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Abstract

Global warming is likely to increase precipitation and the relative proportion of rainfall to
precipitation. Since relatively few continuous and independent observations of snowfall and rainfall
have been conducted worldwide, it is difficult to clarify the likelihood of future changes in the
proportion of snow versus rainfall. Low-cost disdrometers, which have become more ubiquitous in
recent years, can record snowfall and rainfall separately based on the characteristics of the precipitation
particles. In this study, snowfall and rainfall amounts were investigated using disdrometer measurements
for the winters from 2013 to 2023 in Rikubetsu (43.5°N, 143.8°E), Hokkaido, Japan. It represents the
current status on snowfall in one of the southernmost regions of the Arctic. The results show that the
total winter precipitation in each year ranged from 101.9 to 399.6 mm. Rainfall ranged from 5.9 to 80.2
mm, and therefore accounted for 17% of the total precipitation, 96% of which occurred in December
and March. Rainfall accounted for 2% in January and February, and 27% in December and March,
respectively. Large snowfall and rainfall events contributed significantly to total winter precipitation,
and these events were associated with rising temperatures associated with synoptic-scale disturbances.
Snowfall occurred when temperatures were below freezing after warming, and rainfall occurred when
temperatures were above freezing. It is considered that future changes in temperatures during synoptic-
scale disturbances will play a key role in the amount of rainfall in Rikubetsu as the climate changes.

Key words: snowfall, liquid precipitation, solid precipitation, climatological monitoring, disdrometer,

Rikubetsu

1. Introduction

It has been hypothesized that global warming will
promote an increase in water vapor, leading to an
increase in precipitation. For example, in an analysis
based on the Clausius-Clapeyron equation, Trenberth et
al. (2003) proposed that the rate of increase in
atmospheric water vapor capacity is approximately 7%
K!, which implies that the overall rate of the increase in
precipitation should follow the same trend (Clausius-
Clapeyron scaling). This idea has subsequently been
corroborated by several studies that were conducted
primarily on rainfall (e.g., Nayak and Takemi, 2020).
Although the rate of the increase in snowfall remains an
issue in the future, even in the Arctic region (north of
70°N) where snowfall is the main component of
precipitation, precipitation has increased throughout the
20th century and is expected to increase at an escalating
rate in the 21st century (e.g., Vihma et al., 2016).

Another concern related to the impact of global
warming on precipitation is that it will reduce the
frequency of snowfall, i.e., the frequency of rainfall will

increase. According to McCrystall et al. (2021), the
fraction of snowfall in the Arctic decreased during the
20th century, and climate models (CMIP 5 and 6) predict
that the relative contribution of snowfall to total
precipitation will continue to decrease during the 21st
century. The findings of their study showed that rainfall
is expected to account for more than 50% of the total
precipitation in autumn (September-November) by 2050.
The timing of when rainfall is expected to exceed
snowfall varies by season and region, but a common
feature of current estimates is that there will be an
increase in the proportion of future rainfall.

In Japan, there are few long-term data on snowfall
rate as water equivalent, but analyses have been
attempted using data from the Japan Meteorological
Agency (JMA) and other sources. The JMA records total
amount of rainfall and snowfall, and snow depth, with
snow depth and depth of new snowfall mainly being
used as surrogate data for snowfall (e.g., Takahashi,
2021; Kawase et al., 2023). Takahashi (2021) used data
from weather stations throughout Japan to clarify in
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detail the trend in the change of snowfall from 1961 to
2012. Most of the weather stations in Honshu, Shikoku,
and Kyushu have recorded a decreasing trend in snowfall,
while in Hokkaido, some stations show an increasing
trend and others show a decreasing trend. Kawase et al.
(2023) investigated historical snowfall changes in Japan
from 1959 to 2020 with a dynamical downscaling
analysis forced by the Japanese 55-year Reanalysis data
(JRA-55). The trends observed in the maximum snow
depth and the maximum snowfall (increment in daily
snow depth) in Hokkaido were generally insignificant,
which differed slightly from the results reported by
Takahashi (2021). The reason for the disparity between
the findings of the studies could be attributed to
differences between modeled values and observations.
Kawase et al. (2021) used a climate model to calculate
changes in snowfall in Japan due to global warming
(RCP 8.5 and 2.6). In both cases, the change in
precipitation is not pronounced in Hokkaido, but shows
a trend from snowfall to rainfall before December and
after February.

As global warming progresses, an increase in
precipitation and the relative proportion of rainfall is
expected to increase in Hokkaido and other snowfall
regions. These changes will affect people's way of life in
the future and are also important as one of the indicators
of the state of the global climate. However, historically,
few independent rainfall and snowfall observations have
been conducted, and we do not have accurate and
sufficient information about rainfall and snowfall events.

Disdrometers measure the size and fall velocity of
precipitation particles, and based on the characteristics
of these two parameters, rainfall and snowfall can be
separated and their respective amounts can be estimated.
Recent technological innovations have led to the
commercial availability of low-cost disdrometers, and
observations using these instruments are increasing
worldwide. Based on these observations, it is meaningful
to obtain information on rainfall and snowfall separately
in snowfall areas in order to evaluate the potential for
changes in the characteristics of these events in future.

In this study, we investigated the intra-seasonal and
inter-annual variations in snowfall and rainfall amounts
in Rikubetsu, Hokkaido, Japan, using a disdrometer. The
observations were conducted from the winter of 2013
(December 2012 to March 2013) to 2023. Section 2
presents the observation site and the details of the
measurements in Rikubetsu, Section 3 examines intra-
seasonal and inter-annual variations in data, Section 4
presents case analyses, and Section 5 provides a
summary of our findings.

2. Observation site and measurements

We have been conducting snowfall and
meteorological measurements at an observation site in
Rikubetsu (43.5°N, 143.8°E, 217 m above sea level)

since 2012 (Figs. 1a and c). Rikubetsu is located on the
eastern side of the central mountain range (white broken
line in Fig. 1a) in Hokkaido. The mountains separate the
site from the Sea of Japan side of the island, which
typically experiences heavy snowfall during the Asian
winter monsoon. During the heavy snowfall on the Sea
of Japan side of Hokkaido, most of the areas on the
Pacific Ocean side, including Rikubetsu, generally
experience clear skies. Snowfalls in Rikubetsu are
mainly attributed to frontal activity associated with
synoptic-scale disturbances passing through the region
(e.g., Kawase et al, 2023). Rikubetsu is a slightly
elevated area that extends from Kitami city in the north
to Obihiro city in the south and is one of the coldest areas
in Japan (Sorai ef al., 2016), with daily winter minimum
air temperatures often reaching approximately -30°C.
This cold region is valuable as a test site for Arctic and
Antarctic snowfall observations. Therefore, we have
continued snowfall observations in Rikubetsu since 2012.

The observations were part of the WMO-directed
Solid Precipitation Inter-Comparison Experiment
(SPICE) that ran from 2013 to 2015 (Nitu et al., 2018).
The main objectives of SPICE were to understand the
accuracy of the snowfall rate and snow depth
observations being conducted in each country, to
propose correction methods, and to learn about the
performance of new instruments. The data used in this
study were collected using a disdrometer named Laser
Precipitation Monitor (LPM) manufactured by Theis,
Germany (Fig. 1b). The LPM data were analyzed for the
SPICE project (Hirasawa et al., 2018) and also used to
analyze diurnal variations in precipitation by Hirasawa
and Konishi (2023). Over the two-year SPICE period,
the observed values of this LPM were slightly
overestimated as ratios of 1.1 and 1.2 to the SPICE
reference data (DFIR: Double Fence Intercomparison
Reference).

