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In this study, we measure ice thickness and flow and reveal that Shakushizawa
and Kaerazuzawa perennial snow patches (PSPs) in the northern Japanese Alps
are glaciers instead. Due to their size, they are very small glaciers (VSGs). For the
Shakushizawa VSG investigated by this study, we also calculate the long-term
average annual surface mass balances to assess the persistence mechanisms
of VSGs in this region. The mass balance calculation is done by substituting
the ice thickness and surface flow velocity measured on the Shakushizawa
VSG into the continuity equation under the assumption of the steady-state in
the long-term average. The annual surface mass balance altitude profile in the
long-term average of the Shakushizawa VSG has a positive gradient with the
accumulation area upstream and the ablation area downstream. If the other
VSGs in the northern Japanese Alps have the same characteristics, these have a
localized accumulation area in the long-term average below the climatic ELA by
topographic effects. These results suggest that glaciers in the northern Japanese
Alps are maintained due to topographic effects, despite being located below the
climatic equilibrium line altitude (ELA).

KEYWORDS

glacier flow, glacier ice thickness, mass balance, very small glaciers, perennial snow
patches, northern Japanese Alps

1 Introduction

According to the latest version of theRandolphGlacier Inventory, glaciers (excluding the
ice sheets of Antarctica and Greenland) currently number approximately 270,000 on Earth
(Consortium, 2023). Among these, glaciers with an area of 0.5 km2 or less are classified as
very small glaciers (VSGs: Huss and Fischer, 2016), accounting for around 200,000, or more
than 70% of the total. VSGs are located in regions where the mountain summit slightly
exceeds the regional equilibrium line altitude (ELA) or where the accumulation area is
formed by topographic effects under conditions below the regional ELA. These VSGs are
categorized as climate-dependent and topography-dependent, respectively (Kuhn, 1995).
Generally, VSGs are particularly sensitive to climate change and exhibit a short response
time to climatic variations (Grudd, 1990; Oerlemans, 1994; Nesje et al., 2008; Federici and
Pappalardo, 2010). Due to their large numbers and rapid response to climate change, most
VSGs are projected to disappear by 2,100 even if future temperature increases are limited

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1442884
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1442884&domain=pdf&date_stamp=2025-02-06
mailto:arie.kenshiro@jaxa.jp
mailto:arie.kenshiro@jaxa.jp
mailto:narama@env.sc.niigata-u.ac.jp
mailto:narama@env.sc.niigata-u.ac.jp
https://doi.org/10.3389/feart.2025.1442884
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1442884/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1442884/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1442884/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1442884/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Arie et al. 10.3389/feart.2025.1442884

FIGURE 1
Location of seven PSPs with evidence for classification as VSGs as well as Shakushizawa and Kaerazuzawa PSPs. Murododaira is the place where
measurements of snow depth in March for 1996–2018 were carried out (Iida et al., 2018).

to 1.5°C (Rounce et al., 2023). This anticipated loss raises concerns
about the impact on local water resources and sea level rise (Bahr
and Radić, 2012; Huss and Hock, 2015). However, the responses
of individual VSGs to changes in climatic forcing depend on the
site, being influenced by topographic factors, feedbacks, and non-
linearities (Kuhn, 1995; López-Moreno et al., 2006; Carturan et al.,
2013). In addition, Huss and Fischer (2016) indicated that some
topographically controlled VSGs in the Swiss Alps are less sensitive
to temperature fluctuations andmay survive future warming despite
the fact that most VSGs in the Swiss Alps will disappear by
2060. The lower sensitivity of topographically controlled VSGs
to temperature rise has also been reported in the Eastern Alps
(Carrivick et al., 2015) and Canadian Rockies (DeBeer and Sharp,
2009). Although VSGs are relevant for a wide range of aspects in
high mountain environments, they are undersampled in worldwide
glacier monitoring efforts (WGMS, 2012; Huss and Fischer, 2016).
In order to understand the future evolution of VSGs, which are
expected to increase in number due to global warming, it is
necessary to conduct field observations of VSGs in various regions,
climate and topographic conditions.

