hPa (Figures 3.3-a2 and 3.5). Air with high humidity was present below about 400 hPa on
13–15 April. It was not efficient for tritium deposition due to snowfall because tritium mainly exists
as tritiated water vapor in the atmosphere [Gat et al., 2001] and may preferentially undergo wet
deposition [YS2007]. Next, we will compare the relative humidity variation at Mount Wrangell in
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Figure 3.5. Ozone volume mixing ratio (white contour; unit: ppmv) and relative humidity
(shaded contour; unit: %) at Mount Wrangell (nearest grid point in ERA40 data is 62.5°N,
145°W) from 12:00 UTC on 6 April 2001 to 0:00 UTC on 17 April 2001. The summit of Mount
Wrangell is roughly at the 600-hPa level. The data grid is interpolated to a finer grid using cubic
interpolation.
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April 2001 with those in May 2004 when it was snowing at the ice core site.
From noon, 13 April 2001 to 14 April 2001, the relative humidity exceeded 80% below 400
hPa at Mount Wrangell (Figure 3.5). We compared this higher relative humidity with those in the
field campaign in May 2004 at the summit of Mount Wrangell. When we stayed at the summit of
Mount Wrangell in May 2004 (see Figure 4 of YS2007; Figure 2.4), two snowfall events occurred
(Figure 3.6a, 3.6b-2, and 3.6b-4). The first snow event was from 16 May to 18 May (17 May to 18
May) in Alaskan local time (UTC), and the second snow event was from 22 May to 26 May
(Alaskan local time and UTC). When snow was falling, the relative humidity exceeded 80%, which
was verified in the GPV data from JMA (Figure 3.6). These relative humidity data reproduced the
time series of weather changes at the summit of Mount Wrangell relatively well. The summit of
Mount Wrangell is very flat (Figure 1 of YS2007; Figure 2.1), and synoptic scale atmospheric
circulation impacts strongly on the flat ice core site. In conclusion, relative humidity greater than
80% in grid point atmospheric data may become a good snowfall index at the summit of the Mount
Wrangell ice core site. Hence we will adopt this relative humidity greater than 80% in grid point
data sets such as GPV or ERA-40 as a snowfall index at the summit of Mount Wrangell from now
on.
When the relative humidity was greater than 80% on 13–15 April 2001, the substances below
about 400 hPa at Mount Wrangell might have been deposited onto the summit due to snowfall
(Figure 3.5). The dust cloud existed below about 400 hPa (blue trajectories in Figure 3.3-b2) and
might have been deposited due to snowfall. However, the stratospheric air on 13–14 April mainly
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Figure 3.6. Weather conditions at Mount Wrangell (nearest grid point in GPV data is 62.5°N,
143.75°W) from 0:00 UTC on 14 May 2004 to 0:00 UTC on 26 May 2004. (a) Relative
humidity (unit: %) at Mount Wrangell. The term approximately corresponds to the field
observations at the summit of the Mount Wrangell ice core site in Figure 4 of YS2007 (Figure
2.4). The data grid is interpolated to a finer grid using cubic interpolation. (b) A few snapshots
corresponding to Figure 3.6a. Figure 3.6b-2 and 3.6b-4 correspond to fine and snowy conditions,
respectively. Note that Alaskan local time in Figure 4 of YS2007 (Figure 2.4) corresponds to
UTC time minus 8 h.
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stayed above 400 hPa and was dry (red trajectories above 400 hPa in Figure 3.3-a2). Hence snow
deposition may have mainly occurred below 400 hPa. As mentioned above, tritium prefers wet
(snow) deposition. The contribution of stratospheric air to the site was strongest on 12 April
because of the major trajectories passed in the Mount Wrangell Area on that day. On 12 April,
however, relatively dry air with increased ozone was dominant above the ice core site; therefore,
strong snowfall might not have occurred (Figure 3.5). As a result, tritium deposition in this event
may be considerably lower than in clear snowfall cases. Hence the tritium concentration
corresponding to TS2001 might not have increased too much and was not the highest in 2001.
However, the TS2001 peak was considerably higher than that of the background tritium level
(Figure 3.1). Then, the OTSTT contribution to TS2001 is also considered for raising tritium
background level as mentioned later.
On 8–9 April 2001, the second dust storm broke out in the same region as it followed the dust
storm on 6–7 April (Figure 3.7). Then we also found that tropopause folding and STT occurred in
the same region as for the case of the 6–7 April dust storm (Figure 3.7b, 3.7c, and 3.7d). We
calculated the 6-day forward trajectories from 6:00 UTC on 9 April 2001 to 6:00 UTC on 14 April
2001. However, only a small number of trajectories from the dust storm transported to the Wrangell
Area were present together with air mass contributions from the lower troposphere (Figure 3.8).
The trajectory pathway is the same as that of the 6–7 April dust storm. These results imply that dust
contribution to the Wrangell Area in this case is expected, whereas the stratospheric air contribution
is expected to be less.
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Figure 3.7. Similar to Figure 3.2 but for the Asian dust storm at 6:00 UTC on 9 April 2001. (c)
is at the 45°N line for the cross section between longitude and pressure level (<600 hPa). (d)
Same as (c), but for at the 110°E line for the cross section between latitude and pressure level
(<600 hPa).
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Figure 3.8. Similar to Figure 3.3 but for the Asian dust storm at 6:00 UTC on 9 April 2001.
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We summarize the impact of Asian dust and ADSTT onto the ice core site in the spring of
2001 as follows: (1) Asian dust was transported to the ice core site by the Asian dust storm on 6–7
and 8–9 April; (2) the ADSTT on 6–7 April impacted on the TS2001 peak in Figure 3.1 to some
extent but was not expected to be perfect because of the absence of snowfall above the ice core site;
and (3) the impact of ADSTT to the ice core site on 8–9 April was not expected. The lower
humidity above 500 hPa on 12–13 April and above 400 hPa at Mount Wrangell on 13–14 April
2001 did not result in efficient tritium deposition on the Mount Wrangell ice core site, as mentioned
in the previous paragraph. As a result, the tritium concentration in the ice core might not be the
highest in 2001. Next, we discuss a case of simultaneous Asian dust outbreak and STT in April
2002.

3.3.3

Simultaneous Asian dust storm and STT in March and April 2002

On 20 March 2002, a cyclone was deepening on the southeast side of Lake Baikal (Figure
3.9a) and severe dust broke out from the Gobi desert [Sugimoto et al., 2003; Sun et al., 2006]. Then
a deep STT occurred with strong downward wind on the south side of the cyclone (Figure 3.9b,
3.9c, and 3.9d). The ozone intrusion from the stratosphere and vertical strong wind contours
corresponded well (Figure 3.9c and 3.9d). One of the stratospheric tracers, tritium, might also have
intruded into the troposphere in this region at this time. The STT of this case was the deepest in
terms of downward wind velocity and ozone descending to the 750 hPa layer.
The trajectory was calculated from the initial region of the dust storm (Table 3.1). On the
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Figure 3.9. Similar to Figure 3.2 but for the Asian dust storm at 6:00 UTC on 20 March 2002.
(c) is at the 42.5°N line for the cross section between longitude and pressure level (<775 hPa).
(d) Same as (c), but for the 115°E line for the cross section between latitude and pressure level
(<775 hPa).
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transport pathways to Mount Wrangell, the air masses starting from the lower troposphere and the
lower stratosphere were well mixed vertically. The trajectories did not branch off, which is an
important difference from the case of the 6–7 April 2001 dust storm (Figures 3.3 and 3.10).

Figure 3.10. Similar to Figure 3.3 but for the Asian dust storm at 6:00 UTC on 20 March 2002.