The LPM was placed in the center of a wooden
double fence for wind protection (Fig. 1¢). The double
fence was constructed according to the standard
specifications for measuring inter-comparison data in
SPICE. This placement of the LPM was employed to
increase the accuracy of precipitation measurements by
suppressing the contributions of blowing snow due to
strong winds during synoptic-scale disturbances. The
LPM measures the size and fall velocity of precipitation
particles, and based on correlations of their distribution,
discriminates between rainfall (liquid precipitation) and
snowfall (solid precipitation) (Gunn and Kinze, 1949),
and then determines the relative amounts of each. Gunn
and Kinze (1949) is an older results, however, it is still
one of the most reliable empirical formulas today. In
addition, the algorithm discriminates precipitation as
snowfall when the ambient temperature is below -4°C
and rainfall when the temperature is above 9°C. Since
drizzle consisting of supercooled water droplets can



Hirasawa and Konishi

cause rain even below freezing, we also believe it is
possible to place the snowfall decision at -4°C. The
accuracy of the rain/snow discrimination algorithm was
recently verified by Pickering et al. (2019).
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Fig. 1 (a) Map of Hokkaido showing the location of
Rikubetsu and the topography of the region. The
white dashed line indicates the mountain range that
divides the island into the Sea of Japan side and the
Pacific Ocean side. (b) Disdrometer, LPM. (c)
Landscape surrounding observation site.

Solid and liquid precipitation can occur
simultaneously or separately within the same
precipitation events. In this study, such measurements
will be referred to as snowfall and rainfall, respectively.
In the figures, however, the terms "solid" and "liquid"
are used.

An automatic observation system operated by JMA
is located approximately 2 km away from our
observation site, where temperature, humidity, wind
direction and speed, precipitation amount (total of
rainfall and snowfall), and snow depth are measured.
This study refers to these data.

In this study, winter was defined as the period
extending from December 1 to March 31. Observations
spanned the period from the 2013 winter season
beginning in 2012 until the 2023 winter beginning in
2022. However, data for the 2022 winter season were
excluded from the analysis due to a malfunction of the
equipment. Hourly and daily data were used for the
analyses in this study. For the ten winters included in the
analysis, periods during which no data were obtained for
more than 12 hours occurred from 9:00 on December 5
to 14:00 on December 21 for the 2013 winter season and
from 0:00 on February 14 to 8:00 on February 18 for the
2021 winter season. Times are in Japan Standard Time
JST).

3. Amount of snowfall and rainfall in each winter
3.1 Inter-annual variation over the entire winter
season

Figure 2a shows a time series of cumulative
precipitation for the winter season from 2013 to 2023.
The highest precipitation recorded was 399.6 mm in the
2015 winter and the lowest was 101.9 mm in the 2021
winter. Although the JMA data underestimated the LPM
measurements, the two datasets were generally
consistent with respect to their inter-annual variability.
Average precipitation was 204.7 mm as recorded by the
LPM and 134.9 mm by the JMA, respectively, giving a
ratio of 65.9%. Hirasawa et al. (2018) showed that the
underestimation of the JMA instrument is due to reduced
capture of precipitation particles by wind and further
evaporation.

Snowfall (solid precipitation) was greater than
rainfall (liquid precipitation) throughout the winter in all
years. The mean value obtained for snowfall was 168.9
mm, with a maximum of 355.5 mm in the 2015 winter
and a minimum of 90.5 mm in the 2021 winter. The mean
value obtained for rainfall was 35.7 mm, with a
maximum of 80.2 mm in the 2018 winter and a minimum
of 5.9 mm in the 2017 winter. The relative proportion of
rainfall (Fig. 2b) varied from 4.1% in the 2017 winter to
36.4% in the 2018 winter, and the mean was 17.0%.
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Fig. 2 (a) Time series of cumulative precipitation for the
winter season from 2013 to 2023. The black, red,
blue, and black dashed lines indicate total
precipitation, liquid precipitation, and solid
precipitation measured by the LPM, and total
precipitation by the JMA, respectively. (b) Time
series of liquid precipitation as a percentage of total
precipitation.

3.2 Intra-seasonal variation

Figure 3 shows time series of daily precipitation,
with all years overlaid. Snowfall was more frequent than
rainfall, often with smaller daily precipitation amounts,
and was generally distributed evenly from December to
March. Rain rarely fell in January and February during
the observation period. This is characteristic of the



Okhotsk Sea and Polar Oceans Research

climate in Rikubetsu, which is one of the coldest regions
in Japan.
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precipitation.

Figures 4 and 5 show time series of cumulative
precipitation amounts in December and March, and
January and February from the 2013 winter to the 2023
winter. The cumulative rainfall in December and March
in each year (red line in Fig. 4a) was almost the same as
that of all years, while the cumulative total precipitation
for the two months (black line in Fig. 4a) was less than
that in all years. Thus, the relative proportion of rainfall
during this period was greater than that of all years (Fig.
4b). The mean value was 26.6%, with a maximum of
48.4% in the 2018 winter and a minimum of 5.8% in the
2017 winter.

On the other hand, cumulative rainfall in January and
February (red line in Fig. 5a) was very low compared to
that in December and March, with a mean value of 1.6
mm, a minimum of 0.0 mm in the 2013 winter, and a
maximum of 6.2 mm in the 2016 winter. The relative
proportion of rainfall was also very low compared to
December and March, with a mean value of 1.6%, a
minimum of 0.0% the 2013 winter, and a maximum of
5.1% in the 2020 winter.
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Fig. 4 Same as Fig. 2, but for December and March.
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Fig. 5 Same as Fig. 2, but for January and February.

These findings indicate that in the current climate,
almost all of the winter rainfall in Rikubetsu occurs in
December and March, and that rainfall during those
months accounts for 95.6% of the total winter rainfall.

Years with high snowfall and years with high rainfall
were different, with each contributing to the variation in
winter precipitation. For example, during the 2015
winter, multiple relatively large snowfall events that
occurred from December to February (Fig. 6a) increased
precipitation throughout the winter (Fig. 5a) and
contributed to the annual maximum observed in this
study (Fig. 2a). The 2016 winter had a notable snowfall
event in January (Fig. 6b), which was the second highest
precipitation event in January and February (Fig. 5a)
observed over the analysis period, but no other notable
precipitation events were observed. In the 2018 winter, a
rainfall event measuring 65.6 mm was observed on
March 9 (Fig. 6d). This event elevated the overall winter
rainfall to the highest level within the analysis period
(Fig. 5a), but snowfall was negligible. However, during
the winter months, one, or possibly a few, relatively
significant precipitation events, whether annual snowfall
or annual rainfall, considerably influenced the overall
amount of precipitation.

In the 2017 winter (Fig.6c), there were no significant
rainfall events in December and March. The 2017 winter
season had a significantly lower percentage of rainfall.
This could be partially attributed to lower temperatures
in December (-8.4°C compared to the 10-year average of
-7.5°C) and March (-2.5°C, -1.6°C). The small
precipitation amounts for individual precipitation events
may reflect the low activity of the synoptic-scale
disturbances, which are accompanied by warm air
advection, and therefore less rainfall. Such inter-annual
variability occurs in association with hemispheric-scale
atmospheric circulation. Further investigation of this is a
future work.
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Fig. 6 Time series of daily rainfall and snowfall for
selected years. Blue bars indicate daily snowfall
and red bars indicate daily rainfall. (a) The 2015
winter, (b) the 2016 winter, and (c) the 2017-18
winter. Horizontal arrows in (b) and (c) indicate
significant precipitation events, which are
discussed in detail in Section 4.

4. Case studies
Here, we examine the surface meteorological and
synoptic-scale atmospheric fields for significant

snowfall and rainfall events on January 19-20, 2016 (Fig.

6b) and March 9, 2018 (Fig. 6¢), respectively.

Figure 7 shows the surface weather maps for both
cases. In each case, a synoptic-scale disturbance passed
close to Hokkaido and caused precipitation.

(b) March 9, 2018

N D 7

Fig. 7 Surface weather map, derived from the JMA, for
(a) a snowfall event on January 19, 2016 and
(b) a rainfall event on March 9, 2018.