Recently, although this region has been considered too warm
to be glaciated (Hoshiai and Kobayashi, 1957), seven VSGs
were confirmed in the northern Japanese Alps (Fukui and
Iida, 2012; Fukui et al., 2018; Fukui et al., 2021; Arie et al.,
2019). Moreover (Arie et al., 2022), determined the annual and

seasonal mass balance of five VSGs in this region (Gozenzawa
Glacier, Sannomado Glacier, Komado Glacier, Kakunezato Glacier,
Karamatsuzawa Glacier). Using geodetic methods with aerial
photography and photogrammetry, they showed that these VSGs
show the highest amounts of winter accumulation (20 m snow
accumulation) and summer ablation among all glaciers recorded
by the World Glacier Monitoring Service (WGMS). These VSGs
are comprised of the latest version of the Randolph Glacier
Inventory (Consortium, 2023). In addition, for some PSPs and
VSGs in this region, the characteristics of the accumulation area
throughout in heavy snow years, as well as the ablation area
throughout in light snow years, were confirmed (Higuchi et al.,
1979; Fukui et al., 2018; Fukui et al., 2021; Arie et al., 2022).
However, the glacier equilibrium-line altitude (ELA) that separates
the accumulation and ablation areas could not be defined, and
the persistence mechanisms remained unclear for these VSGs.
In addition, more than 100 perennial snow patches (PSPs) are
distributed throughout the northern Japanese Alps (Higuchi and
Iozawa, 1971). Although PSPs may be difficult to distinguish from
VSGs (Cogley et al., 2011), VSGs distinguished from PSPs in
the sense that they are “continuously moving” in Japan (Fukui
and Iida, 2012; Fukui et al., 2018; Fukui et al., 2021). However,
GPR and GNSS surveys have not been done for all PSPs in the
northern Japanese Alps, and the glacier distribution has not been
confirmed.
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FIGURE 2
Shakushizawa (A) and Kaerazuzawa ((B): gully on right) at the end of snowmelt season. The aerial photo of Shakushizawa (A) was taken on 3 October
2022 and the aerial photo of Kaerazuzawa (B) was taken on 3 October 2018. Left gully in (B) is the Karamatsuzawa VSG.

TABLE 1 Characteristics of Shakushizawa and Kaerazuzawa PSPs and five other VSGs at the end of the snowmelt season in 2020.

Length (m) Maximum width (m) Area (km2) Altitude range (m) Mean surface slope (°)

Shakushizawa 690 290 0.124 1970–2,355 29.2

Komado 1,260 210 0.099 1910–2,300 17.2

Karamatsuzawa 1,055 120 0.089 1760–2,330 28.4

Sannomado 1,375 105 0.088 1790–2,490 27.0

Kakunezato 650 200 0.075 1820–2,120 24.0

Gozenzawa 750 125 0.059 2,510–2,760 18.4

Kaerazuzawa 655 110 0.040 1830–2,170 27.4

Ikenotan 820 70 0.036 1825–2,235 26.6

Kuranosuke 190 120 0.011 2,700–2,750 14.7

In general, to determine the ELA, the altitude profile of the
surface mass balance must be measured. However, for VSGs in
Japan, it is difficult to measure the surface mass balance using
the direct glaciological method due to snow depths exceeding
20 m in winter as a result of heavy snowfalls and avalanching.
Sawagaki et al. (2014) estimated the ELA and surface mass balance
of the Rhone Glacier in Switzerland and the Stor Glacier in Sweden
using data for observed ice thickness and calculated the flow velocity
using the empirical formula for glacial flow and the continuity
equation (Cogley et al., 2011) under the assumption that the glaciers
were in a steady-state. However, as the mechanism of glacier flow
of VSGs in Japan remains unclear (Arie et al., 2019; Arie et al.,
2022), it is difficult to calculate their flow velocity based on an

empirical glacier flow equation. Therefore, actual measurements
of ice thickness and flow velocity over a wide area of VSGs are
required to estimate the surface mass balance under a steady-state.
Previous flow velocity measurements using GNSS surveys in VSGs
were limited to small areas.

It is necessary to measure the glacial thickness and flow by
field observations in order to understand the distribution and the
maintenance mechanisms of VSGs in the northern Japanese Alps,
which are difficult to measure using ELA every year. For this study,
wemeasured ice thickness and flowusingGPR andGNSS surveys on
Shakushizawa andKaerazuzawa PSPs in the northern Japanese Alps.
Though they are classified as PSPs, we examine whether they should
be classified as VSGs. In addition, we alsomeasured the flow velocity
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FIGURE 3
Areas, GPR measurement lines, and GNSS measurement points for (A) Shakushizawa, and (B) Kaerazuzawa PSPs. Contour interval is 10 m.

in the lower area of Shakushizawa PSP where covered by debris
using image-matching analysis.Then,we calculated the surfacemass
balance of the Shakushizawa VSG, which this study identifies as
a VSG, under the assumption of the steady-state in the long-term
average from ice thickness and surface flow velocity over a wide area,
to assess the persistence mechanisms of VSGs in this region.

