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Abstract. In 2012, threegperennial snow patches in the northern Japanese Alps were determinedety bmall glaciers
(VSGs <0.5kn?). These were soon followed by four more nearby. However, it had not been determined how such glaciers
could be maintained in such a warm climate. In this study, we caldhiasnnual mass balancaccumulationdepth and
ablation deptlof five of theseVSGs, covering 2015019 for four of them (2012019 for the fifth) using mukperiod digital
surface models (DSMs) based on structure fromtioni multi-view stereo (SfNIMVS) technology andmages taken from a
small airplane.

The results indicate that,ud to snow acquired fron avalanchesand snowdrifts these VSGs are maintained ke
accumulation in wintethat is more than double that frahe snowfall, thereby exceeding thdlationin summer. Therefore,

we classify them as topographically controlled VSGs. Wevarg small yearhyfluctuatiorsin theirablation depthhowever,

their annual mass balance caaccumulationrdepthhave largeyearly fluctuations. Theannualmassbalance, whichmainly
depends on thaccumulationdepth showed accumulation throughout each glacier during heavy snow arerablation
throughout each glacier during light snow ygarhis characteristic differs from the upper accumulation area and lower
ablation ara that exists on most glacie®heseVSGs hada lack of positive annuahassbalance gradientwhich suggests
that they are not divided by a distinct glacier ELA into an upstream accumulatézrand a downstream ablati@rea
Moreover,comparing to other glaciers worldwide, we find the mass balance amplitude of gladieesniorthern Japanese

Alps to be the highest measured to date.

1 Introduction

More than 100 perennial snow patches are distributed throughout the northern Japanédeyédps and lozawa, 1971)
with some containing glacial ice as determined by the density (at least 83f) Kgakita, 1931; Ogasahar®a4; Tsuchiya,
1978; Kawashima et al., 199%awashima, 1997)Since the 1960s, researchers have tried to determine which ones are glaciers,
but the difficulty of measuring flow stymied the earlier effdfskui et al., 2018)However, recently smaller, more accurate
surveying instruments have been developed that allow the measurement of ice thickness usifgegeitatthg radar. Using
theseinstruments together with the esgsale accuracy of global navigation satellite system (GNSS) sus@yexal groups
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measured the ice thickness and horizontal flow velocity of seven perennial snow patcheggiothdinding them to be

active glacierssubsequently named Gozenzawa, Sannomado, Komado, Kakunezato, Karamatsuzawa, Kuranosuke, anc
Ikenotan(Fukui and lida, 2012Fukui et al., 2018Arie et al., 2019 As they are less than 0.5 kin area, they are classified

as very small glaciers (VSG#jluss, 2010; Huss and Fischer, 2016)

In general, glaciers form andafge in response to their mass balance, which is determined by the accumulation of
primary snowfall and ablation of primary snow. Therefore, to understand the factors contributing to glacier formation and
persistence, one must measure accumulation antasb(@hmura, 201Q)Accumulation and ablation can be substituted by
winter andsummer balancg®©hmura, 2011)This approach should also apply to VSGs.

Theaccumulation and ablatidncorporate the geographical characteristics of glacdsarecrucial for assessing
the relationship between the climatic environment and glaciss inalancéDyurgerov and Meier, 1999; Huss et al., 2008;
Ohmura, 2011; Pelta al., 2019) A related quantity is the mass bata amplitude, whicMeier (1984; 1993)efines as half
of the sum of the absolute values of the winter and summer mass balances. In iy Glddass Balance and Related Terms
(Cogley et al., 2011the mass balance amplitude tends to be hiiginglaciersin maritime climates thathosein continental
climates due to the former having higher accumulation.

In the northern Japanese Alps, Fuktial. (2018) measured the mass balance of the Gozer&@awiar using the
stake, or glaciological, methodheir studyindicated thathe mass balance in 2012015 had accumulation throughout,
whereadn 2015 201§ it had ablation throughoufThe characteistic of accumulation or ablation throughout has also been
reported in the VSGs in the European Al@olucci et al., 2021)In addition,they showedhat avalanche contributed
significantly to the accumulatiorof Gozenzawa Glacier. However, thkes wer measured only twice, in the autumns of
2012 and 2016, thaccumulation and ablatiomot being determined. For measuriagcumulation and ablatiprthe stake
method is not reliable in the northern Japanese Alps because the stakes are buried undemfed\dusing winter. In some
years, they remain buried even at the end of the snowmelt season.