The dust and stratospheric air reached the Mount Wrangell Area after 26 March (Figure 3.10a).
Relative humidity on 26–28 March exceeded 80%, and snowfall was expected at that time at the
summit of Mount Wrangell (Figure 3.11a). Because the air mass from the lower troposphere may
efficiently involve highly moist air when it passed over the North Pacific Ocean (blue trajectories in
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Figure 3.11. Ozone volume mixing ratio (white contour; unit: ppmv) and relative humidity
(shaded contour; unit: %) at Mount Wrangell (nearest grid point in ERA-40 data is 62.5°N,
145°W) (a) from 6:00 UTC on 20 March 2002 to 6:00 UTC on 1 April 2002 and (b) from 0:00
UTC on 6 April 2002 to 0:00 UTC on 15 April 2002. The summit of Mount Wrangell is roughly
at the 600-hPa level. The data grid is interpolated to a finer grid using cubic interpolation.
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Figure 3.10-b), the arrival timings of the relative humidity increase and air mass reaching Mount
Wrangell were almost identical (Figures 3.10 and 3.11a). The ozone volume mixing ratio at the ice
core site on 26 March was higher than 0.12 ppmv, and stratospheric air contribution from East Asia
is considered. Ozone transport from the Asian dust storm to Mount Wrangell was also observed in
the horizontal scale motion of each 6-h animation starting from Figure 3.9b (not shown). Hence one
of the stratospheric tracers, tritium, must have also been deposited efficiently by snowfall at this
time.
A dust storm occurred on 24–25 March following the dust storm on 18(19)–22 March (Figure
3.12). Ozone intrusions were seen with tropopause folding at about 52.5ºN, but it was not a strong
intrusion (Figure 3.12b, 3.12c, and 3.12d). Clear descending air is seen at about 42.5ºN and 100ºE
as red trajectories in Figure 3.13b, but the origin was the upper troposphere and not the stratosphere
because the tropopause was at about 250 hPa and very flat in this region (not shown). In fact, the
descending area was from the tropopause line of 2 PVU in the horizontal view, namely, in the
troposphere (Figure 3.12b). The trajectories from the lower troposphere contributed to the Wrangell
Area in this case. The total number of trajectories reaching the Wrangell Area was much less than
that of the dust storm on 18(19)–22 March 2002 (Figures 3.10 and 3.13). The starting area of those
trajectories from the lower troposphere was not the dust outbreak area, but the trajectories on 26
March passed through the dust cloud around Hokkaido, Japan (see the sky blue and deep blue
trajectories in Figures 3.13-a1 and 3.13-b1, respectively; see Website 3.1). Hence although the
trajectories were fewer than those on 18(19)–22 March, the Asian dust on 24–25 March might have
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Figure 3.12. Similar to Figure 3.2 but for the Asian dust storm at 6:00 UTC on 24 March 2002.
(c) is at the 52.5°N line for the cross section between longitude and pressure level (<775 hPa).
(d) Same as (c), but for at the 110°E line for the cross section between latitude and pressure level
(<775 hPa).
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Figure 3.13. Similar to Figure 3.3 but for the Asian dust storm at 6:00 UTC on 24 March 2002.
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contributed to the Wrangell Area. On the other hand, the stratospheric air (tritium) associated with
the ADSTT might not have been transported to the Wrangell Area. Although ozone above 500 hPa
from 30 March to 1 April increased with low relative humidity (Figure 3.11), this air mass was due
to OTSTT from Arctic stratosphere origin (not shown). The relative humidity on those days was
also very low at the ice core site, and efficient tritium deposition by snowfall was not expected in
this case. Hence both the ADSTT and OTSTT contributions to the ice core site were expected to be
low in this case.
Now we consider the other dust storm case. On 5(6)–9 April 2002, a severe dust storm
occurred in East Asia. As mentioned in section 3.3.1, four severe dust storms broke out in the
spring of 2002 [Shao and Wang, 2003; Shao et al., 2003]. The TOMS data showed that the Aerosol
Index intensity on the transpacific transport was stronger (see Website 3.1). Hence this dust storm
may considerably impact on remote areas over transpacific transport in 2002, the same as the
18(19)–22 March dust storm.
A cyclone was developing on the southeast side of Lake Baikal on 6 April (Figure 3.14). This
developing position of the cyclone was very similar to the 6–7 April 2001 dust storm (Figures 3.2a
and 3.14a). The ozone advection pattern from northwest to southeast was also almost the same as
the 6–7 April 2001 dust storm (Figures 3.2b and 3.14b). However, if we consider the vertical
structure, the air mass intrusion due to ADSTT was much deeper than that of the 6–7 April 2001
dust storm (Figures 3.2c, 3.2d, 3.14c, and 3.14d). The MODIS mapped the dust plume from this
dust storm on 7 April 2002 (see http://visibleearth.nasa.gov/view_rec.php?id=3220). Trajectory
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Figure 3.14. Similar to Figure 3.2 but for the Asian dust storm at 0:00 UTC on 6 April 2002. (c)
is at the 45°N line for the cross section between longitude and pressure level (<700 hPa). (d)
Same as (c), but for at the 110°E line for the cross section between latitude and pressure level
(<700 hPa).
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calculation was performed from 0:00 UTC on 6 April 2002 in the cyclone developing area (Table
3.1). The air masses reached the Wrangell Area on 14 April 2002 and were well mixed vertically in
their transport (Figure 3.15-a2 and 3.15-b2). Relative humidity on 14 April was very high above the
summit of Mount Wrangell, and highly saturated layers were developing toward the upper
troposphere (Figure 3.11b). Then the Asian dust and the tritium due to the ADSTT were expected to
be efficiently deposited by snowfall onto the ice core site.

Figure 3.15. Similar to Figure 3.3 but for the Asian dust storm at 0:00 UTC on 6 April 2002.
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We now summarize the characteristics of the Asian dust storms on 20 March 2002 and 6 April
2002. The transport and deposition patterns of these cases were very similar: (1) The air was
vertically well mixed. (2) Trajectories from the lower troposphere to the lower stratosphere did not
branch off in the horizontal direction. (3) The air from the lower troposphere and the lower
stratosphere reached the Wrangell Area almost simultaneously. (4) A relatively high humidity layer
was developing in the upper troposphere above Mount Wrangell when the air masses reached it.
This led to efficient tritium deposition due to snowfall. These four conditions may contribute
considerably to the simultaneous deposition of dust and tritium onto the Mount Wrangell ice core
site. As a result, we conclude that these two dust storms with ADSTT in East Asia might have
considerably contributed to the TF2002 peak.

3.3.4

Dust and tritium contributions due to Asian dust storms in the spring of

2001 and 2002
We found clear differences in transport and deposition patterns in the spring dust storms of
2001 and 2002 as discussed in sections 3.3.2 and 3.3.3. In all five cases of Asian dust storm, dust
outbreak and STT occurred simultaneously in the dust storm area. However, the pathway patterns in
the transpacific transport and snowfall conditions at Mount Wrangell were different between the
cases of expected efficient tritium deposition and those of expected inefficient deposition. In the
case of the 6–7 April 2001 dust storm, the dust cloud and the stratospheric air pathways branched
off and reached the Wrangell Area with 2-day time lags (Figure 3.3). The dry stratospheric air
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reaching the Wrangell Area before the Asian dust cloud arrival lacked moist air from the North
Pacific Ocean. Tritium mainly exists as tritiated water in the atmosphere [Gat et al., 2001] and
prefers wet deposition [YS2007]. In addition, minor parts of the stratospheric air returned to the ice
core site on 14 April 2001, and stayed in the upper troposphere (Figures 3.3 and 3.5). A high
humidity layer existed below 400 hPa and efficient tritium deposition was not expected because the
stratospheric air existed above 400 hPa. Hence the impact on tritium deposition due to the dust
storm on 6–7 April 2001 might have been weaker than deposition in the case of perfect snowfalls.
As a result, the tritium concentration of TS2001 did not increase very much and might have been
the second maximum.
However, TS2001 was considerably higher than the background level (Figure 3.1). If we
consider the relative humidity at 600 hPa on 12 April 2001, it was 70–100% (Figure 3.5).
Not-vertically-developed weak snowfall perhaps occurred at the summit of Mount Wrangell. Less
developed relative humidity in the vertical scale in the upper troposphere is perhaps inefficient for
tritium deposition onto the ice core site. As a result, tritium deposition onto the ice core site on 12
April is estimated to be less than that in the cases of vertically developed snowfall such as the cases
of the 18(19)–22 March and 5(6)–9 April dust storms in 2002. Thus at the summit of Mount
Wrangell, dry stratospheric air passages with weak snowfall may contribute to the tritium increase
in the ice core to some extent, but the contribution is expected to be much less than in the cases of
vertically developed snowfall events. In conclusion, the relatively higher tritium concentration of
TS2001 cannot be explained by this ADSTT contribution alone. The OTSTT contribution to the
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TS2001 may be important for explaining this relatively higher tritium concentration as mentioned
in section 3.3.6.
On the other hand, in the spring of 2002, the 18(19)–22 March and 5(6)–9 April dust storm
cases were perfect in terms of transport pathway patterns and snow deposition timings for both dust
and tritium as mentioned in the last paragraph of section 3.3.3. The 24–25 March dust storm
contributed to the ice core site in terms of only Asian dust deposition (i.e., no ADSTT contribution).
The timings of dust and tritium depositions due to the 18(19)–22 March, the 24–25 March, and the
5(6)–7 April dust storms were estimated to be 26–28 March, April 1 (dust only deposition), and
14–15 April, respectively. The time lags between the 26–28 March and the 1 April depositions and
between the 1 April and the 14–15 April depositions onto the ice core site are approximately 4–6
days and 13–14 days, respectively. In the ice core data of Figure 3.1, the time resolutions of tritium
and dust are roughly 1 month and 3–12 days, respectively. From the late spring of 2001 to the late
spring of 2002, the number of dust samples was 65 and the time resolution of dust was roughly 6
days. The second maximum of the coarse dust peak in the spring of 2002 and the first maximum of
the coarse dust peak are aligned side by side. Hence the time lag is estimated to be within 6 days
(i.e., one sample interval). Then, those maxima were considered to be associated with continuous
Asian dust storms on 18(19)–22 March and 24–25 March. Those continuous dust peaks can be
explained by a series of dust clouds due to these continuous Asian dust storms. Next, three sample
intervals existed between the first maximum of the coarse dust peak and the third maximum of the
coarse dust peak in the early spring of 2002. Hence the time lag is roughly estimated to be 12–18
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days, well corresponding to the time lag of 13–14 days between 1 April and 14–15 April. In
conclusion, the continuous second-first maxima and the third maximum of the coarse dust peak
may be the Asian dust contributions due to the 18(19)–22 March, 24–25 March and 5(6)–9 April
severe dust storms, respectively (Figure 3.1).
The dust and tritium depositions due to the 18–22 March and 5(6)–9 April dust storms in 2002
are considered to be mainly snow deposition, and those depositions due to the 24–25 March dust
storm are expected to be dry deposition. As mentioned before, the latter case might have not
contributed to the tritium deposition and might have contributed only to the dust deposition. The
former two cases are expected to strongly impact the drastic increase in tritium concentration.
The half-life of tritium is 12.32 years [Lucas and Unterweger, 2000] and tritium decayed by
about 5% from the spring of 2001 to the spring of 2002 in the Mount Wrangell ice core of YS2007.
Even if the decay of tritium is taken into account, the tritium concentration of TF2002 is much
larger than that of TS2001. The perfect transport of Asian dust and tritium and its deposition due to
snowfall in the spring of 2002 may contribute considerably to produce the highest tritium
concentration in 2002 as the TF2002 peak.
The additional importance of the ADSTTs on 20 March and 6 April 2002 is the much deeper
ADSTT characteristics than in the other storms in the spring of 2001 and 2002 (Figures 3.2, 3.7, 3.9,
3.12, and 3.14). Deep STT is more effective for mixing of stratospheric material into the
troposphere [Stohl et al., 2003a, 2003b]. Our results are consistent with these descriptions. In
addition, when the tritium from the ADSTTs was transported to Mount Wrangell, the weather
90

conditions were better for tritium deposition because of the expected snowfall (Figure 3.11). As a
result, the tritium concentration of TF2002 in the ice core could have increased considerably
(Figure 3.1). On the other hand, in section 3.3.6, the TF2001 in late spring of 2001 will be mainly
explained in terms of OTSTT contributions.