2 Study area

Shakushizawa and Kaerazuzawa PSPs both lie further north
than the previously confirmed VSGs in the northern Japanese

Alps (Figure 1). The furthest north of the two, Shakushizawa
PSP (Figure 2A), lies at the head of a glacial trough, extending
southeast from the peak of Mt. Shakushi (2,812 m a.s.l). At the
end of the snowmelt season, its downstream section is covered
with thick debris. Approximately 4 km south of Shakushizawa lies
Kaerazuzawa PSP (Figure 2B) at the head of a glacial trough that
extends northeast from the peak of Mt. Karamatsu (2,696 m a.s.l).
At the end of the snowmelt season, its middle section is covered
with debris. Table 1 shows the lengths, widths, areas, and altitude
range of both Shakushizawa and Kaerazuzawa, as well as of the
previously confirmed VSGs, at the end of the 2020 snowmelt
season.
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FIGURE 4
Longitudinal GPR profiles (L1). (A) Shakushizawa, (B) Kaerazuzawa PSPs. Depth is expanded fourfold. Arrows mark the depths of strong reflections.

The area of the Shakushizawa PSP was larger than that of the
VSGs confirmed previously, while the area of the Kaerazuzawa
PSP was the third smallest among the confirmed VSGs. The mean
annual air temperature in 2011 near the summit of Mt. Hakuba
(2,932 m a.s.l.) is −2.3°C, as measured by the Research Center for
Mountain Environments at Shinshu University. For 1996–2018, the
averageMarch snow depth atMurododaira (2,450 m a.s.l.; Figure 1),
located on the west side of a mountain ridge, is approximately 6.8 m
(Iida et al., 2018). Shakushizawa and the Kaerazuzawa PSPs, as
well as the seven VSGs, are all situated at the bottom of steep and
narrow valleys and are therefore heavily influenced by avalanching
in addition to large snowfalls. Arie et al. (2022) measured snow
accumulation depths exceeding 20 m for five VSGs (Gozenzawa,
Sannomado, Komado, Kakunezato, and Karamatsuzawa).

3 Methods

3.1 Measurements of ice thickness and flow

For both Shakushizawa and Kaerazuzawa PSPs, we use GPR
surveys to determine the presence of thick ice bodies that cause

sufficient flow. We use a GPR survey unit (SIR4000, GSSI,
Nashua, NH, United States) that records data and a shielded
antenna (GSSI: Model 3,207) with a centre frequency of 100 MHz.
This GPR survey unit was also used to observe the glacial
thickness of the Karamatsusawa VSG (Arie et al., 2019). For data
analysis, we use the RADAN 7 software from GSSI. The relative
permittivity used for the analysis is 3.2 (propagation velocity
is 168 m μs–1). The measurement dates are 14 August 2022 at
the Shakushizawa PSP and 31 August 2021 at the Kaerazuzawa
PSP. For the Shakushizawa PSP, we measured one longitudinal
and three transverse profile lines, whereas, at the Kaerazuzawa
PSP, we measured one longitudinal and four transverse profile
lines. The data are cross-checked at the intersection of the
longitudinal and profile lines (Figure 3). The transverse lines,
except for L5 of Kaerazuzawa PSP, completely cross the glacier.
At these intersections, the depth difference at the bedrock is
assumed to represent the measurement error of a GPR survey. The
positions of the survey lines were recorded using the GARMIN®
GPSMAP 66i (Garmin, Olathe, KS, United States) which has a
standard 3-m accuracy (Keany et al., 2024). The surface elevation of
the GPR survey line is obtained from a digital surface model (DSM),
which is generated by aerial photographs taken on 2 October 2022
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FIGURE 5
GPR profile along the transverse measurement lines and intersecting sections of the longitudinal line for the Shakushizawa PSP. (A) Transverse lines L2,
L3, and L4. Reflection from bedrock could be measured only in the central region of the profile where there were no debris deposits. (B) Longitudinal
measurements near the intersections. Depth scale is expanded fourfold. Vertical dot-dash lines mark the intersection of the transverse and
longitudinal lines.

and the SfM-MVS software (Pix4Dmapper, Prilly, Switzerland). The
surface resolution of the DSM is about 15 cm.