Although some characteristics of VSGs that persist in warm environments at middle lalierée36(577 36.69°N)
and low altitudeshere:1,7502 , 77 0 een expoved, thé mechanisms by which the VSGs in the northern Japanese
Alps are formed and maintained remain unclear. To clarify the mass balance characteristics of these VSGs, we measured tf
annual mass balancaccumulation depthand ablation deptbf five VSGs in the northern Japanese Alps using a geodetic
method. The geodetic method obtains the changelimeby evaluating the elevation change of the entire glacier surface
between twadates(Ohmura, 2010, 2011)his method has been used in recent years to measure the mass balaany
glaciers because it can obtain data for parts of the glacier that are difficult to access and obsigz¢Bran et al., 2016;
Dussaillant et al., 2019; Vincent et al., 2021)

Here, we calculate thennual mass balance, accumulation degatld ablation deptbf four VSGs in 20162019and
for one VSG in 20172019 by comparing multperiod digital surface models (DSMs) created using structure from riotion

multi-view stereo (SfNMIMVS) software and aeriamages taken from a small airplane. Wes@alcompare the mass balance
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amplitude of VSGs in the northern Japanese Alps with those of other glaciers worlttwiggdition, we discuss the

characteristics ahemass balance profilef VSGs based othe profile of the altitude changes.

2 Study area

The climate of the northern Japanese Alps is greatly influenced by the winter monsoon and Tsushima waimtber&sd

of JapanDuring the winter monsoon, a dry cold air mass from the continent passes over the Tsushima warm current, gaining
heat andwater vapor, then undergoes topographic updraftjymmg some of the heaviest snowfall worldwide over the
northern Japanese Algslosaka et al., 201%awase et al., 2020)n addition, the winter eastwesterly winds supplycm

snow to the east side of the mountain ridge due to snowdrifts deposits (Suzuki and Sasaki, 2019). Over 80% of perennial sno
patches are also distributed on the east side of the mountain ridge (Asahi, 2013). Based on the wind speed data &t the near |
Hakubadake (832 m) observedduring Decembein 201Q January, February, Mardh 2011 by the Research Center for
Mountain Environment of Shinshu University, monthly average data of a maximum wind speed are 23.5, 34.9, 23.3, and 25.€
m s? respectively. Vihd directions are mainly west and northwest during the observation period. Moreover, @geaver
monthlytemperature in January 2011 observed at the same plkd&(Qs ; an average temperature in July 2011 is 11;9

an average annual temperature in 2&l2.3 . The average snow depth at Tateyama Murododaira (82%5ig. 1)

located athewest side of the mountain ridga,Marchduring 1996 2018 was aboui.8 m(lida et al., 218).

In this study, we focus on five VSGs in the northern Japanese Alps (Fig. 1). Briefly, their characteristics and
environments are as follows. The Gozenzawa Glacier (Fig. 2a) lies on the eastefiviideyama (3,003 m), at the bottom
of thenorth-easterrcurve in the Gozenzawa vallejhe Sannomado Glacier (Figoies at the bottom of the glaciélough
erosion valley between the Sannomado and Hachimine ridges, and treindswghstist. The Komado Glacier (Fig. 2b) lies
at the bottom of the glaci&ough erosion vallepetween the southeast side of Mt. Ikenotaira (2,561 m) and the Sannomado
ridge, andrends ea$southeast. The Kakunezato Glacier (Fig. 2c) is at the head of the glawgl erosion vallegxtending
northeast from the northern peak\f. KashimaY arigaake (2,842 m)The Karamatsuzawa Glacier (Fig. 2d) lies at the head
of the glacialtrough erosion vallegxtending northeast from the northern pealof Karamatsu (2,696 mYhese glaciers
are located aroughbottom surrounded by steep bedrock in the east part of the mountainTiidgeneans snow avalanches
and snowdrifts contributiargely to the accumulation of the entire glacier.