3.3.5

Estimated snow deposition contributions onto the ice core site in spring

Snow deposition onto Mount Wrangell is a favorable condition for simultaneous dust and
tritium deposition as mentioned before. In particular, snowfall is more important for tritium
deposition than dust, because tritium in the atmosphere mainly exists as tritiated water vapor [Gat et
al., 2001]. Snowy conditions at Mount Wrangell may contribute to the monthly and interannual
variations of tritium in the ice core. Hence in this section, we discuss the characteristics of snowfall
at Mount Wrangell from 1992 to 2002, which correspond to the ice core data in YS2007. In section
3.3.6, we discuss the effects of OTSTT contributions in terms of atmospheric circulation patterns.
Finally, in section 3.3.7, we discuss the mechanism of dust and tritium variations in spring in the
North Pacific region and the possible explanation and progress on the hypothesis of YS2007 that
Asian dust outbreaks and STT are interannually correlated in spring due to cyclonic activities.
We assumed that snow deposition occurred at the ice core site when relative humidity
exceeded 80% as seen in Figures 3.5, 3.6, and 3.11. Note that we focus on the snowfall frequency in
1 month and not on the amount of snow accumulation in 1 month. We used a daily mean relative
humidity of more than 80% for the calculation of monthly snowy days to easily count the snowfall
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days. When the relative humidity in the raw data of JMA-GPV was greater than 80%, we observed
snowfalls at the summit of Mount Wrangell in May 2004 (Figure 3.6). Hence a relative humidity of
greater than 80% is considered to be an effective index for snowfall at the ice core site. In the
calculations, one snowfall event was also estimated. If a daily mean relative humidity greater than
80% continued for more than 2 days, we regarded the total continuous snowfall days as one snow
event. If one snow event continued beyond the final day in a certain month, the snow event was
counted as one snow event in the next month.
The percentage of the number of snowy days defined by a relative humidity of greater than
80% and the number of single snow events in 1 month from January 1992 to August 2002 are
shown in Figure 3.16a. The monthly composites of the percentage of the number of snowy days in
the 11-year climatology are also shown in Figure 3.16b. It seems that there are no significant trends
of these data in the recent 11 years (Figure 3.16a). The mean monthly values of the percentage of
snowy days and number of snow events in all of the time series data are 42.05% and 5.48,
respectively. This means that snowfall at the ice core site may occur about 12–13 days in 1 month,
and one snow event often continues for more than 2 days. Hence we assume that one snowfall event
at the ice core site occurs every few days in 1 month in terms of the mean monthly value. A few
cases with these characteristics are actually seen in Figures 3.5, 3.6, and 3.11.
It is worth noting that the percentage of the number of snowy days with a daily mean relative
humidity of more than 80% increases in April and May in the 11-year climatology (Figure 3.16b).
This means that April and May have more snowy days than those in the other months. Snow
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Figure 3.16. Percentage of snowy days (solid black line with circles) and number of snow
events in 1 month (gray solid line with crosses) estimated by the condition of relative humidity
greater than 80%. (a) Time series of those monthly data. (b) Monthly composite of the
percentage of snowy days in each month. Bold line denotes monthly mean values in the 11-year
climatology.
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fall may easily occur at the summit in these months. The secondary maxima in September and
October correspond to the rainy season in southeast Alaska [Manley, W.F., and Daly, C., 2005,
Alaska Geospatial Climate Animations of Monthly Temperature and Precipitation: INSTAAR,
University of Colorado; see the website at http://instaar.colorado.edu/QGISL/AGCA]. The number
of snowfall days in March is also higher than that in summer, but less than that in April and May
(Figure 3.16b).
Monthly mean geopotential height, horizontal wind at 600 hPa, and PV at 300 hPa are shown
in Figure 3.17. The composites of these in snowfall cases at the ice core site (relative humidity
greater than 80% in the 6-h data) are also shown in Figure 3.18. The monthly changes in major
monthly pressure patterns in 2001 and 2002 in Figure 3.17 are roughly similar to those in the
climatology data (Figure 3.19a-d), but their intensities and positions are very different in 2001 and
2002. In addition, the rough shapes of Figures 3.17 and 3.18 are similar. This indicates that the
monthly pressure pattern is important in controlling the snowfall conditions at the ice core site.

3.3.6

Monthly characteristics in atmospheric circulation for Asian dust

outbreaks and STT
Although we have discussed the effect of ADSTT contributions to the ice core site in terms of
case studies in the spring of 2001 and 2002, here we explain the dust and tritium variations in 2001
and 2002 in the ice core in spring in terms of monthly atmospheric circulation patterns. We
investigate the characteristics of atmospheric circulation in each month in terms of ADSTT, OTSTT,
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Figure 3.17. Monthly mean geopotential height (unit: m) and wind speed (unit: m s−1) at 600
hPa and PV (unit: PVU) at 300 hPa from March to June in 2001 and 2002. (a)–(d) are March,
April, May, and June in 2001, respectively. (e)–(h) are March, April, May, and June in 2002,
respectively. The data grid is interpolated to a finer grid using cubic interpolation.
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Figure 3.18. Monthly composites of geopotential height (unit: m) and wind speed (unit: m s−1)
at 600 hPa and PV (unit: PVU) at 300 hPa when it snowed at Mount Wrangell, which is
estimated by relative humidity greater than 80% from March to June in 2001 and 2002. (a)–(d)
are March, April, May, and June in 2001, respectively. (e)–(h) are March, April, May, and June
in 2002, respectively. The data grid is interpolated to a finer grid using cubic interpolation.
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Figure 3.19. Monthly mean geopotential height (unit: m) and wind speed (unit: m s−1) at 600
hPa, PV (unit: PVU) at 300 hPa, and SST (unit: ºC) from March to June in the 11-year
climatology. (a)–(d) are March, April, May, and June in 92-02 for geopotential height and wind
speed at 600 hPa, PV at 300 hPa, respectively. (e)–(h) are March, April, May, and June in 92-02
for SST, respectively. The data grid is interpolated to a finer grid using cubic interpolation.

97

and snowfall conditions at Mount Wrangell.
In March, the strong potential vorticities over Siberia are favorable for severe dust storms with
STT in East Asia because of the easy production of a cold front from the Siberian and Mongolian
regions (Figures 3.17a, 3.17e, and 3.19a). In fact, a cold front is very important for a dust outbreak
[Sun et al., 2001; Hayasaki et al., 2006]. Cold front advection from Siberia may produce a large
meridional temperature gradient and cause the near surface baroclinicity to intensify around the
Gobi desert. Then, storm tracks are produced probably in the mid-latitude jet zone (Figure 3.20a
and 3.20e) and surface winds also strengthened, such as in the severe dust storm cases in this study
(Figures 3.2a, 3.7a, 3.9a, 3.12a, and 3.14a). In 2001 and 2002, Asian dust storms were observed
more frequently than that in the 1990s [Chun and Lim, 2004] (see also Japan Meteorological
Agency

(JMA),

Basic

knowledge

about

Asian

dust

(Kosa)