For each flow measurement, a vertical hole of about 6‒9 m was
drilled using an electric ice drill, and two 4.6-m-long stakes were
connected and inserted to reach the ice layer. An antenna connected
to GNSS surveying equipment (GEM-3; ENABLER, Tokyo, Japan)
was attached to the tip of the stake, and positioning was done
using the static method for 40 min. Five stakes were placed on 18
September 2022 at the Shakushizawa PSP, and three were placed
on 14 September 2022 at the Kaerazuzawa PSP (Figure 3). After
1 month (14 October 2022 at the Shakushizawa PSP and 11 October
2022 at the Kaerazuzawa PSP), the position of each stake tip was
re-measured using GNSS, and the surface flow velocity is calculated
from the differences in horizontal distance. A base point was placed
on the bedrock near the termini of each PSP, and the difference
between the horizontal coordinates of the two measurements was
used as the measurement error of the GNSS survey. To ensure that
the stakes were firmly anchored, we wrapped them with a water-
expandable rubber covering. Moreover, for each stake and each
measurement, we use a level to confirm they have remained vertical
in the ice body. The coordinates of the GNSS survey data at the

stake tip are determined by post-processing using the open-source
program RTKLIB (version 2.4.3) with the base station data of the
Hakuba electronic reference point of the Geospatial Information
Authority of Japan (Figure 1).

In addition, the flow of the debris cover area in the lower zone of
the Shakushizawa PSP is calculated using image-matching analysis
software [CIAS software, originally written by Kääb and Vollmer
(2000)]. Shaded undulation maps are created from the airborne
laser DSM of the Geospatial Information Authority of Japan for 16
October 2011 and 26 September 2014.

3.2 Calculation of the annual surface mass
balance using the continuity equation of
glacial flow

Assuming steady-state, we estimate the equilibrium line altitude
(ELA) from the surface mass balance by substituting the measured
ice thickness and flow into the continuity equation of glacier flow.
The continuity equation of glacier flow is as follows (Cogley et al.,
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FIGURE 6
GPR profile along the transverse measurement lines and intersecting sections of the longitudinal line for the Kaerazuzawa PSP. (A) Transverse lines L2,
L3, L4, and L5. (B) Longitudinal measurements near the intersections. Depth scale is expanded fourfold. Vertical dot-dash lines mark the intersection of
the transverse and longitudinal lines.
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FIGURE 7
Horizontal movement distances over 26 and 27 days. (A) The Shakushizawa PSP (from September 18 to 14 October 2022: 26 days. (B) The
Kaerazuzawa PSP (from September 14 to 11 October 2018: 27 days. Contour interval is 10 m for both cases.

2011; Nuimura et al., 2011):

ρ · s · dh
da
= b–| ∇⃗q|, (1)

where ρ is the average density of the glacier (kg m–3), s is the area
(m2), h is the ice thickness (m), a is the annual, b is the annual
surface mass balance (kg a−1) (the mass in and out of the glacier
interior and bottom should be included, but due to measurement
difficulties (Cogley et al., 2011), we ignore this contribution),
and |∇⃗q| denotes the difference in flow q⃗ (kg a−1) (longitudinal)
upstream and downstream (kg a−1).The flow in a given glacier cross-
section (assumed to be a rectangle) is calculated as (Cogley et al.,
2011; Nuimura et al., 2011):

q⃗ = ρ ·W · h · v⃗, (2)

whereW is the width of the glacier cross-section (m), h is the ice
thickness (m), and ⃗v is the depth-averaged flow velocity of the glacier
cross-section (m a−1).The continuity equation of glacier flow follows
from the conservation of mass with the assumption of a constant
ice density. As the cases here are valley glaciers, we assume that the
transverse component of flow is zero. Here, assuming that the glacier
is in a steady-state ( dh

da
= 0), the difference between the upstreamand

downstream flow |∇⃗q| represents the annual surface mass balance
b. In this case, if the glacier ice density, glacier width, ice thickness,
and flow are known, then the surface mass balance can be calculated
from Equations 1, 2.