The bedrock surrounding the Sannomado and Komado asie€liorite, whereas that fothe Gozenzawa and
KakunezatdGlaciersis granite andhat for theKaramatsuzawé&lacieris serpentine. These geological differenicdkience
thediffering amouns of sedimenbn the glacier surfaseln particular, he Sannomado and Komado Glaciers are elgpa
glaciess with little debris whereas the Gozenzawa, Kakunezato, and Karanaaisu@lacierdave adebriscovered area in
ther middle and terminal regi@duringablation years

For further details about these glaciers, see Table 1 (also, Fukui and lida 2012; Fukui et al. 2018; Arie et al. 2019).
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Figure 1 Seven glaciers in the northern Japanese Alps (names in bold font).

Figure 2 The five very small glaciers (VSGSs) in this study at the end of snowmelt season in 2016. a) Gozenzav
Sannomado (left), Komado (right). ¢) Kakunezato (left). d) Karamatsuawa. All taken on Sep. 30.
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Table 1 Physical properties of the glaciers. Maximum depth and maximum horizontal velocity at Gozenzawa, Sannomado, Kome
Kakunezato Glacier were showed in Fukui et al. (2018).

Glacier Gozenzawa Sannomado Komado Kakunezato Karamatsuzawa
LengthpmpP 760 1420 1270 740 1080
Maxi mum wi dthpmp 200 110 210 250 150
AreapkYYP 0.074 0.101 0.109 0.087 0.103
Altitude rangepmP 2510-2770 1760-2500 1910-2300 1800-2150 1750-2350
Average inclinationpUO®8.9 27.5 17.1 25.3 26.1
Maxi mum dept hpmP 27 48 30> 30> 35
Maxi mum horizontaltP vel ociOt63pm a 3.65 3.77 2.39 3.15

3.1 Methods

3.1 Data acquisition

We determine thaltitude changegannual, winter, summenf the five glaciers by comparing mufieriod DSMs created

using aerial images and SfMVS software. The images were taken under clear weather with few clouds from a small Cessna
aircraft at the end of the snowmelt season (late September to early October) and during the maximum snow depth season (l
March to early April) from 2015 to 2019hese shooting days were 9 Oct. 2015, 16 Mar. and 30 Sep. 2016, 5 Apr. and 30
Sep. 2017, 1@pr. and 3 Oct. 2018, 18 Mar., and 16 Oct. 2019.

The cameras were a Sony U711 (24.3 million pixels)
depth season) and a Sony U7RIIl (42.4 mil |Indofsnonelksedsan) f r
Images were taken every 2 s to obtain a complete view of the entire glacier and surroundinfyderm@maltitude range of
3,500 3,800 m. The AUTO mode was used from 2015 (end of snowmelt season) to 2017 (maximum snow depth seaso
From 2017 (end of snowmelt season) to 2019 (end of snowmelt season), we used a shuttef Isstitigan 1/1600 s, and
an ISO of 100200, with the F value set to automatic. The flight route first visits Gozenzawa, then Sannomado, Komado,
Karamatsuzaa (from 2017), and Kakunezato Glaciers.

The observation period included both light and heavy snow years. For 20895 the measured snow depths at
Tateyama Murododaira (2,450 m) wehe lowest in 2016 and secoiidghest in 2017 (lida et al., 2018).

3.2 SfIM-MVS analysis

SfM is a calculation technique that allows automatic camera position determination iditheszesional (3D) space. After
estimating the camera positions, we use additional dense-maighing algorithms such as MVS to calculate thesde8D
point cloud of the surveyed object on an arbitrary relative Edégmattei et al., 2015)This relative scale must then be
converted into an absolute scale to obtain geometric measurements usimgrigdabordinates or a known field distar(&ai

et al., 2014)
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Creating a DSM is as follows. First, higkensity point cloud data are created from continuous aerial images using
SfM-MVS. Next, multiple (three or more) ground control points (GCPs) are defined in the created point cloud data and
geometrically corrected. Finally, these corrected data are used to create a DSM. Setting the GCPs is the only manual work i
this process becauf$#X4Dmapperautomates the first and last steps.