(in

Japanese,

2006,

http://www.data.kishou.go.jp/obs-env/kosahp/4-4kosa.html). Severe dust storms were actually
observed in 2001 and 2002 as investigated before and in this study [Liu et al., 2003; Shao and
Wang, 2003; Shao et al., 2003; Sugimoto et al., 2003; Zhou and Zhang, 2003; Darmenova et al.,
2005; Sun et al., 2006]. These are explained well by the stronger eddies over Siberia in March
leading to cold air advection from north to south (Figure 3.17a and 3.17e). Atmospheric conditions
in March are favorable for developing cyclones in East Asia, and these cyclones may also lead to
dust outbreaks and STT.
Snowy days in March are fewer than those in April and May in the climatology data (Figure
3.16b). This characteristic is strongest in March 2002 (Figure 3.16b). This is probably due to
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Figure 3.20. Monthly mean envelope function (Ze; unit: m) and geopotential height at 250 hPa
from March to June in 2001 and 2002. (a)–(d) are March, April, May, and June in 2001,
respectively. (e)–(h) are March, April, May, and June in 2002, respectively. The data grid is
interpolated to a finer grid using cubic interpolation.
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pressure patterns over Alaska and the Gulf of Alaska. It is worth noting that blocking-like high
pressure areas with smaller PV values covered Alaska in March 2002 (Figure 3.17e). Then, these
probably produced the least snowy days at the ice core site from 1992 to 2002 (Figure 3.16b).
However, when it snowed at the ice core site in March 2002, low pressures with higher PV values
were seen in the Gulf of Alaska (Figure 3.18e). Hence if the timing of the snowfall at the ice core
site and transport of Asian dust and tritium to the ice core site synchronize at each event scale, dust
and tritium may be efficiently deposited onto the ice core site such as in the 5(6)–9 April and the
18(19)–22 March dust storms in 2002 (Figure 3.11), although March is less favorable for snow
deposition than April and May in terms of snowfall probability.
Storm tracks in the North Pacific region are stronger than in East Asia, and the central
positions of storm tracks in March 2001 and 2002 were the Gulf of Alaska and the center of the
North Pacific, respectively (Figure 3.20a and 3.20e). The regions where strong meridional heat flux
was seen corresponded very well to the storm track regions at the upper troposphere (Figures 3.20a,
3.20e, 3.21a and 3.21e). Strong PV-values at 300 hPa in Figure 3.17 and Figure 3.18 imply that the
tropopause height is lower and frequent STT occurrence is expected in the high PV region.
Yamashita [2003] and Mukougawa et al. [2004] mentioned that the tropopause rose in the center of
the storm track region and fell to the northwest and southeast. Our relationship between high
PV-value and strong storm track regions corresponded well with their results. The tropopause height
to the south of the storm track region is generally much higher than to the north, and we cannot see
the high PV-value in the southern region at the 300 hPa level (Figures 3.17 and 3.18). Hereafter, we
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Figure 3.21. Monthly mean poleward (meridional) heat flux (unit: K m s−1) at 850 hPa from
March to June in 2001 and 2002. (a)–(d) are March, April, May, and June in 2001, respectively.
(e)–(h) are March, April, May, and June in 2002, respectively. The data grid is interpolated to a
finer grid using cubic interpolation.
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call this relationship between the high PV-value (lower tropopause) and the strong storm track
regions as the relationship between the storm track and the tropopause (RSTTP). In conclusion,
cyclones developing near Alaska are important for both snowfall at the ice core site and the OTSTT
contribution onto the ice core site.
In April, the PV developing with intensified low pressure over Siberia was the strongest in
March–June 2001 and 2002 (Figure 3.17b and 3.17f). Intensified eddies over Siberia and Alaska in
2001 and 2002 showed a pair of high-PV structures (Figure 3.17b and 3.17f). These two structures
were clearer when it snowed at the ice core site (Figure 3.18b and 3.18f). Clear extensions of the
polar vortex to the Siberian region were seen (Figures 3.17b, 3.17f, and 3.19b). In particular, April
is much better for producing a cold front from the Siberian region because of the more intensified
polar vortices extending southward (Figure 3.17b and 3.17f). As a result, these cold-front regions
prefer to cause a meridional temperature gradient and lead to Mongolian cyclone developing
associated with Asian dust outbreaks. In fact, April is the main dust-outbreak month [Sun et al.,
2001]. In addition, Asian dust storms with deep tropopause folding were observed due to the
intensified baroclinicity, which indicates STT [Zhao and Zhao, 2006]. The polar vortex over the
Siberian region in April 2001 intensified more than that in April 2002 (Figure 3.17b and 3.17f).
This implies that a much more severe dust storm could break out in 2001. In fact, the 6–7 April
2001 dust storm was the largest in terms of area covered since 1979 (SeaWiFS: NASA science
news, 17 May 2001 at http://science.nasa.gov/headlines/).
The central positions of the cyclones developing in the North Pacific in April of 2001 and
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2002 when it snowed at the ice core site were in the Aleutian-Alaskan region (Figure 3.18b and
3.18f). The higher PV-values in this region imply that STT occurs there. Namely, OTSTT
contributions to the ice core site due to these cyclones are expected. The STT near Alaska with
snowy conditions at Mount Wrangell is better for efficient tritium deposition. The background level
of tritium concentration in the ice core in normal years may depend considerably on the degree of
OTSTT near Alaska. If additional ADSTT contribution at the ice core site is expected with snowfall,
the tritium concentration in the ice core may further increase due to both the ADSTT and the
OTSTT contributions such as the TF2002 peak.
Although the snowfall frequency changes year by year, the probability of snowfall in April is
more than in March (Figure 3.16b). If a large increase in tritium concentration is seen associated
with the dust increase in the Mount Wrangell ice core in spring, the contributions of simultaneous
dust and tritium transport and efficient tritium deposition due to snowfalls at the ice core site are
expected with high probability. In the YS2007 ice core, the dust and tritium, which sometimes
co-increased in spring in the observed raw data, may also be the simultaneous dust and tritium
depositions identical with the TF2002 peak.
In April of 2001 and 2002, the Aleutian lows intensified when it snowed at the ice core site
(Figure 3.18b and 3.18f). High PV-values were seen from the Bering Sea to Alaska in April of 2001
and 2002 (Figure 3.18b and 3.18f) and corresponded very well to the RSTTP (Figure 3.20b and
3.20f). The meridional heat flux was strong in the central positions of the storm track in the North
Pacific Ocean (Figure 3.20b, 3.20f, 3.21b, and 3.21f). Fan and Wang [2007] mentioned that the
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deepening of the Aleutian low correlated with strong wind speeds at the Beijing station and caused
dust storms in spring because the resulting cyclone induced cold air activity with strong winds.
Intensified PV-values were also seen in the Siberian region (Figures 3.17b, 3.17f, 3.18b, and 3.18f).
This may cause Asian dust storms due to cold fronts from Siberia. High-speed winds at the surface
due to severe weather are also associated with STT [Browning and Reynolds, 1994; Goering et al.,
2001]. In fact, a case of increased ozone was reported in East Asia with the Asian dust storm [Kim
et al., 2002]. In addition, intensified PV-values in the Bering Sea, i.e. descending tropopause, were
seen when it was snowing at the ice core site in April (Figure 3.18b and 3.18f). This suggests that
the Aleutian low is probably connected with both Asian dust storms and snowfall at the ice core site.
The deepening Aleutian low is probably accompanied by STT in its cyclone region. This will be
mentioned in detail in the next section. Hence we consider that a developing Aleutian low in April
is one of the important factors for the Asian dust outbreaks with ADSTT in East Asia, the OTSTT
near Alaska, and the snowfall at Mount Wrangell.
In May, although a low pressure system still exists on the east side of the Eurasian Continent,
cyclones were much stronger in the Aleutian region or the Gulf of Alaska (Figure 3.17c, 3.17g, and
3.19c). The baroclinic wave amplitude over the Eurasian Continent was weaker in May than that in
March and April (Figure 3.20c and 3.20g). The number of severe dust storms in East Asia may be
less than that in March and April, although dust storms still occur in May. In fact, Asian dust storms
in East Asia in May are statistically less frequent than in April [Sun et al., 2001], and no severe dust
storms were observed in May 2002 [Sun et al., 2006; Zhou and Zhang, 2003].
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The probability of efficient tritium deposition onto the ice core site in May may be as high as
in April because of the greater number of snowy days in May (Figure 3.16b). The pressure pattern
in May is favorable for snowfall with OTSTT near Alaska because of low pressure developing in
the Gulf of Alaska (Figures 3.17c, 3.17g, 3.18c, 3.18g, and 3.19c). This may lead to efficient water
vapor transport to Mount Wrangell. The SST in the Gulf of Alaska is clearly different before and
after May (Figure 3.19e–h). Evaporation from the Gulf of Alaska may increase after May. In
addition, there are more snowy days at the ice core site in May as mentioned (Figure 3.16b). This
may contribute sufficiently to snowfall as efficient tritium deposition onto the ice core site is also
expected.
In the North Pacific region, storm track activities on intensity and meridional movement are
very important for the variation of tropopause height [Yamashita, 2003; Mukougawa et al., 2004].
The RSTTP was clearly seen in May 2001 and 2002 (Figures 3.18c, 3.18g, 3.20c, and 3.20g). The
intensified storm track positions correspond very well to the strong heat flux regions (Figures 3.20c,
3.20g, 3.21c, and 3.21g). The OTSTT in the Gulf of Alaska was considered to be stronger in 2001
than in 2002 (Figures 3.17c, 3.17g, 3.18c, and 3.18g). This can be explained by the central positions
of the storm track as the RSTTP. Stratospheric material such as tritium may have intruded
considerably into the troposphere in May 2001 due to the stronger descending tropopause in the
Gulf of Alaska and water vapor advection to the ice core site due to the cyclone may cause snowfall
leading to efficient tritium deposition onto the ice core site. The frequency of snowy days at the ice
core site was higher in 2001 than in 2002 and also the highest in the 11-year climatology (Figure
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3.16b). Intensified OTSTT in the Gulf of Alaska with a developing cyclone may also increase both
the probability of snowy days at the ice core site and efficient tritium deposition onto the site. In
conclusion, the most important factor for the general tritium maxima in late spring in the ice core
may be the OTSTT contribution in the Gulf of Alaska such as the 2001 tritium maximum in late
spring (TF2001).
In June, no cyclone developing in East Asia was seen and the storm track position moved
toward the North Pacific (Figures 3.17d, 3.17h, 3.19d, 3.20d and 3.20h). Moreover, the intensity of
the storm track in the North Pacific region was weaker than that in March–May. This corresponds
very well to the main months for Asian dust outbreak being March, April, and May. In addition, the
position of Mount Wrangell is between the polar vortex and the North Pacific low (Figure 3.17d
and 3.17h). This may weaken the advection of humid air from the North Pacific and increase the
number of calm days at Mount Wrangell. The polar vortex and the North Pacific low are both
weakened at Mount Wrangell. The weakening conditions may lead to weak OTSTT in the North
Pacific region. It may also lead to the reduction in the number of snowy days at Mount Wrangell in
June (Figure 3.16b). That condition is also not effective for tritium deposition onto the ice core site.
Hence in general, the STT contributions to tritium concentration in the ice core in June are assumed
to be weak. Therefore, the next tritium samples after the TF2001 and TS2002 peaks, in general,
may correspond to the months after June.
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3.3.7