Figures 8 and 9 show time series of precipitation and
surface meteorological parameters. On January 19-20
and March 9, when precipitation occurred (Figs. 8a and
9a), the diurnal variation in temperature was moderated
and temperatures remained relatively high (red lines in
Figs. 8b and 9b). These conditions were likely attributed
to warm air advection associated with the disturbances
and the suppression of radiative cooling due to cloudy
skies. Temperatures were the main factor separating the
snowfall observed on January 19-20 from the rainfall

observed on March 9. In the former case, temperatures
were relatively high, but still below the freezing point,
while in the latter case, they were above the freezing
point. Closer examination of the precipitation observed
on March 9 reveals that snowfall was initially observed,
and the temperature at that time was below the freezing
point. The LPM data appear to have distinguished
between the snowfall and rainfall with considerable
accuracy based on the characteristics of the measured
precipitation particles.
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Finally, we examined the causes of this temperature
difference, which is an important factor in distinguishing
between the snowfall and rainfall. First, it is considered
that temperature differences associated with seasonal
progression (i.e., intra-seasonal variation) would be
involved. Focusing on the diurnal variation in
temperature before each precipitation event, the
minimum and maximum temperatures were below -
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20°C and below -5°C before the snowfall event, but
above -20°C and above -5°C before the rainfall event,
respectively. The average daily temperature was -14.0°C
on January 17 and -10.6°C on March 7, a difference of
3.4°C. Temperatures during the snowfall event were
above -3.4°C from 6:00 JST on March 19 to 15:00 JST
on March 20, and remained above -2.5°C for a relatively
long time during that period. If the same phenomenon
had occurred during a period of higher ambient
temperatures, then it is considered likely that rainfall
would have occurred.

In addition, the location of the synoptic-scale
disturbance is also considered to be important. In the
case of snowfall, the main disturbance passed over the
Pacific Ocean to the east of Hokkaido, and in the case of
rainfall, it passed over Hokkaido and was closer to
Rikubetsu. The rainfall occurred when southerly winds
blew, presumably during the passage of a cold front
associated with the disturbance. In other words, rainfall
occurred during pronounced warm air advection on a
synoptic-scale, even though the associated wind speeds
were not remarkably high. In contrast, in the case of the
snowfall, northerly winds continued to blow throughout
the event. Since Rikubetsu was to the north of the
disturbance, it was not strongly affected by the warm air
advection conditions.

5. Conclusion

This study investigated intra-seasonal and inter-
annual variations in snowfall and rainfall amounts in
Rikubetsu using disdrometer (LPM) data that were
collected over the winters of 2013 (December 2012 to
March 2013) to 2023. The LPM distinguishes between
rainfall and snowfall amounts based on the
characteristics of precipitation particles. The results
show that the total winter precipitation for each year
ranged from 101.9 to 399.6 mm. Rainfall ranged from
5.9 to 80.2 mm, accounting for 17.0% of the total
precipitation, 95.6% of which occurred in December and
March. Identifying the causes of inter-annual variation is
a future challenge.

The time series findings of daily precipitation
indicate that significant snowfall and rainfall events
contributed significantly to total winter precipitation.
Cases of a significant snowfall event on January 19-20,
2016 and a rainfall event on March 9, 2018 were
examined in detail. The events occurred in rising
temperatures associated with synoptic-scale
disturbances. Snowfall occurred when temperatures
were below freezing after warming, and rainfall occurred
when temperatures were above freezing.

Temperatures during synoptic-scale disturbances are
central to discriminating between snowfall and rainfall
events. The conditions that determine whether
temperatures will exceed the freezing point include the
temperature distribution on a synoptic-scale; the

horizontal scale of the disturbance, which affects air
temperatures associated with advection; and the location
and route of passage of the disturbance.

Although determining whether the location of
disturbances that pass over Hokkaido will change with
seasonal progression, and whether the location and
passage of disturbances will be affected by global
warming, lie beyond the scope of this study, these
questions are relevant to whether precipitation in
Rikubetsu will be dominated by snowfall or rainfall in
the future. These studies are the subject of future work.

Japan has snowfall only in winter, and in terms of
areas with snowfall, it is located at the southernmost tip
of the Arctic snowfall region. It is possible that Japan
may be removed from the Arctic snowfall region as a
result of global warming. Rikubetsu is the coldest region
in Japan, so it may be the last remaining snowfall area in
Japan. This study summarized the current status on
snowfall in such a region.
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Abstract

In this study, we analyzed the intra-seasonal variations in sea ice along the Okhotsk coast of Hokkaido
and clarified its relationship with atmospheric circulation fields based on observational data at Abashiri for
63 years (1958-2020). The results show that sub-weekly timescale variations are related to transient
atmospheric disturbances that induce meridional winds and drive the sea ice near Hokkaido. When sea ice
approaches the coast, atmospheric fields are marked by northerly winds to the rear of the developing
extratropical cyclones that pass eastward near Japan. However, sea ice leaving the coast results from a
southerly anomaly due to the weakened Siberian High and eastward-moving anticyclone. This study also
investigated the interannual variations in sea ice along the coast of Hokkaido. During heavy sea-ice years,
intensification of the Aleutian Low is discernable associated with northerly anomalies over the Okhotsk
Sea and the enhancement of cold air intrusion toward Hokkaido. Simultaneously, diabatic cold air mass
(CAM) genesis indicates that the accumulation of CAM near Hokkaido can be ascribed to an increase in
the insulation effect due to the presence of sea ice. These findings provide the combined effect of the
anomalous atmospheric fields and sea-ice insulation effect could be responsible for the significant negative

correlation between air temperature and sea ice on the coast of Hokkaido.

Keywords: sea ice, Okhotsk Sea, Hokkaido, intra-seasonal variation, interannual variation

1. Introduction

The Okhotsk Sea (OS) is located in the western North
Pacific and is characterized by seasonal sea ice.
Climatologically, sea ice forms along the coast of Siberia
because of the northwesterly winter winds. Sea ice drifts
southward along the eastern coast of the Sakhalin
Peninsula and reaches the coast of Hokkaido (COH)
between January and March. Coastal sea ice near
Hokkaido affects socio-economic activities, including
sightseeing, around the Shiretoko World Heritage Site.

It is widely accepted that surface wind is one of the
main factors that drives sea-ice motion, which is nearly
parallel to the wind (Kimura and Wakatsuchi, 1999,
2000; Simizu et al., 2014). Thus, many previous studies
on sea-ice variability in the OS have focused on
atmospheric circulation. It has been indicated that the
intensity of the Aleutian Low accompanied by
anomalous northerly winds over the OS is closely
associated with the interannual variation in the Okhotsk
sea-ice extent (Tachibana et al., 1996; Yamazaki, 2000;
Ueda et al., 2023). Yamazaki (2000) and Ogi and
Tachibana (2006) suggested a relationship between
interannual sea ice variability and the Arctic Oscillation
(AO; Thompson and Wallace, 1998)/North Atlantic
Oscillation. Ueda et al. (2023) indicated that a wave train
forced by tropical convective heating affected the
Okhotsk sea-ice variation. The anomalous sea-ice extent

in the OS also affects the large-scale atmospheric
circulation over the North Pacific through the
supply/isolation of anomalous heat flux from the ocean
surface to the atmosphere, which excites atmospheric
Rossby waves (Honda et al., 1999). On a daily to weekly
time scale, Kamae et al. (2023) pointed out that the rapid
reductions in sea-ice extent in the OS are linked to
surface easterly winds over the OS associated with
eastward-moving extratropical cyclones.