We set the GCPs using a DSM (resolution: 0.5 m) created from both aerial laser survey data (from the Ministry of
Land, Infrastructure,Transport androurism) and orthophotoorrected images of aerimhages obtaned at the time of the
survey. The error in the height direction of the aerial laser survey datd @&s®m in a region with large undulatio(Bato et
al., 2004) The aerial laser survey data are from the end of the snowmelt season in 2009 for the Sannomado and Komad
Glaciers, in 2010 for the Kakunezato Glacier, in 2011 for the Gozenzawa Glacier, and inr2Bé4&ramatsuzawa Glacier.

The GCPs were positioned to surround the glacier. At the end of the snowmelt season, the GCPs were getnat long
immovable and eastp-read buildings and rocks. In the maximum snow depth season, GCPs were set at an egpossd r

without snowat the same location for each image&ure 3 shows the locations of GCPs for each glacier and period. The
numbers of GCPs for each glacier at the end of the snowmelt season are 17 at Gozenzawa Glacier, 28 at Sannomado a
Komado Glagers, 17 at Kakunezato Glacier, and 17 at Karamatsuzawa Glacier. For the maximum snow depth season, thes

numbers are instead 5, 6, 5, and 7, respectively.
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3.3 Geodetic mass balance determination

In the geodeti method, the mass balance of glaciers is estimated by the change in volume as judged by comparing the DSM:
for two periods and multiplying the result by the estimated ice deisitgs, 2013; Piermattei et al., 2018his estimated

relative volume change equals the surface mass balance plus the vertical component of glacier flow (i.e., the emergenc
velocity). Therefore, to express the surface mass balance, one integrates the w@latreechange for the entire glacier to

remove the vertical flow componef@hmura, 201Q)The resulting mass balance B is

B= (U \})/A, 1)

whereB is expressed in m of water equivalent (m wegs the relative volume change {1y is thesnow andce density
(kg nT3), andA is the glacier area (fn

For the calculation of annual mass balanee,compare DSMs from the end of one snowmelt season to the end of
the nexto determine annual VThe area A is determined at the enthefsnowmelt season, an approach called digteghic
system(Cogley et al., 201). The aerial images were taken just before the snow falls at the end of snowmelt season based on
the stratigraphic system. However, the date hgapeof several days from a day before the snow falls, due to flight schedule
and weather conditian

Here, differences between DSMs were calculated using a geographic information system (GIS). For the ice density,
the average value for Gozenawa was K@813 in the top 0.7 m (570740 kg m®) and 860 kg ni at depths below 0.7 m (824
907 kg m®) at the end of the snowmelt seagbukui et al., 2018)In the peennial snow patches of Japan, snow transitions to
glacier ice during aneyear period (Kawashima 1997); therefore, the layer between the snow surface and a @épth of
consists of residual snow from the previous winter, whereas the deeper layetsaafnisis formed earlier. For annuabss
balance calculations for all glaciers, we used a snow and ice density of 695ikghmbalance was positive and 860 kiF m
if the balance was negative.

We also compared DSMs created for the maximum snow depon with those for the end of the snowsesdison
andcalculated the change in relative volume during the accumulation and ablation s&éhs@umulatiorandablation
depthare calculated by one integrates the relative volume change for the entire glaci@uaréathe uncertainty of the
winter snow densityincluding avalanche deposits, it is difficult to calculate the exact winter and summer bAtareteyama
Murododaira, which is flat and not affected by the topographical influence of avalanches and snowdrifts, lida et al. (2018)
measured the density in the snoaver crosssections in late March 1998018, getting an average of 431 kg*rin Japanese
mountains, thenow density of avalanche deposits is larger than that of snowfall snow (&emsse et al., 198@&be et al.,

2016) In the northern Japanese Alps, the density of avalanche deipds#8 kg/ni (Shimizu et al., 1974)Therefore, we
calculate the winter and summer balances using the winter snow density in the range of 431 to%@lkbange in relatie

volume during the accumulation and ablation seasons
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We apply tlesecalculationsfor the Gozenzawa, Sannomado, Komado, and Kakunezato Glaciers #2Q0&5
2016 2017, 20172018, and 2018019, as well as for the Karamatsuzawa Glacier in 280%3 and 218 2019. For each
glacier, the mass balance calculation uses the glacier area when this area wadeniiaegears This occurred on October

16, 2019, for Gozenzawa, Sannomado, Komado, and Karamatsuzawa Glaciers and on September 30, 2016 z&ipo Kakune
Glacier.