Possible explanation for intraseasonal and interannual relationships

between Asian dust and STT detected from the Mount Wrangell ice core
Finally, we discuss the relationship between dust and tritium variations in spring in the ice core
and explain the mechanism of tritium variation in spring in the North Pacific region. Then we
discuss the hypothesis presented in YS2007 that Asian dust and STT are interannually correlated
due to cyclonic activity in East Asia. That suggestion is based on the positive correlation between
fine dust and tritium fluxes in the spring season and the high contribution of Asian dust to Mount
Wrangell in the spring season. The ADSTT is one of the important factors for explaining the
interannual relationship between dust and tritium fluxes. However, it may not be sufficient for a
detailed explanation, so we discuss the details next.
YS2007 presented detailed seasonal dating in the 50-m Mount Wrangell ice core. Dust and
tritium were used for early spring and late spring dating points, respectively, by means of
5-data-point running mean data. The annual dust peaks in early spring are mainly produced by the
Asian dust contribution. In general, tritium peaks in spring in the ice core tended to be located after
the dust peaks along the ice core depth in terms of the running mean data as seasonal march. If we
consider the measured raw tritium data, the tritium maxima were also located after the dust peaks at
the early spring dating points in almost all of the years except for 1995, 2000, and 2002. The dust
peak was located after the tritium maximum peak only in 2000. In 1995 and 2002, the periods of the
maximal tritium peaks include the coarse dust maximal peaks in observed raw data. Hence we
consider that the tritium maximal peak in the early spring of 1995 was also moved from late spring
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to early spring due to strong ADSTT in early spring as in the case of 2002. When we focus on the
fine and coarse dust concentrations corresponding to the depths at the tritium maximal peaks in
2002 and 1995, considerably higher concentrations of fine and coarse dust were seen in the tritium
peaks. Those higher concentrations of fine and coarse dust peaks were more than 85,000 and 25,000
particles mL−1, respectively. The Asian dust maximal peak in 2001 also agreed with these
concentrations (Figure 3.1). Hence these values can be used as a threshold value for severe Asian
dust contribution to the Mount Wrangell ice core in spring. In 2002 and 1995, the ADSTT and
efficient tritium deposition due to snowfall at the ice core site were expected, based on knowledge
of the relationship between dust and tritium in the spring of 2002, as mentioned in section 3.3.3.
Now we consider the tritium raw data points in early spring, which are mainly included
between the dating points from early spring to late spring but the edge of the tritium data is
occasionally positioned outside the two dating points. If there are two tritium samples from early
spring to late spring, we focus on the larger concentration tritium data here. In the period in which
the early spring tritium data point is located, occasionally both the fine and coarse dust
concentrations in 1993, 1995, 1998, 1999, 2001, and 2002 met the threshold value condition for
severe Asian dust contribution. Hence ADSTTs due to severe dust storms may impact on the ice
core site in these years. However, its effect may depend on the snowfall condition at Mount
Wrangell.
We can mainly separate the relationship between dust and tritium in spring in the Mount
Wrangell ice core into four types in terms of the relationships between dust threshold and tritium as
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mentioned above (Figure 3.22). In 1992, 1994, 1996, and 1997, the dust concentrations in the ice
core were normal; Asian dust contributions in these seasons were considered to be normal, and
tritium maximal peaks were also located in late spring (Figure 3.22a). Only the 1995, 1999, and
2002 seasons are considered to be perfect cases for simultaneous dust and tritium increases with
tritium deposition information present; i.e., ADSTT information was nicely recorded in the Mount

Figure 3.22. Schematic diagram of the relationships between dust and tritium concentrations in
spring in the Mount Wrangell ice core. The relationships were divided into four types from (a) to
(d). The gray and black solid lines denote tritium and dust concentrations. The gray and black
double-headed arrows correspond to the relative positions in late spring and early spring,
respectively. In types (b) and (c), there are contributions from severe Asian dust in early spring.
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Wrangell ice core. In 1999, the dust increase in early spring was not at the early spring dating point,
but met the threshold value for a severe Asian dust storm. In these 3 years, tritium maximal peaks
are considered to be able to shift from late spring to early spring due to the ADSTT contribution to
the ice core site (Figure 3.22b). Because the tritium annual cycle, in general, has a late spring
maximum in normal years in the ice core, those years are considered to be abnormal years. The
tritium concentrations from early spring to late spring in 1993, 1998, and 2001, which we focus on
here, were not the maximal peaks. The tritium peaks from early spring to late spring in those years
were the second, the third, and the second maxima, respectively (see Figure 2 in YS2007; Figure
2.2). In these 3 years, although the effect due to ADSTT probably reached Mount Wrangell,
information about tritium deposition was perhaps lost to some extent because of the lack of
snowfall at the ice core site, such as in the case of the 6–7 April 2001 dust storm (Figure 3.22c). In
2000, the tritium maximal peak was located from early spring to late spring (Figure 3.22d).
However, fine and coarse dust concentrations were normal; therefore, we can consider two
possibilities for the tritium peak in early spring. One is the lack of Asian dust information on the ice
core site. The other is the strong OTSTT effect on the ice core site. The former is a better
explanation because the number of Asian dust storms has increased since 2000 [JMA, 2006] and, in
fact, deep tropopause folding occurred in the 5–7 April 2000 severe dust storm in East Asia [Zhao
and Zhao, 2006]. Hence information about dust deposition on the ice core site for 2000 may be lost.
In 1994 and 1997, normal tritium peaks, similar to those in Figure 3.22a, were observed. The
tritium concentrations from early spring to late spring in those years were not maxima but were
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considerably higher with no expected ADSTT effect. Hence OTSTT effects on the ice core site
were expected to some extent. In normal years, the tritium maximal peak in late spring can be
explained by large meridional circulation in the stratosphere and normal eddy-forced STT, as
mentioned below.
The late spring maximum of tritium in normal years can be explained well by the annual cycle
of the Brewer–Dobson circulation in the stratosphere, which consists of upwelling in the Tropics
and downward transport in the extratropics [Brewer, 1949; Dobson, 1956] as was also calculated in
detail in Appenzeller et al. [1996]. Tritium is mainly produced by cosmic rays in the upper
troposphere and the lower stratosphere [Gat et al., 2001]. The concentration of tritium is much
higher in the stratosphere [Ehhalt et al., 2002], and advection of tritium into the troposphere is very
important for the annual cycle of tritium concentration in the troposphere. The mass in the lower
stratosphere has a maximum in mid-winter, and this corresponded well with the mass decrease in
the overworld stratosphere in the same season [Appenzeller et al., 1996]. The Brewer–Dobson
circulation in the stratosphere intensifies in winter. This is well explained by the downward control
theory as due to planetary-wave propagation from the troposphere and its breaking in the
stratosphere [Haynes et al., 1991]. In the results of Appenzeller et al. [1996], the stratospheric mass
accumulates in the lower stratosphere from mid-winter to early spring and the outflow of the
stratospheric mass into the troposphere is the largest in late spring (May and June). Tritium peaks in
late spring in the ice core correspond well to this annual cycle. We also calculated the vertical
velocity of residual mean meridional circulation ( w ∗ ) at 100 hPa in the extratropics, which is near
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the boundary between the overworld and the lowermost stratosphere (Figure 3.23). This velocity
means the intensity of the Brewer–Dobson circulation. w ∗ is defined as
⎛
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where a , φ , v , θ , and z ∗ are the radius of the earth, latitude, meridional wind velocity,
potential temperature, and altitude in log-pressure coordinates, respectively [Andrews et al., 1987].
The bar and prime denote zonal mean and eddy components, respectively. Figure 3.23 implies that
the mass flux at 100 hPa is the highest in winter (December and January) every year, and it may
take a few months for the dense stratospheric mass to reach the tropopause from the 100 hPa level.
A large amount of stratospheric tracers in higher concentrations are transported from the
middle-upper stratosphere to the lowermost stratosphere from winter to early spring due to
intensified Brewer–Dobson circulation. The stratospheric mass in higher concentrations may reach
the tropopause region in early spring (March and April). In late spring (May and June), mean
transport due to the Brewer–Dobson circulation is minor and the stratospheric materials are
discharged from the lowermost stratosphere because of eddy transport [Miyazaki et al., 2005b].
Tritium maxima are observed in late spring in the troposphere in normal years. Some tritium peaks
in raw observed tritium data in early spring in the ice core may be explained by the additional effect
of strong eddy-forced STTs (ADSTT and OTSTT) on the seasonal tritium cycle by the
Brewer–Dobson circulation. Hence the typical annual cycle of tritium variation in a normal year
may be well explained by the Brewer–Dobson circulation with normal eddy-forced STT at the
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tropopause region.

Figure 3.23. Vertical component of residual mean meridional circulation at the 100 hPa level.
The unit is mm s−1, and the values from 30ºN to 80ºN were averaged. Minus values denote
downward velocity of the vertical component.