For the Shakushizawa PSP, we examine 10 cross-sections in
which we measured ice thickness and flow over most of the area.
Thenwe designate 8 flux boxes, designed by connecting the two ends
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FIGURE 8
GPR measurement lines, GNSS measurement points, created flux boxes and results of image-matching analysis in the Shakushizawa PSP.

of the cross-sections with straight lines, and calculate the annual
surface mass balance for each flux box. When the glacier is steady,
the annual surface mass balance b in each flux box can be expressed
by the Equation 3 derived from Equation 1:

b =
qUp–qDown

Sf
, (3)

where qUp is the flow in the upstream cross-section in the flux box
(kg a−1), qDown is the flow in the downstream cross-section in the
flux box (kg a−1), and Sf is the area of the flux box (m2). Both
qUp and qDown are calculated from Equation 2. Following Cuffey and
Paterson (2010), the depth-averaged flow v⃗ in Equation 2 is assumed
to be 80% of the surface flow velocity. The surface flow is calculated
by converting the annual horizontalmovementmeasured via image-
matching analysis as well as by the horizontal movement in 29 days
recorded by the GNSS survey.The ice thickness in Equation 2 comes
from the GPR survey. We exclude the firn layer and assume a
density of 860 kg m–3 based on stratigraphic observations at the
Gozenzawa Glacier (Fukui et al., 2018; Fukui et al., 2021). The area
of the flux box (Sf ) equals the average width (W ) multiplied by the
average distance (x ) in the upstream and downstream cross-sections
at the flux box. Also, for the steady-state case of Shakushizawa
PSP, we create an altitude profile of the annual surface mass
balance by averaging the altitude of the cross-sections upstream and
downstream of the flux box, with the result used as the altitude
of the flux box.

To help determine if the glaciers in the northern Japanese Alps
were in the steady-state, we compare the past and present glacier
areas calculated from orthophoto images of aerial photographs

acquired in 1955, 1965, and 1976. Specifically, we use Geospatial
Information Authority of Japan (GSI) aerial photographs taken
on 25 September 1955 for Sannomado Glacier and Komado
Glacier, 30 October 1965 for KakunezatoVSG, 18 October
1976 for Karamatsuzawa Glacier, and 23 October 1976 for the
Shakushizawa PSP.

4 Results

4.1 Ice thickness and flow in two PSPs

Consider the cross-sections along the longitudinal lines (L1) as
measured by the GPR survey. The arrows in the profiles of Figure 4
represent positions of strong reflection. For the Shakushizawa PSP,
Figure 4A appears to show two reflective surfaces. Kawashima et al.
(1993) showed that, in Japan, a water-saturated layer existed just
above the firn and ice transition during the ablation period. Due
to water’s high relative permittivity, the strong reflection observed
at 1–10 m depths from the surface presumably indicated boundary
between snow-firn and ice. Because the GPR measurement starts
from the bedrock and is continuous with the reflective layer at
the starting point, the reflection over 30 m down for most of
the profile presumably indicates bedrock. The maximum reflection
depth of the bedrock was 47 m at a distance of 160 m. For the
Kaerazuzawa PSP (Figure 4B), the strong reflection, presumably
bedrock, was confirmed as well, and the maximum reflection depth
of the bedrock is 32 m at 750 m. In addition, strong reflections
presumably indicated boundary between snow-firn and ice were
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FIGURE 9
The altitude profile of area (left and top scales) and long-term average annual surface mass balance (left and bottom scales) of the Shakushizawa VSG
identified by this study.

also confirmed at depths of 1–10 m except from 0 to about
100 m up the profile and from about 300 to 400 m. These regions
without a second reflecting layer coincide with regions that had
neither snow nor ice in October 2020 (the year before the GPR
measurement).

Now consider the transverse cross-sections. Figure 5A
shows the GPR profiles along transverse cross-sections L2‒L4
of the Shakushizawa PSP. At right, in Figure 5B, are short
sections of the nearby longitudinal profiles. The vertical
dot-dash lines are their intersection lines. The difference
in measured depth of the bedrock between the transverse
and longitudinal reflections is less than 2 m. The analogous
comparison of transverse and longitudinal cross-sections for
the Kaerazuzawa PSP is shown in Figure 6. For this case, the
difference in measured depth of bedrock reflections between
the intersecting cross-sections is less than 3 m. Therefore, the
maximum discrepancy in the measured bedrock depths for
both Shakushizawa and Kaerazuzawa PSPs is about 3 m (L2
in Kaerazuzawa). So, we approximate the error in the GPR
measurements at 3 m.