3.4 Data accuracy

Following the method ilmmerzeel et al. (2014jve estimate the error for the annmasshalance at the ehof the snowmelt
season by first creating a-b®wide bufferzonearound the outside of the glacier area on the base area (Fig. 4). Then, we
calculate the geodetamnual masbkalance error as the mean and standard deviation (SD) of the altitude défardecbuffer
zone

However, because the base area is covered with dadng winter, we must use a different method to estimate the
accumulation and ablation depgror. For this estimate, we ran kinematic GPS surveys of Karamatsuzawa Glacier and the
ridges of Mts. Karamatsu and Happoianso one day after the aerial plypaphy (Fig. 3). We then equate the geodetic
seasonal mass balance error as the SD of the altitude difference between the measured kinematic GPS data for March 19 &
the DSM of Karamatsuzawa Glacier on March 18, both in 2019. The GPS surveying instras&EM1 (Enabler; formerly
GNSS Technologies), with calculated coordinates of the GPS antenna aigeestsing using the opaource program

RTKLIB (ver. 243)wi t h t he base station data of t he 06 Hdadmationd el
Authority of Japan (Fig. 1).
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Figure 4 Glacier area and 10m-wide buffer zoneused for uncertainty estimate. a) Gozenzawa.
Sannomado and Komado. c) Kakunezato. d) Karamatsuzawa. Contour interval is 10 m.
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3.5Mass balance amplitude

The mass balance amplitudg équals the average of the absolute values of the wBie) Gnd summerBss) balances:

U= (Bw| + |Bs])/2. 2)

Using this equation (2) witlwinter and summer balanc#sat calculated during 2012019 we estimatethe mass
balance amplitude for the Gozenzawa, Sannomado, Komado, and Kakunezato Glaciers. We then compareythase four
averages to the average masstaamplitude of other glaciers worldwide. The worldwide glaciers were all glaciers observed
for periods longer than 5 years according to the "fluctuations of glaciers" database of the World Glacier Monitoring Service
(World Glacier Monitoring Sevice (WGMS), 2020Q)Glacier locations are shown in Fig. 5.
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Figure 5 Glacier locations used for comparison of winter and summer balances (from WGMS, 2020). All glaciers
been observed for periods longer than 5 yeard he numbersof glaciers in each region are51 in Alps, 7 in Andes, 3 in
Antarctic, 3in Arctic North Am erica, 3 in Caucasus2 in Dry Valley, 5 in Greenland, 13in high mountain Asia (HMA:
Tien Shan, Altai, Qilian), 12in Iceland, 2 in Kamchatka, 3 in New Zealand,38in Scandinavia,9 in Svalbard, 2 in Urals,
27 inwestern North America

3.6 Mass balanceprofile and emergence velocity

On many glaciers, the amosmf ablation and accumulation vary systematically with altitude and thus the mass balance has
an altitude profileand the rate at which mass balance chewh altitude is termedhass balance gradief@enn and Evans,
2014) In generalthe amount of ablation and accumulatinareagswith altitude due to the decrease in temperature.

We divided each glacier region into-i® altitudeintervals and calculated therofile of altitude changes (annual,
winter, summer) using the altitude changes of each inteftéd. was done fothe GozenzawaSannomadoKomadoand

Kakunezatdslaciershbecause they were observed for four yddesvever, die to altitudinal changes calculated by the geodetic
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method include both the surface mass balance and the emergence vatoeitgléined at 3)3Thus, weassessed the profile
including the influence oéstimated emergence velocity.

The emergence veloygi(Ve) is expressed using the flux method as

Ve= (Qini Qout)/(\Wx X) , 3)

whereQ is the ice flux into and out of the target ardais the average glacier width, ards the longitudinal length of the
target aregNuimura et al., 2011)

The ice flux at the boundaries of the target area is

Q=Wxhxy, (4)

whereW, h, andv are the glacier width, depth, and flow velocifMuimura et al., 2011} or the Karamatsuzawa Glacier, we
measuredV andv, and use the depth measuent from an earlier studyirie et al., 2019)For the flowv, we measured the
st&ke locations on 22 October, 2019 using a GEMNSS surveying instrument (Enabler) and then calculated the annual flow
by comparing to their locations in 201A8rie et al., 2019)The earlier study had inserted 4r6long stakes at five points on

the glacier (Fig. 6, AB) and used GNSS surveyors to measure the stake locati@30ctober2018 (As a check, we also
compared a base point loedhear the glacier terminus (Fig. 6, P6) between 2018 and 2¥ith)the five flow measurements,

we determind/e We then use the maximum value as the mass balance profile efaurfglaciers.
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Figure 6 Target area for emergence velocity estimation and flow measureme
point in the Karamatsuzawa glacier. Contour interval is 10 m.