In addition, seasonal snowy conditions in April and May at the Mount Wrangell ice core site
are perfect for detecting the annual tritium cycle. Tritium in the atmosphere mainly exists as
tritiated water vapor and prefers snow (wet) deposition. In fact, a very high correlation was
observed between tritium flux and snow accumulation in the ice core [YS2007]. In April and May,
the number of snowy days is the highest at the ice core site among all the months (Figure 3.16b).
When it snowed at the ice core site, high PV-values (tropopause descendings) were observed near
Alaska from the Bering Sea to the Gulf of Alaska (Figure 3.18). The OTSTT may occur in the
high-PV regions. These high PV regions are well explained by the RSTTP from the storm track
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positions (Figure 3.20). The intensified storm track may also efficiently bring water vapor to the ice
core site and lead to snowy conditions at the summit.
If we consider the tritium concentration in the late spring of 2001 and 2002 (TF2001 and
TS2002), the concentrations were 10.2 and 10.05 TU, respectively (Figure 3.1). Tritium decays by
approximately 5% in 1 year from 2001 to 2002. TF2001 is just a few percent higher than that in
TS2002, but there is not a great difference between the tritium concentrations in the late spring of
2001 and 2002. The tritium concentration from early spring to late spring in 2002 was much higher
because of the abnormal ADSTT contribution. Considering the dates of the Asian dust peaks in
2001 and 2002 in Figure 3.1 and the approximate time resolution of the tritium samples, i.e. roughly
1 month resolution, TS2001, TF2001, TF2002, and TS2002 may mainly reflect the atmospheric
information in April, May, March–April, and April–May, respectively (Figure 3.1). The PV values
near Alaska in May 2001 intensified more than those in April–May 2002 (Figure 3.17c, 3.17f, and
3.17g). We consider that the differences in the intensity of OTSTT near Alaska may contribute a
few percent differences of tritium concentrations in TF2001 and TS2002. The OTSTT near Alaska
may produce efficient tritium deposition the ice core site by snowfall. Hence TF2001, which is a
few percent higher than TS2002, is probably due to the difference in OTSTT near Alaska. However,
quantitative discussions are still difficult at the present time. The abnormal ADSTT contribution due
to a severe dust storm can induce a greater concentration increase in tritium, such as the 2002 case
in Figure 3.1.
Eddy development in the Gulf of Alaska may be more favorable for efficient tritium deposition
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onto the ice core site than that in the Bering Sea or over Alaska, in terms of atmospheric water
vapor. In April and May 2002, the number of snowy days were the lowest in 1992–2002 (Figure
3.16b) and PV values in the Gulf of Alaska were not as high (Figure 3.17f and 3.17g) as those in
2001 (Figure 3.17b and 3.17c). We think that this caused the least snowy days at Mount Wrangell in
the spring of 2002 in the 11-year climatology. The probability of efficient tritium deposition onto
the ice core site was possibly less in the spring of 2002. Fortunately, when the stratospheric air due
to ADSTT was transported to Mount Wrangell, sufficient snowfall was expected in the two severe
dust storms in 2002, as mentioned in section 3.3.3. The tritium concentration in TF2002 reached a
maximum in 2002.
In general, the SST in the Gulf of Alaska is much higher than that in the Bering Sea (Figure
3.19e–h). Transport of a large amount of water vapor from the ocean to Mount Wrangell is
favorable for snowy conditions at the ice core site. This leads to efficient tritium deposition by
snowfall. On the other hand, cold SST in the Bering Sea is perhaps detrimental to a large amount of
water vapor transport than warm STT. Hence OTSTT near Alaska including the Bering Sea, Alaska,
and the Gulf of Alaska is important for tritium advection into the troposphere, but more efficient
tritium deposition is possible when cyclones are developing in the Gulf of Alaska. In conclusion,
storm track positions in the North Pacific Ocean may control efficient tritium deposition onto the
Mount Wrangell ice core site.
On the other hand, the ADSTT contribution is also very important for tritium variations in the
ice core as shown in sections 3.3.2 and 3.3.3. When both the ADSTT and snowfall at Mount
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Wrangell occur in one dust storm event, the tritium of ADSTT origin can be efficiently deposited
onto the ice core site such as in the cases of the 18(19)–22 March and 5(6)–9 April dust storms in
2002. It may have the ability to shift the annual tritium peak earlier than that in normal years, as
shown by the TF2002 peak (Figure 3.1). Unfortunately, the ADSTT contribution due to the 6–7
April 2001 dust storm could not have contributed significantly to the increase in tritium
concentration in the TS2001 peak because of lack of efficient tritium deposition due to snowfall.
If we consider the interannual relationship between dust and tritium fluxes in YS2007, a high
positive correlation was only seen between fine dust and tritium fluxes. A relationship was not
found between coarse dust and tritium fluxes. This can be interpreted as follows. The coarse dust in
YS2007 showed a clear annual cycle with early spring maxima and its correlation with fine dust
was high. In fact, severe Asian dust storms transported coarser dust with fine dust to Mount
Wrangell as explained in sections 3.3.1–3.3.3. However, coarser dust is easy to deposit without
snowfall by gravity settlement and dry deposition. The correlation between coarse dust flux and
snow accumulation was lower in spring [YS2007]. In addition, a local dust contribution to coarse
dust may exist to some extent, even though the most of the local dust, huge dust, was removed in
their study. As a result, the correlation between coarse dust and tritium fluxes might have been
poorer in their study.
Finally, a positive interannual correlation was found between fine dust and tritium fluxes in
spring in YS2007. They suggested that Asian dust outbreaks and ADSTT are interannually
connected due to cyclonic activities in East Asia. Taking our study into account, this is partly very
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likely but not certain, because we found that the tritium contribution to the Mount Wrangell ice core
was mainly due to ADSTT and OTSTT in the spring season, as mentioned. As was discussed,
snowy conditions at Mount Wrangell are also important for the increase in tritium concentration in
the ice core. The correlation between fine dust and tritium from early spring to late spring in
YS2007 was lower than that from late spring to summer. This may partly depend on the lower
snowfall frequency in March than in April and May (Figure 3.16b). As a result, the correlation was
higher in late spring corresponding to April and May, in which the snowfall frequency was higher.
A pair of vortex structures of eddies developing over Siberia and near Alaska is often seen in
March–May (Figure 3.17a, 3.17b, 3.17c, 3.17f, and 3.17g). We consider that this is a most
important factor in explaining the mechanism of interannual variations of dust and tritium and their
connection in spring. This suggests that eddies of Siberian origin and the North Pacific storm tracks
are closely connected. Hence if developed cyclones in East Asia, which are originally produced in
the Siberian region, are able to reach areas near Alaska, such as the Bering Sea and the Gulf of
Alaska, while maintaining their eddy intensity, the cyclones can also contribute to OTSTT near
Alaska and snowfall at the Mount Wrangell ice core site. The 18(19)–22 March 2002 and 5(6)–9
April 2002 dust storms illustrate this case well. Nakamura [1992] mentioned that baroclinic waves
from Siberia may play a roll in “seeding” baroclinic disturbances that grow over the western Pacific.
Our results also support this description. The monthly mean atmospheric circulation in Figure 3.17
may also determine the snowy conditions at the ice core site because the circulation patterns in
Figure 3.18 were similar to the monthly mean patterns.
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To lend clear support to this discussion, we conducted correlation analysis for the interannual
variations in each month (March–June) between one-point PV variation at 250 hPa, which was
averaged in the Gobi Desert region in East Asia, and PV variations at 250 hPa (Figure 3.24). Here
we focus on cyclones that are mainly produced in the Siberian region and pass the area of Asian
dust outbreaks. The monthly mean data in March–June in ERA-40 was used from 1958 to 2002.

Figure 3.24. Correlation coefficients in each month (March–June) between one-point
PV-variation at 250 hPa, which was averaged in the Gobi Desert region, and PV variations at the
250-hPa level. Color shaded and line contours denote correlation coefficients and 90%, 95%,
and 99% confidence limits, respectively. Red fan-shaped area with bold lines is the Gobi Desert
region where PV data were averaged.
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The results clearly showed that if a vortex at the upper troposphere in Asian dust region is
intensified, Aleutian low or cyclonic activities in the Gulf of Alaska are also simultaneously
intensified. In March and April, a co-intensified eddy was positioned in the Aleutian region with a
strong eddy in the Gobi Desert region. In May, its intensified position was extended to the Gulf of
Alaska. In June, the pair of strong vortices was not seen. This indicates that an Asian dust outbreak
with ADSTT, OTSTT in the North Pacific Ocean, and snowy conditions at the ice core site are
closely connected to each other in March–May through the variation of a pair of strong PVs. Hence
intensified PV values in the Gobi Desert region likely cause the Asian dust outbreak, ADSTT,
OTSTT due to high PV values in the Aleutian and the Gulf of Alaska, and snowfall at Mount
Wrangell in March–May. In conclusion, the high interannual correlation between dust and tritium
flux in the Mount Wrangell ice core [YS2007] is well explained by the interannual variation of a
pair of intensified vortices in the upper troposphere in spring in East Asia and the North Pacific.
In Figure 3.25, we summarize the mechanism of tritium variation in spring in the North Pacific
region. This also leads to development of the hypothesis in YS2007 as follows. Three components
may control the tritium variation in spring in the Mount Wrangell ice core. They are ADSTT due to
Asian dust storms, OTSTT in the North Pacific region, and snowy conditions at the Mount
Wrangell ice core site. A strong eddy in the Siberian region may cause an Asian dust storm with
ADSTT. On the other hand, OTSTT is the result of slow Brewer–Dobson circulation and
eddy-forced STT. Both the ADSTT and OTSTT increase the tritium concentration in the
atmosphere. The Brewer–Dobson circulation in winter and eddy-forced STT in spring play
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important rolls in mass transport from the middle-upper stratosphere to the lowermost stratosphere
including the tropopause region and from the tropopause region to the troposphere in the
extratropics, respectively. This concept is consistent with previous studies by Miyazaki et al.
[2005a; 2005b]. Both these processes increase the material of stratospheric origin in the
troposphere.