These studies focused on the variation in sea-ice
extent over the entire OS. Coastal sea ice with thinner
ice and lower sea-ice concentration (SIC), such as sea ice
near the COH (Toyota et al., 2022), is known to respond
more strongly to atmospheric forcing as the response of
sea ice to wind stress depends on ice thickness
(Schevchenko et al., 2004). It has been reported that the
SIC in the northern to middle OS and along the COH
varies in an opposite manner on daily-to-weekly (Kamae
et al., 2023) and year-to-year time scales (Aota et al.,
1988; Honda, 2007). On an intra-seasonal timescale,
Aota et al. (1988) showed that rapid increases and
decreases in sea ice along the COH correspond to the
surface pressure gradient between Wakkanai (the
northernmost city of Hokkaido) and Nemuro (the
easternmost city of Hokkaido) associated with inshore
and offshore winds. Toyoda et al. (2022) indicated that
variations in the first appearance/final disappearance
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date are closely associated with variations in the Aleutian
Low with meridional wind anomalies over the OS. It is
also well known that sea ice along the COH is related not
only to the meridional wind but also to the surface air
temperature (SAT) near Hokkaido (Aota et al., 1988;
Takahashi et al., 2011; Toyoda et al., 2022).

Although previous studies have suggested the
importance of meridional winds in sea ice variation
along the COH, the daily-to-weekly wind variation
relevant to large-scale atmospheric circulation has not
yet been clarified. Therefore, the main objective of this
study is to clarify the atmospheric circulation pattern that
produces intra-seasonal variations in sea ice along the
COH. Climatologically, the western North Pacific is
characterized by a storm track due to its high lower-
tropospheric baroclinicity (e.g. Chen et al., 1991;
Nakamura and Sampe, 2002). We hypothesize that the
developing transient atmospheric disturbances induce
the Wakkanai-Nemuro pressure gradient and meridional
winds, as shown by Aota et al. (1988), which contribute
to intra-seasonal variations in sea ice along the COH.
Moreover, we discuss the interannual sea ice variability
along the COH in comparison to its intra-seasonal
variation.

2. Data

In this study, we used daily SIC data for 1958-2020
based on direct observations at Abashiri conducted by
the Japan Meteorological Agency (JMA), which widely
captures SIC variations along the COH on yearly and
sub-weekly time scales (Aota et al., 1988; Toyoda et al.,
2022). Moreover, the Abashiri Local Meteorological
Observatory provides the SIC data for the longest period
in comparison with that of the other meteorological
observatories that face the OS such as Kitami-Esashi,
Omu and Mombetsu. The data were obtained from visual
observations at Abashiri at 9 a.m. within the range of 20
km from the Abashiri observatory and are indicated by
0-10, including locally formed ice up to 1. These data
enabled us to analyze sea ice variations including the
period before the start of satellite observations.
Moreover, we used daily SIC data derived from the
NOAA Optimum Interpolation Sea Surface Temperature
V2 for 1981-2020 (Reynolds et al., 2002) to confirm the
SIC duration in the OS. Based on these daily SICs, we
calculated the yearly-accumulated SIC (YA-SIC), which
is often used as an index of interannual variation in sea
ice along the COH (Aota et al., 1988; Takahashi et al.,
2011; Toyoda et al., 2022). The start and end dates of
sea-ice existence at Abashiri for 1958-2020, provided by
the JMA, were also used.

The atmospheric dataset used in this study was the
Japanese 55-year Reanalysis (JRA-55; Kobayashi et al.,
2015) from 1958 to 2020. This study utilized the
definition of cold air mass (CAM) based on a specific
isentropic surface 8y (Iwasaki et al., 2014), which is

a useful tool for diagnosing coldness and cold airflows.
The amount of CAM is defined as

DP = ps —p(6r), (1)
where ps is the surface pressure and p(8;) the
pressure on the Or surface. The CAM conservation
equation is as follows:

Ds
9 pp =—v-f vip+G60), (@)
ot p(6r)

The CAM amount changes results from horizontal
convergence of CAM flux (MF) and the diabatic heating
rate (G(0r)) which are defined as follows:

Ds
MF =f vdp, 3)
pr(07)
and
ap .
G(0r) = 5,560| (4)
~=36",

where v = (u,v) is the horizontal wind vector with the
zonal wind u and the meridional wind v, and 6
indicates the diabatic heating rate. The diabatic change
rate (Eq. 4) is the source of the CAM (hereafter referred
to as the CAM genesis/loss). The threshold potential
temperature O; is set to 280 K, following previous
studies (e.g. Iwasaki et al., 2014; Ueda et al., 2023). SAT
observational data at Abashiri, provided by the JMA,
from 1958 to 2020 were used.

3. Climatology and intra-seasonal variations
3.1 Characteristics of sea ice along the COH

First, we examined the climatological sea-ice duration
along the COH. Figure 1 shows the distribution of the
climatological mean YA-SIC values. The YA-SIC east of
Sakhalin exhibits larger values associated with sea ice
drifting from the northern part of the OS to nearby
Hokkaido due to the East Sakhalin Current (Simizu et al.,
2014). The YA-SIC was larger in the eastern part of the
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Fig. 1 Climatological mean YA-SIC from 1980/81 to
2019720 (December—May) based on NOAA OISST V2.
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Table 1. Monthly correlation coefficients of monthly SIC at Abashiri.

start dates DEC-JAN FEB MAR APR-MAY YA-SIC
start dates 1.000 —0.667 —0.490 -0.239 0.025 —0.488
DEC-JAN 1.000 0.574 0.216 0.033 0.623
FEB 1.000 0.563 0.272 0.840
MAR 1.000 0.693 0.856
APR-MAY 1.000 0.613
YA-SIC 1.000

COH than in the northern part. The locally long and high
SIC is induced by the dam effect in the Shiretoko
Peninsula (Aota et al., 1988; Takahashi et al., 2011).

We also analyzed the persistence of sea ice from
winter to the following spring. Table 1 shows the
monthly correlation coefficients of SIC at Abashiri. As
for the month-wise correlation, positive correlations
were salient, indicating the persistence of SIC in the
COH for approximately two months. Moreover, the
correlation between the start date and monthly SIC was
negative from December to March, indicating that the
earlier the first date, the larger the monthly SIC. These
characteristics are consistent with the persistence of sea
ice throughout the OS (Yamazaki, 2000; Ueda er al.,
2023).

3.2 Intra-seasonal variations of COH sea ice

Figure 2 shows the daily variation in SIC during
2019/20 winter as a sample. Sea ice along the COH
exhibited large and rapid intra-seasonal variability. In
this subsection, a composite analysis is performed on the
day when sea ice rapidly approaches or leaves the COH
during the sea ice season [hereafter referred to as
approaching day (AD) and leaving day (LD),
respectively]. Rapid variations are regarded as periods
in which the SIC at Abashiri increases or decreases by
five or more within three days. In this period, ADs and
LDs were defined as the first days when the SIC

o Daily time series of SIC at Abashiri in 2019/20
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Fig. 2 Time series of daily SIC in 2019/20 from December
to May. Triangles and inverted triangles denote
approaching days (ADs) and leaving days (LDs),
respectively.

increased and decreased by three or more, respectively.
For the setting of the criteria, we have visually checked
the daily variation of SIC and its spatial distribution for
all years. We extracted 280 and 283 days for the ADs and
LDs, respectively, during the 63-yr analysis period.

Figure 3 shows the temporal evolution of the
anomalous atmospheric circulation [i.e. sea level
pressure  (SLP), surface horizontal wind, and
geopotential height at 250 hPa (Z250)] around AD (day
0). Composite anomalies were defined as departures
from the climatological mean for the corresponding
calendar days. On day -2, an anomalous cyclone,
located nearby Japan, moves eastward with developing
and is accompanied with northerly winds nearby
Hokkaido from day —1 to day 0. The horizontal SLP
gradient around the cyclone was weak before the cyclone
passed across Hokkaido but it strengthened after the
center reached east of Hokkaido and subsequent
intensification of the northerly wind, which induced a
significant northerly wind in the rear part of the cyclone.
The negative anomaly of Z250 was also salient to the
west of the surface cyclone, and the upper-level trough
gradually approached the surface cyclone while the
cyclone moved eastward over the OS. This feature is
indicative of a typical vertical structure in the developing
stage relevant to baroclinic instability. The coupling of
the surface cyclone and upper-level trough is often
observed over the western North Pacific during winter
and plays an important role in (explosively) developing
cyclones, such as the Sea of Japan cyclone and the south
coast cyclone (Nitta and Yamamoto, 1973; Takayabu,
1991). Using a numerical model, Kawano and
Kawamura (2018) revealed that the anomalous sea-ice
extent in the OS enhances the northerly winds to the rear
of the cyclone. Considering their findings, it is
implicated that the presence of a two-way interaction
between transient cyclones and sea ice.