4 Results

4.1 Data accuracy

For the different DSMs, the SD of differences in slope within the 10 nebréine around the glacier area increases with the
slope of the terrain, particularly above 60°, as shown in Fig. 7a. Such an increase is consistent with the finding tef Piermat
et al. (2016). However, regions with a slope below 65° account for oveo¥ 8% total buffer area (Fig. 7b).

Thus, we evaluated the value in the region of the polygon with an inclination of 65° or less. Table 2 shows that all
mean and SD values are below 1 m, except for Z0I® on Komado Glacier where the SD is 1.11 m. Asgllacier slopes
and buffer regions sloped less than 65°, the annual mass balance calculation method has sufficient accuracy.

To evaluate DSM accuracy during the maximum snowfall season, the day after obtaining aerial images for this season
we obtained surface altitude data via a kinematic GPS survey. The survey was done when a researcher attached a GPS ante
to their pack, ten walked the ridge between Karamatsudake and Happoike Sanso, then snowboarded down Karamatsuzaw
Glacier. The mean and SD of the altitude differences between the Karamatsuzawa Glacier DSM (March 18, 2019) and tha

from the GPS data (March 19, 2019) ai@9land 1.73 m, respectively. Assuming an average height of 1.5 m from the ground

11



to the antenna (on the pack), the mean and SD of the altitude difference between the DSM and GPS survey data are 0.39 a

1.73 m, respectively. We used this SD value as the altdifttrence error for the winter and summer seasons.

Standard deviation (m)

a) b)
4 1 Average slope (°) 40000 -
35 1| Samomado: 27.5 35000+
] ﬁgzj?'liz:a:;éS.B 30000 7
2.5 Karamatsuzawa: 26.1 E 25000 A
2 5 20000 -
1.5 15000 -
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— Gozenzawa —— Sannomado --- Komado --- Kamkunezato -« Karamatsuzawa

Figure 7 Comparison of the DSMs for the end ofthe 2017 and 2018 end of snowmelt seasons. a) The standard deviation S
differences in slope between the different DSMs used. b) The number of pixels within the 10 m buffer around the glacier a
Shaded band along abscissa axis is the range of averafigpes of the five glaciers.

Table 2 Mean and SD of the altitudedifferences (m) in the DSMs for the 10-meter-wide polygon around each glacierwith an
inclination of 65° or less in the given years. In parentheses are the mean slopes in therifer-wide polygon around each glacier.

year

Gozenzawap31C(

Sannomadop440U

Komadop43U0P

Kakunezatop36 Karamatsuzawap

Mean

SD Mean

SD

Mean

SD Mean SD Mean SD

2015-2016
2016-2017
2017-2018
2018-2019

Average

0.10
-0.15
-0.04
0.20
0.03

0.55 -0.81
0.30 0.38
0.33 -0.06
0.29 -0.37
0.37 -0.22

0.96
0.99
0.90
0.85
0.93

-0.66 0.87 -0.60 0.85
0.37 0.73 -0.12 0.79
-0.01 0.81 -0.33 0.62 -0.06 0.89
-0.08 111 -0.28 0.74 0.29 0.81
-0.10 0.88 -0.33 0.75 0.12 0.85