We now examine the measured horizontal movements. For
the Shakushizawa PSP, the horizontal movement of the five stakes
determined from twomeasurements taken over 29 days at the end of
the 2022 snowmelt season is shown at Figure 7A. Also, the direction
of movement is consistent with the direction of the maximum slope
of the surface. The horizontal movement at the bedrock (P6) is
1 cm over 29 days, so the measurement error is assumed to be 1 cm.
For the Kaerazuzawa PSP, the horizontal movement of the three
stakes determined from two measurements taken over 27 days at
the end of the 2022 snowmelt season is shown at Figure 7B. As
with Shakushizawa, the direction of movement is consistent with
the direction of the maximum surface slope. For the Kaerazuzawa
PSP, the horizontal movement at the bedrock (P4) is 3 cm over
27 days, so the measurement error is set to 3 cm. In both cases, the
measured flow is significantly higher than themeasurement error. As
the stakes maintained their vertical orientation after moving, stake
inclination did not contribute to measurement error upon being
re-measured. In addition, the image-matching analysis shows that
horizontal movement of the debris deposit area downstream ranges
from 2 to 5 m a−1 (Figure 8).
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FIGURE 10
Proposed internal structures based on GPR measurements. (A) Shakushizawa and (B) Kaerazuzawa VSGs identified by this study.

TABLE 2 Areas (km2) of Shakushizawa and Kaerazuzawa PSPs, and three other VSGs at the end of snowmelt season for three measurement periods.

Glacier name Sep. 25, 1955 Oct. 30, 1965 Oct. 18, 1976 Oct. 23, 1976 Sep. 30, 2017 Oct. 16, 2020

Sannomado 0.103 0.122 0.088

Komado 0.131 0.139 0.099

Kakunezato 0.093 0.097 0.075

Karamatsuzawa 0.112 0.136 0.089

Shakushizawa 0.124 0.126 0.125

4.2 Profile of the annual mass balance of
the Shakushizawa PSP under steady-state
conditions and a comparison with WGMS
glaciers

Now consider the flux boxes to estimate the annual surface
mass balance. Based on the results of the GNSS survey and the

image-matching analysis, we designate ten glacier cross-sections
(1–10) and eight flux boxes (A–H) by connecting the two cross-
sections with straight lines as the volumes between adjacent cross-
sections, as shown in Figure 8. Due to the designated flux boxes
being created with consideration of the seasonal changes in the
surface flow velocity, a flux box connecting 5 and 6 cross-sections
is not created. Specifically, the image-matching analysis tracks the
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TABLE 3 Properties of the VSGs in the northern Japanese Alps.
Maximum flow velocity (cm a−1) is annualized frommeasured data for
about one month.

Maximum
Flow
velocity
(cm a−1)

Maximum
Ice glacial
thickness(m)

Mean
Surface
slope (°)

Komado 377 >30 18

Sannomado 365 48 29

Shakushizawa 363 43 32

Karamatsuzawa 315 33 31

Kakunezato 239 >30 26

Ikenotan 200 39 24

Kaerazuzawa 188 29 29

Gozenzawa 63 27 19

Kuranosuke 3 25 8

flow velocity over the entire year, whereas the GNSS survey analyses
the flow velocity over 1 month at the end of the snowmelt season.

We now examine the data for the flux boxes shown in
Figure 8. The data shows that the higher the altitude, the
more positive the annual surface mass balance (Figure 9, red
curve). Thus, the long-term average annual surface mass balance
has a positive gradient in the altitude profile, confirming that
there is an accumulation area upstream and an ablation area
downstream.

5 Discussion

5.1 Reclassifying the PSP as VSG

We first consider the meaning of the two reflective layers
for Shakushizawa and Kaerazuzawa PSPs. For the latter, in the
area where all ice had disappeared in October 2020 (the year
before the study), the reflection surface at a depth of 10 m
from the snow surface merges with the reflection surface that
is considered bedrock (Figure 4B). This merging where the ice
had vanished suggests that the lower layer is glacial ice. In
support of this interpretation, consider that ice-core drilling
on the Gozenzawa Glacier and snow density measurements in
crevasse cross-sections on the Kakunezato Glacier at the end
of the snowmelt season showed that about 1 m from the snow
surface is a snow-firn layer with a density of 570–740 kg m–3

and below that is a lower layer of glacial ice with a density of
824–907 kg m–3 (Fukui et al., 2018; Fukui et al., 2021). Therefore,
we argue that the clear reflective layer within 10 m of the snow
surface is the snow-firn layers, and the uniform reflective layer
in the lower layer is considered glacial ice. Figure 10 shows this

interpretation of the GPR results for both Shakushizawa and
Kaerazuzawa PSPs.