Figure 4 shows the temporal evolution of the
anomalous atmospheric circulation around the LD. From
day -2 to day 0, negative and positive SLP anomaly
locates over the Eurasian continent toward the west of
Japan and in the east of Japan, respectively, which
produce a westward pressure gradient force and
geostrophically balance the southerly wind anomaly
nearby Hokkaido. The positive Z250 anomaly was also
discernable west of the surface anticyclone. Moreover,

10
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a. SLP, surf. wind, & Z250 (day-2)
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Fig. 3 Lagged composite anomalies for the days relative to the approaching days (ADs; day 0) in which shading denotes
SLP (hPa), contours denote Z250 (interval: 10 m), and vectors denote the surface horizontal winds (m s™!). The vectors
less than 0.5 m s~ were omitted. Stippling denotes the SLP anomalies significant at a 95% confidence level.

the upper-level ridge gradually approached the surface
anticyclone, while the anticyclone moved eastward.
Prior to the LD (day -2), the negative SLP anomaly
indicates a weakening of the Siberian High together with
the negative Z250 anomaly over northern Siberia. This
feature is consistent with the anomalous vertical
structure that contributes to the development and
weakening of the Siberian High, as shown by Takaya and
Nakamura (2005). In general, the attenuated Siberian
High was responsible for the warmer climate over the
Far East. Therefore, it is conceivable that the sea ice
leaving the Okhotsk coast is also caused by in situ sea
ice melting as well as southerly wind-induced ice drift.

4. Interannual variations of sea ice along the COH

The previous section demonstrated the importance of
transient atmospheric disturbances on sub-weekly scale
sea ice variations in the COH. However, the correlation
between the AD/LD frequency during the sea ice season
and the interannual variability of the YA-SIC was weak
(r = 0.18/0.17). This suggests that intra-seasonal and
interannual variations are controlled by different
mechanisms.

A composite analysis was performed based on the YA-
SIC index at Abashiri, which represents the year-to-year
variability of sea ice along the COH. Figure 5 shows the
year-to-year variations in YA-SIC at Abashiri from 1958
to 2020. The 1958 YA-SIC included SIC in December

11

1957. The heavy sea-ice years are defined as YA-SIC
exceeding 1 standard deviation and light sea ice years are
defined as that below —1 standard deviation compared
with the climatology. The standard deviation of the YA-
SIC was 179.36 for 1958-2020. The standard deviation
is widely adopted as the threshold to analyze interannual
climate variations (e.g. Ueda et al., 2023). On the basis
of these criteria, 12 years (1961, 1963, 1964, 1965, 1970,
1977, 1978, 1979, 1981, 1984, 1986, 2003) are defined
as the heavy sea-ice years. Likewise, 11 years (1989,
1990, 1991, 1992, 2004, 2006, 2007, 2009, 2010, 2016,
2020) are picked as the light sea-ice years. Notably, all
heavy sea-ice years occurred before 2003, whereas seven
of the 11 light sea-ice years occurred after 2003.
Moreover, the YA-SIC at Abashiri clearly showed
significant long-term decreasing trends (—-65.12/decade),
implicating the influence of anthropogenic global
warming. Composite maps were then constructed based
on the January—March atmospheric circulation fields as
the climatological start and end dates of the sea-ice
existence at Abashiri for 1958-2020 were January 18
and April 9, respectively. The composite anomaly fields
represent the deviations from the 63-yr climatology for
January to March.

Figure 6 depicts the spatial distribution of YA-SIC
anomalies. Note that the anomalies were computed for
the heavy and light sea-ice years after 1980, owing to the
data variable period. The SIC in the southern part of the
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Fig. 4 Same as Fig. 3, but for the leaving days (LDs).

OS shows similar variations to the SIC along the COH.
Interestingly, the YA-SIC in the heavy sea-ice year (Fig.
6a) shows a positive anomaly over the southern OS and
a negative anomaly in the northern OS, which is
consistent with the results of previous studies addressing
sea ice before 1989 (Aota et al., 1988; Honda, 2007).
However, the YA-SIC in the light sea-ice year (Fig. 6b)
showed a negative anomaly over the entire OS.

Figure 7 shows the composite anomalies of
atmospheric circulations near the ground during years
with heavy and light sea ice. For the heavy sea-ice years

-1

20N
100E

160E
[hPa]

140E

1 2 5 L

(Fig. 7a), the intensification of the Aleutian Low,
together with the anomalous northerly over the OS, is
significant. This situation may be favorable for sea ice
approaching the COH. The converse was true for light
sea-ice years (Fig. 7b). Moreover, we did not find a
significant anomaly in the Siberian High, which differs
from the LD results. These results indicate that the
intensity of the stationary Aleutian Low influences the
interannual variability of sea ice along the COH as well
as that of the entire OS (Yamazaki, 2000; Ueda et al.,
2023). However, if we take a close look at the anomalous

Time series of YA-SIC & SAT at Abashiri
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Fig. 5 Time series of Interannual variations of YA-SIC (blue) and SAT (orange) at Abashiri in from 1958 to 2020. Dotted
lines indicate their linear trends by the corresponding color. Horizontal solid and dashed lines denote the climatological
mean and 1 standard deviation of YA-SIC. SAT was averaged from January—March. Filled circles and diamonds denote
the extracted heavy and light sea-ice years, respectively, in this study.
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a. YA-SIC (heavy)
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Fig. 6 Composite anomalies of YA-SIC (shading) in (a) heavy and (b) light sea ice years based on NOAA OISST V2.

Contours indicate climatological YA-SIC in 1982-2020.

circulation fields in comparison with those in Ueda et al.
(2023), there were local differences between the sea-ice
variation in the COH and the entire OS. As for the wind
direction, the anomalies relevant to the sea ice along the
COH exhibited northeasterly (southwesterly) in the
heavy (light) years (Fig. 7), whereas those in the entire
OS were westerly (easterly) in its heavy (light) years
(Ueda et al., 2023). These differences are consistent with
the locality of the SLP anomalies. The northeast-
southwest direction of the wind variation is more
effective for the sea ice approaching/leaving the COH
and subsequent interannual variability.

It is widely accepted that sea ice along the COH is
closely related to the local air temperature (Fig. 5; Aota
et al., 1988; Takahashi et al., 2011). The correlation
coefficient of YA-SIC at Abashiri against the mean air
temperature at Abashiri in January—March was —0.81.
We diagnosed the formation processes of the relationship
between SAT and sea ice using the CAM. The local

a. SLP & surf. Wind (heavy)
80N v

60N -

40N

CAM and SAT are highly correlated (Abdillah et al.
2018), and the CAM has an advantage in assessing the
diabatic change in coldness (Eq. 2). Figures 8a and 8b
show the composite anomalies of the CAM amounts and
flux. In heavy sea-ice years (Fig. 8a), the CAM amount
was significantly larger than normal near Hokkaido. The
southwestward CAM flux anomaly from Alaska to the
OS is consistent with the anomalous winds based on the
effects of the intensification of the Aleutian Low, which
indicates that the intensification of the Aleutian Low
promotes the enhancement of cold air intrusion toward
Hokkaido. In addition, the positive CAM genesis
anomaly near COH was significant (Fig. 8c). This
anomaly indicates the crucial role of an increase in the
heat insulation effect (Martin et al., 1998; Nihashi et al.,
2009) along the COH in the accumulation of CAM. In
other words, the sea-ice insulation effects during heavy
sea-ice years created an obstacle for heat gain to the
atmosphere from the relatively warmer ocean, which

b. (light)
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Fig. 7 (a) Composite anomalies in the heavy sea ice years of SLP (shading; hPa) and surface horizontal winds (vectors; m
s™"). The vectors less than 0.5 m s~! were omitted. Stippling denotes the SLP anomalies significant at a 95% confidence
level. Contours denote January—March mean of the climatological SLP (interval: 4 hPa). (b) Same as (a), but for the

light sea-ice years.
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Fig. 8 (a) Composite anomalies in the heavy sea-ice years of CAM amount (shading; hPa) and CAM flux (vectors; hPa m
s™!) below 280 K. Stippling denotes the CAM amount anomalies significant at a 95% confidence level. (b) Same as (a),
but for the light sea-ice years. (c) Composite anomalies in the heavy sea-ice years of the CAM genesis/loss (shading;
hPa day!) below 280 K. Stippling denotes the CAM genesis/loss anomalies significant at a 95% confidence level. (d)