Figure 3.25. Schematic diagram of mechanism of tritium variation in spring in the North Pacific
region detected from the Mount Wrangell ice core. The arrows in the same style and shade
denote one flowchart. The dotted black arrow denotes the flowchart for the 6–7 April 2001 dust
storm case. The solid black arrow denotes the flowchart for the 18(19)–22 March and 5(6)–9
April 2002 dust storms and is likely well explained by Figure 3.24. The gray dashed arrow
denotes the flowchart when it snows at the ice core site due to a cyclone developing near Alaska
such as in the Aleutians and the Gulf of Alaska. The process proceeds along this gray dashed
arrow. The gray dotted arrows denote possible flow charts but the details have not been
discussed in this study and will be considered in future studies.
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However, the timing of snowfall at the ice core site is also very important for tritium
deposition because tritium mainly exists as tritiated water vapor in the atmosphere [Gat et al., 2001].
If snowfall does not occur when tritium from the stratosphere is transported to Mount Wrangell, the
tritium increase will not be reflected sufficiently in the ice core, such as in the 6–7 April 2001 dust
storm case (Figure 3.1). A pair of high-PV structures of eddies developing in the Siberian region,
which may develop in East Asia, and near Alaska (Figure 3.17a, 3.17b, 3.17c, 3.17f, and 3.17g).
Then, the interannual high positive correlation between PV in the Gobi Desert region and in the
Aleutian region and the Gulf of Alaska was seen (Figure 3.24). It indicates that ADSTT and OTSTT
may be dependently connected to each other. If the developed cyclones in East Asia reach areas
near Alaska such as the Bering Sea and the Gulf of Alaska while maintaining eddy intensities, the
cyclones can also contribute to OTSTT near Alaska and snowfall at the Mount Wrangell ice core
site such as in the 18(19)–22 March 2002 and 5(6)–9 April 2002 dust storm cases. When the
eddy-forced OTSTT developed near Alaska, snowfall occurred at the ice core site at the same time.
This suggests that eddy-forced OTSTT near Alaska and efficient tritium deposition onto the ice core
site by snowfall are closely associated. The eddy-forced OTSTT near Alaska corresponded well
with the RSTTP. The contribution of the eddy-forced OTSTT in the Gulf of Alaska is expected to
be very favorable for efficient tritium deposition due to snowfall at Mount Wrangell associated with
much water vapor transport from warmer conditions in the Gulf of Alaska. The positions of eddy
development in East Asia and the North Pacific Ocean are important in determining their
relationships. This implies that if we compare the concentrations and peak positions of dust and
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tritium in spring in the Mount Wrangell ice core (Figure 3.22), we can anticipate the atmospheric
circulation patterns and the central position of the storm track in the North Pacific region in the past.
In conclusion, Asian dust outbreaks with ADSTT, OTSTT near Alaska, and snowfall at Mount
Wrangell are closely connected, and they may be interannually connected. As a result, positive
interannual correlations between fine dust and tritium were seen in the Mount Wrangell ice core.

3.4

Conclusions
We investigated Asian dust storms with ADSTT, OTSTT contributions to the Mount Wrangell

ice core site, and snowfall conditions at the site to explain the dust and tritium variations in spring
in the ice core and to develop the hypothesis in YS2007. We found the following in terms of
meteorological analyses: (1) Severe Asian dust storms and STT occurred simultaneously in all five
severe dust storm events in the spring of 2001 and 2002. (2) Both the Asian dust and the
stratospheric air were transported exactly to the Wrangell Area in three of the five cases. (3) If
snowfall occurs at the ice core site when tritium due to ADSTT is transported to Mount Wrangell,
efficient tritium deposition is expected onto the ice core site. A strong ADSTT contribution may
have the ability to shift the annual tritium peak earlier than in normal years. (4) The tritium spring
maximum in the ice core can move from late spring to early spring if there is no loss of information
about tritium deposition because of lack of snowfall at the ice core site. The tritium annual cycle
with a late spring maximum in the ice core of YS2007 in normal years, in general, can be explained
by the annual cycle of the Brewer–Dobson circulation in the stratosphere and normal eddy-forced
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ADSTT and OTSTT. (5) The amount of stratospheric material intrusions into the troposphere in
spring may largely depend on the intensities of eddy-forced ADSTT, eddy-forced OTSTT near
Alaska, and OTSTT due to slow Brewer–Dobson circulation. (6) Furthermore, April and May are
the most frequent months for snowfall in climatology with better conditions for tritium deposition
onto the ice core site due to snowfall. (7) When it snows at the ice core site, eddies developing near
Alaska, which imply eddy-forced OTSTT, are often seen and efficient tritium contributions to the
Mount Wrangell ice core site are expected. This suggests that both the OTSTTs near Alaska and
snowfall at Mount Wrangell are closely related. (8) A pair structure of eddies developing in East
Asia, originally produced in the Siberian region, and near Alaska implies that ADSTT and OTSTT
in the Aleutian and the Gulf of Alaska are associated with each other. In fact, they have a high
interannual correlation. (9) Finally, the positive interannual correlation between fine dust and
tritium fluxes in spring in the Mount Wrangell ice core in YS2007 is explained well by the close
connection among Asian dust storms with ADSTT, the OTSTTs in the Aleutian region and the Gulf
of Alaska, and snowfall conditions at the Mount Wrangell ice core site.
If dust and stratospheric tracers such as tritium are analyzed from the ice cores drilled in the
North Pacific region, we can assess the historical relationships among Asian dust, ADSTT, and
OTSTT information. In the case of the Mount Wrangell ice core, if we compare the concentrations
and peak positions between dust and tritium in spring in the ice core data, such as in Figure 3.22,
we can consider the atmospheric circulation patterns and the central position of the storm tracks in
the North Pacific region in the past. For that purpose, as a first step, seasonal or intraseasonal ice
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core data, such as the YS2007 ice core data, are essential. Comparing the ice core data with the
atmospheric circulation in detail in the past several decades is the second step. After that, we can
discuss and reconstruct material and atmospheric circulation in the distant past. Then, ice cores in
the North Pacific region can be used to reconstruct the information on these circulations from the
distant past to the present. Finally, ice core research in the North Pacific region would greatly
contribute to future climate projections in terms of material and atmospheric circulation from the
stratosphere to the troposphere. Only a few ice cores have been drilled thus far in the North Pacific
region. The locations are Mount Logan [Holdsworth et al., 1992; Shiraiwa et al., 2003], Eclipse ice
field [Wake et al., 2002] in the Yukon Territory, Canada; Mount Bona Churchill by L. G. Thompson;
Mount Ushkovsky and Mount Ichinsky in Kamchatka, Russia [Shiraiwa et al., 2001; Matoba et al.,
2007]; and Mount Wrangell in the Saint Elias Range, Alaska [Shiraiwa et al., 2004]. Our results in
this study will be very useful for these ice core studies.
The analysis of tritium in ice cores in the North Pacific region can be used to reconstruct
tritium information of pure stratospheric origin, which is produced by cosmic rays in the
stratosphere [YS2007], back to around 1980. However, the effects of past nuclear tests in the
Northern Hemisphere might have persisted from 1954 to around 1980. We can discuss the increased
timing of dust and tritium and the contributions of ADSTT and OTSTT in spring in each year
before 1980, but a detailed year by year comparison between them may be difficult because of the
disturbances by anthropogenic tritium. In either case, the half-life of tritium is 12.32 years [Lucas
and Unterweger, 2000], and there were no drastic nuclear contributions to the atmospheric tritium
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before 1954 [Gat et al., 2001]. Hence we cannot measure the tritium concentration in ice core
before 1954 because it is probably below the detection limit for tritium measurement. Other
methods are necessary to reconstruct pure STT information for the period before 1954. One
possibility for the reconstruction of STT information in the distant past is the use of other
stratospheric tracers such as a beryllium isotope with a longer half-life time (10Be: 1.5 × 106 years)
because it has been measured in ice cores [e.g., Beer et al., 1988; Smith et al., 2000]. However, if
the interannual relationship between dust and tritium fluxes in YS2007 persisted before 1980, it is
possible to reconstruct the STT information indirectly by means of dust analysis in ice cores in the
North Pacific region. In all the cases, more comprehensive studies are required on STT, Asian dust
storms, cyclonic activity, and ice cores in the North Pacific region.
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Chapter 4