Consider how Shakushizawa and Kaerazuzawa PSPs compare
to the seven established glaciers in the northern Japanese Alps.
Shakushizawa PSP has a maximum ice thickness (it’s not included
the firn layer) of about 43 m and a horizontal movement of 26 cm
in 29 days (annualized: 363 cm a−1), whereas, for Kaerazuzawa
PSP, ice thickness, these values are 29 m with a horizontal
movement of 14 cm in 27 days (annualized: 188 cm a−1). As
both cases have values larger than other established glaciers in
the region (Table 3), we can also designate Shakushizawa and
Kaerazuzawa PSPs as glaciers. As their areas are less than 0.5 km2,
they are VSGs.

5.2 Persistence mechanisms of VSGs and
PSPs in the northern Japanese Alps

The areas of these glaciers and PSPs from 1955 to 1976 are
between their areas in 2017 and 2020 (Table 2). In addition, while
the annual mass balance of VSGs in Japan mainly depends on
the accumulation depth (Arie et al., 2022), the meteorological
observations in the alpine zone of central Japan found no long-
term trend in snow depth (Yamaguchi et al., 2011; Suzuki and
Sasaki, 2019) and air temperature (Suzuki, 2018) in the alpine
zone, yet large yearly fluctuations. It was therefore estimated
that the glaciers in the northern Japanese Alps have been in a
steady-state from the period of 1955–1976 to the present day,
with interannual fluctuations such as repeated expansion and
shrinking. Then, for Shakushizawa VSG, we assume that the
surface mass balance is in a steady-state and represents the long-
term average annual surface mass balance from 1976 to the
present day.

The long-term average annual surface mass balance altitude
profile of the Shakushizawa VSG that is identified by this study
has a positive gradient, confirming that it has an accumulation
area upstream and an ablation area downstream (Figure 9). Based
on the balance velocity theory, glaciers move accumulated ice
in the accumulation area to the ablation area by glacial flow to
maintain a steady-state (Benn and Evans, 2014). Although VSGs
in the northern Japanese Alps have interannual variation in which
the entire area is either in an accumulation or ablation area
(Higuchi et al., 1979; Fukui et al., 2018, Fukui et al., 2021; Arie et al.,
2022), assuming the VSGs to have the same mass-balance
characteristics as that of Shakushizawa VSG, then their long-
term average characteristics should also include an upstream
accumulation area.

Next, we consider the ELA of VSGs in the northern Japanese
Alps. The VSGs in the northern Japanese Alps exist at lower
altitudes than the regional climatic glacier ELA because they
are topographically controlled VSGs (Kuhn, 1995). VSGs in the
northern Japanese Alps accumulate snow to depths of 13–30 m,
which is 2–4 times greater than the snow depth of 6.8 m on the
flat Murododaira area that is not affected by the topographical
influence of avalanches and snowdrifts. As a result, these VSGs
are considered to be topographically controlled (Arie et al., 2022).
As a result, the ELA should be sensitive to the local terrain,
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FIGURE 11
Altitude profile of annual surface balance profiles of selected comparison glaciers recorded in WGMS and the Shakushizawa VSG identified by this
study. For the WGMS glaciers, we use mass balance data from 2014 for Urumuqi Glacier, 2016 for Batysh Sook Glacier, and 2007 for Brewster and
Nigardsbreen Glaciers (WGMS, 2012).

FIGURE 12
Schematic of annual surface mass balances of typical VSGs, PSPs, and seasonal snow cover (which completely vanish every year) in the northern
Japanese Alps. Each type is shown for three cases: heavy snow years, light snow years, and long-term average. Aerial photos were taken on 16
October 2020.
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appearing at locations with heavy avalanche activity and wind-
blown snowdrifts. Therefore, the ELA in the long-term average
of VSGs in the northern Japanese Alps may be different for each
of the VSGs.