Same as (c), but for the light sea-ice years.

would have contributed to the prominent cold anomalies
in the southern OS. As for the light sea ice years (Fig.
8b), the amount of CAM was significantly lower near
Hokkaido and over the Sea of Japan, implicating that the
sea ice along the COH tends to melt easily. The CAM
flux exhibits an anomalous anticyclonic circulation over
the OS, including the anomalous southeasterly across the
COH toward the Sea of Japan. The continental
northwestward anomalies of CAM flux indicate a
decrease in cold air outbreaks from East Asia. The
negative anomalies of CAM genesis over the eastern and
southern OS were due to the decrease in sea ice for the
light years (Fig. 8d).

5. Summary and conclusions

We investigated seasonal variations in sea ice along
the COH based on the Abashiri SIC over the last 63 years
(1958-2020). According to the findings of this study, the
intra-seasonal variation in sea ice along the COH is
accompanied by meridional wind anomalies due to
transient atmospheric disturbances. Sea ice approaching
the coast results from northerly winds to the rear of a
developing extratropical cyclone that passes eastward

near Japan. The cyclones detected in the present study
can be ascribed to local depressions, such as the Sea of
Japan cyclone or the south coast cyclone. In contrast, sea
ice leaving the coast was dominated by a southerly
anomaly owing to the weakened Siberian High and
eastward-moving anticyclone. The weakening of the
Siberian High was accompanied by a negative Z250
anomaly over northern Siberia, which resulted in mild
weather conditions over the Far East. This study revealed
the importance of atmospheric baroclinic waves on sub-
weekly timescale sea-ice variations in the COH.

We also analyzed the interannual variability in sea ice
along the COH. Heavy sea-ice years are characterized by
the deepening of the Aleutian Low, which is
accompanied by northeasterly winds and southward
CAM flux anomalies toward Hokkaido. The composite
anomaly of CAM genesis shows a significant positive
anomaly near the COH, which implicates that the
accumulation of CAM near Hokkaido is ascribed to an
increase of the insulation effect due to the presence of
sea ice. In contrast, the light sea-ice years displayed a
weakening of the Aleutian Low and a decrease in
diabatic CAM genesis. Thus, it is suggested that the
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insulation effect caused by the presence of sea ice is
responsible for the negative correlation between SAT
and sea ice in Hokkaido. Simultaneously, the fluctuation
in the Aleutian Low brings cold air and sea ice toward
the COH. A deeper understanding of the atmospheric
fields associated with sea-ice movement will improve
prediction on a corresponding timescale and help
interpret the responses of sea ice in the COH to climate
change.

The YA-SIC at Abashiri clearly shows significant
long-term decreasing trends together with increasing
SAT trends (Fig. 5), in association with global warming.
Recently, Tamura and Sato (2023) showed that the
significantly increasing SAT trend over Japan, especially
for days when cold air advection from the OS dominates,
is associated with the retreat of OS sea ice. Our results
on the interannual relationship between SAT and sea ice
along the COH are consistent with their findings
regarding the global warming trend. Therefore, it is
essential to specify the process of decreasing sea-ice
trends along the COH. As several time-scale variations
in sea ice and the atmosphere include their interactions,
further studies based on sensitivity experiments using
numerical models are required to clarify causal
relationship.
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Abstract

Urea-doped spray icing experiments were carried out on flat-plate and cylindrical specimens. The
cylindrical specimens were tested at different diameters and the flat-plate was set directly facing the
wind direction. Two wind speeds and three spray particle sizes were used. In the tests with diameters of
165 and 520 mm ®, approximately half of the impinging sprays froze; for the 60 mm @, the icing rate
was clearly greater than 50 %. This result suggests that the effect of diameter on the icing rate per
impinging water varies between diameters of 60 mm @ and 165 mm ®. The amount of icing weight per
unit time unit cross section increased with decreasing diameter. On the other hand, the increase in icing
cross sectional area obtained from the graphical data analysis was greater for cylinders with a diameter
of 520 mm and smaller for cylinders with a diameter of 165 mm. This result suggests that the horizontal
cross-section of the icing growing on the specimen deviates from an elliptical shape as the diameter
decreases. The icing rate of the flat plate is plotted as a function of its width, i.e. 1000 mm. The

coefficient of determination for the logarithmic approximation is 0.77, which is in good agreement.

Key words: marine icing, spray icing, urea-doped water, wet growth, brine

1. Introduction

In recent years, the sea ice conditions of the Arctic
Ocean have been changing annually and they will
undergo further changes as global warming intensifies.
As the open water area of the Arctic Sea route expands,
the frequency of ships navigating that route will also
increase. In the future, vessels with lower ice class and
larger vessels will increasingly navigate. Marine icing
will be an important factor in evaluating operational
safety for vessels operating in weather and sea
conditions where icing occurs.

Several researchers have simulated seawater spray
icing growth. Makkonen (1987) developed a theoretical
model of salt entrapment in spray ice. He assumed an
analogy with sponginess of freshwater ice in wet growth.
Lozowski et al. (2000) reviewed computer simulations
of marine ice accretion and discussed the U. S. Coast
Guard’s Cutter Midgett model and a three-dimensional
time-dependent vessel-icing model. Kulyakhtin and
Tsarau (2014) applied a time-dependence model,
MARICE, to the prediction of marine icing. MARICE
calculated the turbulent airflow, trajectories of the
droplets around the complete geometry of the structure,
and heat transfer from the structure. Dehghani et al.
(2017) and Dehghani et al. (2018) studied the water
breakup phenomena of wave impact sea spray and

SPECIMEN  AIR -10°C NOZZIE\ CURRENT PLATE

E ¥
~ WATER PARTICLES - i (-
D I 24
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Fig. 1 A schematic view of experimental setting.

developed a three-dimensional model for calculating the
movement of a cloud of wave-impact sea spray over a
Medium-sized Fishing Vessel (MFV). The results of
spray impingement on the front side of the superstructure
showed that 70 % of the droplets are smaller than 2 mm
and 30 % are between 2 and 4 mm.

Because the phenomenon of sea spray icing is
complex and the growth of icing varies depending on the
shape of the ship and its superstructure, the practical risk
of icing has been evaluated based on a relatively simple
empirical equation PR (Overland, 1990) as following,

PR = Va(Tf—Ta) ’
1+0.4(Ty,—Tf)

(1)
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where PR is the predictor relating to icing rate, 77 is
freezing point of seawater [°C], T, is air temperature [°C],
T, is sea temperature [°C], V, is wind speed [m s™!]. The
factor used to estimate the severity of potential spray
icing is derived from a simplified heat balance of the
icing surface, which do not consider the characteristics
of individual ships or the availability of anti-icing
measures.

Although the PR values are useful for evaluating the
safety of icing during navigation, more information is
needed to use them in ship design and operational
planning. In this study, to obtain data that will contribute
to the improvement of the PR equation, urea-doped
spray icing experiment was conducted using a simple
model of superstructure members.