12



245 4.2Mass balance

For all glaciers, theannualmassbalances negative imall years excep?20162017(Table 3) a heavy snow yeaAll glaciers
are also consistent in all having thkirgest mass reduction in 262816, a light snow yeakm this year the ablation area
extendsthroughouteach glacie(first column,Fig. 8) whereas in theeavy snow year th&dllowed(20162017), each glacier
is entirely anaccumulation areasé€cond columrkig. 8). Theecharacteristicagree withFukui et al's (2018 findings forthe
250 Gozenzawa Glacier
For theaccumulation depththe values for all glaciers at830 m as shown in Table 4. We can compare this value
to the average snow depth of 6.8 m on Tateyama Murododairai @®@B®)(lida et al., 18). Unlike the glaciers, the terrain
at Tateyama Murododaira (2,450 m) is flat and not affected by the topographical influence of avalanches and snowdrifts. But
in the northern Japanese Alps, the glaciers naateumulation depthwinter balancef 13-30 m or over 24 times as much
255 as the snowdepthat Tateyama Murododaira. Presumably, this addifiaccumulationis from avalanches and snowdrifts.
Between the light and heavy snow years,abeumulation deptncreasedy aboui8-11 m(Table 4) whereasheir
ablation depthremains about the samehis difference inbehaviourbetween summer and winter can be seen to occur
throughout thefour-year period in the plots in Fig. 9. Namely, thelation depthis much less variableompared to the
variations in the annuahass balancandaccumulation depth
260 The cumulative mass balarscareshown in Fig. 10From 2015 to 2019the trendshow a significantmass loss
decreasing byl-5 m weq forthe Gozenzawaand Kakunezato Glacigsr which haddebriscover For theSannomado and
Komado Glacies, which did not have debris cover, the Igskarger, at7-9 m weq The Karamatsuzawa Glacier also laas
significant mass loss, though the period covered is only three(2€4r82019) Thesebalancesire closely correlated between
the five glaciers over thigeriod(Figs.9 and10).
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Table 3 Relative altitude change and annual mass balance of each glacier calculated froeomparison ofthe DSMs at the end o
snowmelt seasonCorrected data werecalculated using Mean and SD in Table 2. We subtract the mean value of the difference
the buffer zone from the value of thalifference on the glaciers. The SD of buffer zone issed aghe error ().

265

Gozenzawa
Vear Relative altitude change (m) Annual mass balance (m weq)
Original Corrected Original Corrected
2015-2016 -3.45 -3.55 £ 0.55 -2.98 -3.06 £ 0.47
2016-2017 1.80 1.95+0.30 1.31 1.41+0.21
2017-2018 -1.80 -1.76 £0.33 -1.55 -1.51+0.28
2018-2019 -1.30 -1.50 £ 0.29 -1.12 -1.29+0.25
Sannomado
Vear Relative altitude change (m) Annual mass balance (m weq)
Original Corrected Original Corrected
2015-2016 -7.97 -7.16 £ 0.96 -6.89 -6.19 £ 0.83
2016-2017 3.58 7 3.20+0.99 2.45 2.19+0.69
2017-2018 -1.09 -1.03 £0.90 -0.97 -0.92 £0.77
2018-2019 -3.67 -3.30 £ 0.85 -3.20 -2.88 £0.73
Komado
Vear Relative altitude change (m) Annual mass balance (m weq)
Original Corrected Original Corrected
2015-2016 -7.82 -7.16+0.87 -6.75 -6.18 £0.75
2016-2017 2.71 7 2.34+0.73 1.86 1.60+0.51
2017-2018 -0.80 -0.79£0.81 -0.71 -0.70£0.70
2018-2019 -3.97 -3.89+1.11 -3.46 -3.39+£0.95
Kakunezato
Vear Relative altitude change (m) Annual mass balance (m weq)
Original Corrected Original Corrected
2015-2016 -5.71 -5.11 £0.85 -4.91 -4.39+0.73
2016-2017 3.54 7 3.54+0.79 2.46 2.54 +0.79
2017-2018 -2.19 -2.19 £0.62 -1.88 -1.59 £0.53
2018-2019 -1.92 -1.64 £0.74 -1.65 -1.41 +£0.64
Karamatsuzawa
Vear Relative altitude change (m) Annual mass balance (m weq)
Original Corrected Original Corrected
2017-2018 -1.27 -1.21+0.89 -1.09 -1.04+0.77
2018-2019 -2.08 -2.37+0.81 -1.79 -2.04+0.70
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Figure 8 Annual altitude changes of each glacier and year. a) Gozenzawa. b) Sannom
(lower), Komado (upper). ¢) Kakunezato. d) Karamatsuzawa.

Table 4 Accumulation and ablation depth (m).
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