Then to put the surface mass balance for Shakushizawa VSG
into perspective, we compare it to that of other glaciers. Figure 11
shows the altitude profiles of the annual surface mass balance of
some WGMS glaciers and ShakushizawaVSG. We classified glaciers
in Norway and New Zealand as being in a maritime climate and
those in China and Kyrgyzstan as being in a continental climate.
Comparing glaciers in maritime and continental climates, one sees
that the absolute value of the annual surface mass balance in
the accumulation area is larger for glaciers in maritime climates
(Figure 11). In the case that the mountain ridge is sufficiently higher
than the climatic ELA, accumulations greatly exceed ablations at
an upstream accumulation area, because of high precipitations in a
maritime climate. However, the absolute value of the annual surface
mass balance (long-term average) of the Japanese VSG, which has
the largest winter balance of WGMS glaciers worldwide (Arie et al.,
2022), is small that it is comparable to that of continental climate
glaciers. VSGs in the northern Japanese Alps have been observed
to accumulate more than 20 m of snow during winter due to heavy
snowfall and the topographic effect of avalanches (Arie et al., 2022).
However, these VSGs are located below the climatic ELA in a
warm environment at low altitudes in a mid-latitude region. As
a result, they experience significant summer ablation exceeding
20 m, leading to small mass changes. Consequently, despite being
in an area with maritime-like snowfall, the absolute value of the
annual surface mass balance of these glaciers is small, comparable
to that of glaciers in continental climates. Concerning the flow
speeds, the balance velocity theory predicts that glaciers inmaritime
climates with large accumulation and ablation rates should have
higher flow speeds than those in continental climates (Burgess et al.,
2013). However, the VSGs in the northern Japanese Alps have
flow speeds of only 1–4 m a−1. This shows the amount of mass
exchange is small.

From the above, it is suggested that VSGs in the northern
Japanese Alps are maintained as glaciers with a small mass
exchange due to VSGs having a localized accumulation area
of slightly positive annual surface mass balance in the long-
term average (Figure 12). In other words, it is indicated that
they are maintained due to topographic effects, despite being
located below the climatic ELA. This supports the prediction
that while most VSGs in the Swiss Alps will disappear in
the near future as temperatures rise, some topographically
controlled VSGs will survive (Huss and Fischer, 2016). In
contrast to the VSGs, several studies have argued that the PSPs
in the northern Japanese Alps have negative factors on the
mass balance compared to VSGs, such as a smaller amount of
accumulation due to valley depth (Glazirin et al., 2004) and
tunnel formation at the bottom of the PSPs due to a large
amount of water entering from the large catchment area above
the PSPs (Iida, 2020). PSPs in the northern Japanese Alps do
not have a localized accumulation area in the long-term average
and are distinguished from VSGs (Note: Shakushizawa and
Kaerazuzawa are exceptions, as they have been confirmed as VSGs
(Figure 12).

6 Conclusion

We measured the ice thickness and flow of the Shakushizawa
and Kaerazuzawa PSPs in the northern Japanese Alps. We
found that Shakushizawa PSP has a maximum ice glacial
thickness of about 43 m and a horizontal movement of 26 cm
over 29 days (annualized: 363 cm a−1), whereas the same
quantities for Kaerazuzawa PSP are 29 m and 14 cm over
27 days (annualized: 188 cm a−1). These measurements indicate
that the Shakushizawa and Kaerazuzawa PSPs are glaciers,
specifically VSGs.

For the Shakushizawa VSG that is identified by this study, we
used the assumption of steady-state, along with our ice thickness
and flow measurements, to calculate the altitude profile of the
long-term average annual surface mass balance. The resulting
long-term average annual surface mass balance altitude profile of
the Shakushizawa VSG was found to have a positive gradient,
confirming an accumulation area upstream and an ablation area
downstream. As properties of Shakushizawa VSG are similar to
the other VSGs in the region, we speculate that VSGs in the
northern Japanese Alps have interannual variation in which the
entire area may either be in an accumulation or ablation area.
Yet, on a long-term average, they have the localized accumulation
area below the climatic ELA due to topographic effects, and thus
are maintained as glaciers. In addition, VSGs in the northern
Japanese Alps have low absolute values of long-term average annual
surface mass balance in the accumulation area despite their large
winter accumulation. We argued that the absolute value of the
long-term average surface mass balance in the local accumulation
area is small, due to the large winter and summer balances offset
each other throughout VSGs, leading to only minimal changes
in mass. In this way, the VSGs in the northern Japanese Alps
are maintained as glaciers with small mass exchange. On the
other hand, compared to the VSGs, the PSPs in the region have
factors that reduce the mass balance, such as a topographical
limitation to accumulation and tunnel formation at their base.
Therefore, it is implied that PSPs in this region have no accumulation
area in the long-term average surface mass balance and are
distinguished from VSGs.
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