2. Method of laboratory experiments
2.1 Equipment for spray icing experiments

The experimental apparatus (Fig. 1) was set up on an
ice tank (20 m in length x 6 m in width x 1.8 m in depth)
at the Technical Research Center of Japan Marine United
Inc. The use of salt water is not permitted in this facility.
The model ice for the ice tank test is made with urea-
doped water so that brine is contained inside the ice.
Therefore, we studied the icing characteristics of urea-
doped water droplet icing including brine using a simple-
shaped specimen.

Two fan-shaped nozzles (VE115-31 or VE115-59,
Ikeuchi) and four fan-shaped nozzles (VP115-04,
Ikeuchi) were installed on both sides of the fan, so that
the sprayed water droplets were supplied to the specimen
by the wind. The room temperature in the cold room was
controlled at -10 °C, and urea water with a concentration
of about 20 %o was sprayed to grow brine-containing ice
on the specimen.

In this study, PVC cylindrical specimens were tested
at different diameters of 520 mm, 165 mm or 60 mm and

1200 mm
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a height of 1.2 m (Fig. 2). Experiments on flat plate
(1000 mm in length x 918 mm in height) were carried
out as well. The flat-plate specimen, painted with blue
marine paint, was fixed on a dolly facing the wind
direction (Fig. 2). The distribution of wind velocity and
droplet impact around the specimen was measured
separately prior to each icing experiment. Spray particle
counter (SPC-S7, Niigata Denki) was used to measure
the particle size distribution of the droplets.

2.2 Visualization of brine structure in urea-doped
spray ice using X-ray CT and MRI

Recently, X-ray computerized tomography (CT) has
been used to measure the three-dimensional distribution
of brine inside the sea ice nondestructively (Kawamura,
1988; Obbard ef al., 2009). Nuclear magnetic resonance
(NMR) is compatible with brine and has been applied to
the measurement of sea ice (Calaghan et al., 1999). In
addition, magnetic resonance imaging (MRI) can
acquire contrasting images in brine and ice mixtures
(Edelstein and Schulson, 1991; Eicken, 2000; Menzel et
al., 2000). Ozeki et al. (2005) measured the three-
dimensional microstructure of sea-water spray ice using
the MRI technique and confirmed the presence of such a
channelized network of brine in natural sea-water spray
ice samples (Fig. 3). In this study, X-ray CT and MRI
system set up in a cold room was used to visualize the
brine in sodium chloride ice.

We used a uCT 35 system (SCANCO Medical) with
aresolution of 1.75—72 um for the X-ray CT. Meanwhile
MRI was performed using a yokeless magnet with a field
strength of 1.04 T (Adachi et al. 2009). A three-
dimensional single spin-echo (3D-SE) sequence (image
matrix = 256°, voxel size = (100 pm)*) was used for 3D
high-resolution imaging. Each X-ray CT data and MRI
data was analyzed using ImagelJ that was an open source
image processing software.

Fig. 2 Flat-plate and cylindrical specimens. Diameters of cylindrical specimens (left) are 520 mm,
165 mm, or 60 mm.
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Table 1. Specimen diameter and spray particle diameter
(small droplet and very small droplet)

Diameter VE115-31 VP115-04
[mm] 10 m/s 7.5 m/s 10 m/s 7.5 m/s
60 #HS60  #MS60 #HV60  #MV60
165 #HS165 #MS165 #HV165 #MV165
520 #HS520  #MS520 #HV520  #MV520

Table 2. Nozzle model number for flat plate
and corresponding cylindrical specimens.

Diameter VEI115-31 VEI115-59
[mm] 10 m/s 10 m/s
Flat plate #HSFlat #HLFlat
60 #HS60 #HL60
165 #HS165 #HL165
520 #HS520 #HL520

3. Experimental results
3.1 Observation of spray ice and brine distribution

The icing test on the cylindrical specimens was
conducted eighteen times with different specimen
diameters, wind speeds and spray particle sizes. The test
conditions and test numbers for small particles (VE115-
31) and very small particles (VP115-04) are given in
Table 1. In this experiment, the wind speed was about 10
m/s (high speed) or 7.5 m/s (middle speed) near the
center of the specimen. The spraying was supplied
continuously. The tests were conducted for 30 minutes
each (20 minutes for #HS520 test), and the ice weight
were measured at the end of each test at each one sixth
height. The icing test on the flat plate specimen was
conducted two times with small particles (VE115-31)
and large particles (VE115-59) for 30 minutes each, and
the wind speed was about 10 m/s near the center of the
specimen. The ice weight was measured at the end of
each test at each one forth height. The test conditions for
the flat plate and corresponding cylindrical specimens
test numbers are given in Table 2.

Spray particles impinging on the cylinder formed a

Fig. 4 Surface rendering of 3D X-ray image of
brine distribution in spray ice created from
20%o urea-doped spray water.

Rendered in STANDARD austy. _ o<
Fig. 5 3D MRI image of brine distribution in spray
ice created from 30%o sodium chloride spray
water. (Ozeki et al., 2013)

water film, and part of the water froze into spongy ice as
it flowed down the PVC surface. In the early stage, part
of the spray ice peeled off and slide down the surface as
slush. The spray ice was spongy and had a milky white
color. This is consistent with the characteristics of ice
containing brine. Therefore, urea-doped spray ice was
expected to contain a high amount of brine.

Fig. 4 shows a 3D X-ray image of brine network of
spray ice created from 20%o urea-doped water spray. We
used surface rendering to visualize the brine pockets and
channels. We have confirmed that the urea-doped spray
ice contains a high amount of brine, the bright regions in
the figure. A vertically converging drainage channel was
observed in the brine distribution in the spray ice.

Fig. 5 shows 3D MRI image of brine distribution in
spray ice created from 30%o sodium chloride spray water.
Since the NMR signal from the ice was negligible as
compared to that from the brine, the brine drainage
channels appeared as bright regions. Left windows shows
2D slices selected from the 3D image data. Brine
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drainage channels appear vertically in the sodium
chloride spray ice. Structurally, urea-doped spray ice and
sodium chloride spray ice were found to have very
similar brine channels.

Fig.6 Cross-section area of the spray ice. Left: a PVC
cylinder of 520mm diameter (#¥MV520), Right:
difference between the trimming area including
the spray ice and the projected area of specimen.

#MV520 Average Icing Thickness (mm)
0 10 20 30 40
1000-1200 ®0 -5 min
= m5—10
E 800-1000 2 10— 15
—  600-800 15-20
5 @20-25
T 400-600 [HNFE Sl  w25-30
200-400

Fig. 7 Thickness of ice accretion every 5 minutes at
every 20 cm height on a PVC cylinder of 520mm
diameter (#MV520).

3.2. Graphic Data Processing

Projection area of ice accretion was obtained from
graphic data set of each experiment (Fig. 6). In this study,
the photographs were taken every minute from left side,
and cropped to leave only the subjects that include ice
accretion and the specimen. The cross-section area of the
spray ice was obtained from the difference between the
projected area of the trimming area including the spray
ice and the projected area of specimen (Ozeki et al.,
2022).

Fig. 7 shows the cross-sectional area of ice accretion
every 5 minutes at every 20 cm height in test #M V520,
and converted to the average thickness of ice accretion
every 5 minutes at each height. The projected area of 0-
200 mm included ice piled up from the floor and was

20
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Fig. 8 Comparison of cross-sectional area of ice
accretion every 5 minutes. A:#MS520, B:#MSI65,
C:#MV520, D:#MV165.

excluded from the analysis because it was difficult to
separate ice accretion from ice on the floor. Focusing on
the amount of growth during the first 5 minutes, the
growth near the center of the cylinder (600-800 mm) was
small. On the other hand, no growth was recorded at 400-
600 mm in 5-10 min. This is because the sheet icing
exfoliated and slide off. However, the growth became
stable after that, and a distribution of thicker icing in the
lower layers and thinner icing in the upper layers was
formed after 30 minutes.
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Fig. 9 Time series of cross-sectional area of ice
accretion divided by the spray rate (kg m? min'')
every 5 minutes.