Summary

Studies on the relationship between atmospheric dust and tritium were carried out using ice
cores. The Mount Wrangell ice core contained precise information on the materials from the past to
the present suggesting clear seasonal cycles. As a result, the inter- and intra-annual relationships
between atmospheric dust as a representative tracer in the troposphere and tritium in the
stratosphere became clear in the North Pacific region for the first time. In spring, the contribution
due to Asian dust storms in East Asia is large at Mount Wrangell. In addition, the higher altitude is
favorable for the observation of stratospheric tracers. Ice cores can provide information on the
stratospheric and tropospheric materials at a specific location from the past to the present. Therefore,
these inter- and intra-annual relationships are important for material circulation with climate change
in the North Pacific region.
The

studies

on

the

relationship

between

Asian

dust

outbreaks

and

the

stratosphere-to-troposphere transport (STT) due to Asian dust storms (ADSTT) in East Asia and the
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effect of other STT (OTSTT) due to cyclonic activities in spring in the North Pacific region were
examined by means of meteorological analyses. Ice cores only show point data at a certain drilling
point and one of difficulties in ice core research is that the spatial representation is unknown. This
difficulty can be corrected by providing spatial information in terms of meteorology. Accordingly,
simultaneous Asian dust outbreaks and STTs were verified and the information exactly reached
Mount Wrangell, providing spatial information. In addition, the relationships among Asian dust
storms and ADSTT due to cyclones developing in East Asia, OTSTT due to eddies developing near
Alaska, and snowfall conditions at Mount Wrangell have been clear. Such in-depth analysis could
not have been possible without meteorological analyses. Coupling ice cores to meteorology is an
essential approach to understand ice core data spatially and reconstruct atmospheric circulation in
the past.
The main results obtained from these Ph.D. studies using coupled ice-core-meteorology are
summarized as follows:
(1) Dust number and tritium concentrations were analyzed in the 50-m ice core drilled at the
summit of Mount Wrangell. The ice-core data were successfully divided into 5 seasons in the
North Pacific region for the first time (early spring, late spring, summer, fall, and winter). In
general, the dust concentration in the ice core tended to increase in early spring and the tritium
increased in late spring. In some years, drastic dust increases were seen in the corresponding
tritium peaks in spring in the observed raw data. The dust increases in 2001 and 2002 were
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dominant and in fact corresponded to recent increases of Asian dust outbreaks in East Asia. In
addition, Asian dust transport was verified in the field campaign in May 2004 at Mount
Wrangell. The data suggests that Asian dust loading to the Mount Wrangell ice core is large. It is
worth noting that the inter- and intra-annual relationships between dust and tritium at higher
altitude in the North Pacific region are now clearly understood. The high interannual correlation
between fine dust and tritium fluxes was found only in the spring season. It suggests that Asian
dust outbreaks and STT are closely connected due to the inter-annual activities of cyclones in
East Asia. This assumption suggests that if Asian dust outbreaks increase, intrusion of
stratospheric tracers such as tritium, ozone, and beryllium isotopes into the troposphere may
also increase due to intensified cyclonic activities as interannual variation.

(2) Five severe dust storms in the spring of 2001 and 2002 were investigated in terms of Asian dust
outbreaks with STT and its impact on the Mount Wrangell ice core site. Asian dust outbreaks
and STT occurred simultaneously in all five cases. The transport of Asian dust and stratospheric
material due to STT to the ice core site were seen in 3 of 5 cases, while Asian dusts were
transported to the site in all cases. A clear difference was seen between the 2001 (a 6–7 April
2001 dust storm) and the 2002 (18(19)–22 March 2002 and 5(6)–9 April 2002 dust storms)
cases when materials were transported to the ice core site. The difference was whether snowfall
occurred or not when dust and stratospheric tracers were transported to Mount Wrangell. In the
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2002 cases, snowfall did occur and the tritium concentration corresponding to the Asian dust
peaks in the ice core showed a maximum in 2002. However, dominant snowfall was not seen in
2001 and the tritium concentration was the second highest. Thus, snowfall at Mount Wrangell is
an important factor to determine tritium variation in the ice core. The atmospheric circulation
patterns when it was snowing at Mount Wrangell were quite similar with the monthly mean
atmospheric pressure pattern. This suggests that the monthly atmospheric circulation determines
the snowfall conditions at Mount Wrangell. These atmospheric circulation patterns also showed
possible tritium contributions to the ice core site due to OTSTT by an eddy developing near
Alaska when it was snowing at the ice core site. Hence, snowfall and OTSTT due to eddies
developing near Alaska are closely connected. In addition, the estimated number of snowy days
at the ice core site was highest in April and May in an 11-year climatology. This leads to
favorable conditions for efficient tritium deposition by snowfall at the site. In general, the
annual cycle of tritium concentration with late spring maxima in the ice core can be well
explained by previous studies such as Appenzeller et al. [1996] that the downward mass flux at
tropopause takes maxima in late spring (May and June). Namely, the seasonal cycle of
Brewer–Dobson circulation in the stratosphere may bring stratospheric materials in the
middle-upper stratosphere to the lowermost stratosphere from winter to early spring and the
discharge amount of those materials into the troposphere by eddy takes maxima in late spring as
mentioned by Miyazaki et al. [2005b]. Then, tritium in the ice core has maximal peaks in late
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spring in normal years. Therefore, this may be determined by the total effect of clear
Brewer–Dobson circulation from winter to spring and normal eddy-forced ADSTT and OTSTT
near Alaska in spring. However, in abnormal years such as 2002, additional tritium contribution
was dominant due to strong eddy-forced ADSTT in East Asia in early spring. Then, exceptional
tritium discharge into the troposphere in early spring of 2002 may be added onto normal
seasonal cycle of tritium concentration. As a result, the tritium maximal peak can shift from late
spring to early spring, as in the 2002 case. In conclusion, past atmospheric circulation patterns
associated with Asian dust and STT in spring in the North Pacific region can be determined by
dust and tritium in the ice core based on peak positions and concentrations (Figures 3.25 and
4.1).

Still unsolved work remains for the future. Tritium may be difficult for reconstructing past
stratospheric information before 1954 because the half-life of tritium is short and massive injections
of tritium into the atmosphere by nuclear tests were carried out after 1954 [Gat et al., 2001]. One of
the alternative stratospheric tracers for reconstructing distant past changes before 1954 is beryllium
10 (10Be). Its half-life is 1.5 × 106 yr and it has actually been measured in ice cores [Beer et al.,
1988; Smith et al., 2000]. If we use

10

Be before 1954, we can reconstruct the stratospheric

information of the distant past in the North Pacific region. Then, we can compare
concentration of the distant past.
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10

Be with dust

Figure 4.1. The method of extracting the information from the ice core regarding severe Asian
dust storms, ADSTT, OTSTT near Alaska in the North Pacific Ocean, and snowfall at the Mount
Wrangell ice core site. We compared dust and tritium concentrations in early spring. If the dust
concentration was satisfied with the threshold of severe Asian dust storms as defined in chapter
3, the arrow goes to “YES.” The following questions are the same. The timing of
Brewer–Dobson circulation intensification is in winter (December and January) as mentioned in
Figure 3.23. Then, higher concentrations of stratospheric tracers may reach around the
tropopause in spring. Finally, the timing of its discharge into the troposphere may be because of
the cyclonic activities in East Asia and near Alaska in the North Pacific Ocean. The final box at
the left side and the right side are normal years and abnormal years, respectively. The
center-boxes are involved in the case of the box at the right side, but dust or tritium information
in the ice core is unfortunately lacking. This is a problem of using a single ice core. Using
multi-ice-cores in the North Pacific region can eliminate this problem in the near future.
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We need to investigate the following problems in order to understand the connection between
the stratosphere and the troposphere and assess future climate change: (1) How much does ADSTT
impact on total mass intrusion into the troposphere in spring in the Northern hemisphere? (2) What
quantity of stratospheric tracers are transported to other ice-core sites in the North Pacific region
such as Mount Logan [Holdsworth et al., 1992; Shiraiwa et al., 2003]; the Eclipse ice field [Wake et
al., 2002] in the Yukon Territory, Canada; Mount Bona Churchill by L. G. Thompson; and Mount
Ushkovsky and Mount Ichinsky in Kamchatka, Russia [Shiraiwa et al., 2001; Matoba et al., 2007]?
(3) How closely are ADSTT in East Asia and OTSTT in the North Pacific Ocean connected in
intra-seasonal or decadal time-scales? (4) How strongly are the Brewer–Dobson circulation in the
lowermost stratosphere and eddy-forced ADSTT and OTSTT near Alaska associated? (5) How
widely does ADSTT affect the seasonal cycle of stratospheric tracers in the troposphere (i.e., the
effects in the North Atlantic region, European region, North African region, etc.)? (6) How much
does ozone intrusion into the troposphere due to ADSTT and OTSTT change the greenhouse effect
in the troposphere and does Asian dust uplifting cancel ozone’s greenhouse effect?
It is worth noting that reconstructing the connection between the stratosphere and the
troposphere from the ice core from the near past to the present was shown in this study. In general,
ice cores have often been used for reconstructing tropospheric climate information of the past.
However, there have been no ice core studies focusing on the reconstruction of the direct interaction
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between the stratosphere and the troposphere in the past with any understanding of spatial
information. The troposphere and the stratosphere are closely connected through the interactions
between them. Thus, reconstructing the connection between them using ice cores is important for
understanding atmospheric circulation from the troposphere to the stratosphere in the past. This
Ph.D. study showed progress on reconstructing the past interaction between the stratosphere and the
troposphere using ice core data. Ice cores are one of the most useful tools for reconstructing
tropospheric and stratospheric information.
This Ph.D. study contributes to the basic research on future climate and environmental
predictions. To predict global warming in the future, it is essential to estimate the amount of
materials, which affect the radiative balance in the troposphere as mentioned in Figure 1.1. This
study is useful for assessing the springtime relationship between Asian dust storms and STT
because both atmospheric dust and ozone have the capacity to change the global radiation budget in
terms of radiative forcing. Therefore, additional research focusing on both study fields of cyclonic
activities in spring in the North Pacific region from East Asia to the North Pacific Ocean affecting
Asian dust and STT should be encouraged. I hope more studies of this kind will develop in the near
future, as they would prove to be very useful for predicting climate.
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