Fig. 8 shows four graphs of the cross-sectional area
of ice accretion every 5 minutes for tests #MS520 (Fig.
8A), #MS165 (Fig. 8B), #MV520 (Fig. 8C), and
#MV165 (Fig. 8D) at heights of every 20 cm. In this
figure, the cross-sectional area (cm?), rather than the
thickness of ice accretion (mm), was presented to
comparison of each test. In the initial stage, there were
differences in the vertical distribution of icing area
depending on the diameter of the cylinder: for the
specimens with 520 mm @ (#MS520, #MV520), the area
decreased once at 400-600 mm, while for the specimens
with 165 mm @& (#MS165, #MV165), the area
monotonically increased toward the lower layers.
However, after 30 minutes, the icing area in all
specimens reached the distribution with thicker ice
accretion in the lower layers and thinner ice accretion in
the upper layers.

To compare the growth rate of icing on each test, the
cross-sectional area of ice accretion was calculated every
5 minutes and divided by the spray rate (kg m? min™)
for each test was plotted in Fig. 9. In all times, the cross-
section increased linearly with time. The increasing rate
was greater for the 520 mm diameter cylinder and
smaller for the 165 mm cylinder. For the same diameter,
the increasing rate for very small particles (#MV) was
slightly greater than that for small particles (#MS).

3.3 Spray icing ratio

Table 3 shows the amount of spray water impinging
on the specimen per unit time and unit area (X), and the
amount of icing per unit time and unit area (Y); the
projected area of the side surface of the specimen was
used to calculate per unit area. Since the wind speed,
projected area, and droplet particle size of each test were
different, a direct comparison of the above values does
not reveal a relationship. Therefore, the spray icing ratio
Y/X, which represents the freezing rate relative to the
impinging urea-doped water, was calculated. In both
experiments on cylindrical specimens with diameters of

Table 3. Amount of spray water impinging on the
specimen and amount of icing

Specimen X: Spray Rate Y: Ice Accretion Y/X
[kg m? min!] [kg m? min!]

#HS520 1.04 0.50 0.48
#MS520 0.64 0.31 0.48
#HV520 0.86 0.46 0.53
#MV520 0.85 0.39 0.46

#HS165 1.37 0.65 0.47
#MS165 1.01 0.57 0.56
#HV165 1.11 0.71 0.64
#MV165 1.18 0.58 0.49

#HS60 1.51 1.11 0.74
#MS60 1.16 1.09 0.94
#HV60 1.57 1.13 0.72

#MV60 no data 0.97 N/A

Table 4. Spray icing ratio (icing/impinging spray water)
on the flat plate specimen and cylindrical specimens.
Wind speed 10 m/s in center of specimens.

Diameter VE115-31 VE115-59
Small particles Large particles
Flat plate 0.34 (#HSFlat) 0.27 (#HLFlat)
60 mm @ 0.74 (#HS60) 1.01 (#HL60)
165 mm © 0.47 (#HS165) 0.51 (#HL165)
520 mm @ 0.48 (#HS520) N/A (#HL520)

165 mm @ and 520 mm @, approximately half of the
impinging spray was frozen under these conditions, and
there was no significant difference in the amount of ice
formed over the entire sample per unit area. On the other
hand, in the cylindrical specimen with a diameter of 60
mm @, Y/X was clearly larger than 50%, and the small
particle test at 7.5 m/s (#MS60) showed a high value of
94%.

Table 4 shows the spray icing ratio for the flat plate
specimen. The spray icing ratio for cylindrical
specimens under the same test conditions was shown in
the table. The small particle nozzle VE115-31 and the
larger particle nozzle VE115-59 were used, however the
heavier particles fell before they reached the specimens,
and SPC measurements showed little difference in the
particle size distributions of the two nozzles. The flat
plate tended to have lower icing ratio than the cylindrical
specimens. Moreover, the distribution of spray icing was
concentrated on the edges.

Fig. 10 shows the spray icing ratio as a function of
cylindrical specimen diameter. The flat plate does not
correspond to a diameter, thus is plotted for a width of
1000 mm, which corresponds to the width of the flat
plate. The spray icing ratio tended to decrease as the
diameter increased. The coefficient of determination for
the logarithmic approximation is 0.77, which is in good
agreement.

4. Discussion

The increasing rate of the spray icing cross-sectional
area was greater for the 520 mm @ cylinder than for the
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Fig. 10 Spray icing ratio as a function or the
cylindrical specimen diameter. The flat plate is
shown as equivalent to 1000 mm.

165mm® cylinder. On the other hand, the ratio of the
amount of spray water impinging on the specimen (X)
and the amount of spray icing (Y) was not significantly
different between the spray icing ratio for 165 mm® and
520 mm®, with Y/X clearly larger for the 60 mm®
cylinder. The difference between these two results is due
to the difference in the horizontal cross-sectional shape
of the spray icing.

Fig. 11 shows horizontal cross-sectional photographs
of spray icing on 60 mm @, 165 mm ®, and 520 mm @
cylindrical specimens. The 520 mm @ sample was
thickest at the stagnation point on the windward front
and became thinner toward the sides, while the 60 mm
@ sample had a shape where the edges protruded toward
the sides. This is an expected result based on the
trajectories of the streamlines and droplet particles.
However, it is noteworthy that a change was observed
between @165 mm and @60 mm. As a result, in the case
of a thin cylinder, the icing grows significantly laterally,
and its projected area become larger than the original
projected area, which suggests that the amount of spray
impinging the specimen was larger than the original.

520 mm @

Fig. 11 Horizontal cross-sectional photographs of spray icing on 520 mm ®, 165 mm @, and 60 mm @ cylinders.

The yellow reference line represents the icing contact point. The black double arrow line of 60 mm @ represents
the width of icing, which is larger than the diameter of the cylinder.
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5. Conclusion

Urea-doped spray icing experiment were conducted
using a simple model of superstructure members. Twelve
icing tests were conducted with different specimen
diameters, wind speeds and spray particle sizes. After
each test, ice weight and salinity were measured at each
one-sixth height. In all tests of 165 mm ® and 520mm @
in diameter, approximately half of the impinging spray
froze. On the other hand, in the tests using 60 mm @
cylindrical specimen, frozen ratio was clearly larger than
50%. This result suggests that the effect of diameter on
the icing rate per impinging water varies between
diameters of 60 mm @ and 165 mm ®. The amount of
icing weight per unit time unit cross section increased
with decreasing diameter. On the other hand, the increase
in icing cross sectional area obtained from the graphical
data analysis was greater for cylinders with a diameter
of 520 mm and smaller for cylinders with a diameter of
165 mm. This result suggests that the horizontal cross-
section of the icing growing on the specimen deviates
from an elliptical shape as the diameter decreases.

The experimental data will be useful for improving
the PR equation by weighting the icing index according
to the geometry of the object. Furthermore, as the
development of icing is caused by the flight, collision,
and freezing of wave spray particles, the icing index will
be improved by estimating the trajectory of spray
particles around the hull of a ship using CFD analysis.
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Abstract

Frederick William Beechey’s expedition in 1825-1828 was not so much to discover and explore the
North Pacific region and Bering Strait but to render assistance to Captain Parry and Captain Franklin.
John Franklin was on his second land expedition and was supposed to go westwards from the Mackenzie
river to Kotzebue Sound in Alaska. Unfortunately, Beechey had to leave Kotzebue Sound in two
consecutive years without having found any trace of Franklin’s expedition and sailed back to England
having been away for three and a half years but having explored hitherto less known North Pacific and

Arctic regions.

Key words: Frederick William Beechey, Blossom, North Pacific, Bering Strait, Alaska

1. Introduction

In 1825 Frederick William Beechey, commander of
the sloop Blossom, was instructed by the Admiralty to
explore uncharted areas of the Pacific, to pass through
Bering Strait, and to attempt to make contact there with
either an overland expedition from the Mackenzie River,
Northwest Territories, led by John Franklin or a naval
expedition from Prince Regent Inlet under William
Edward Parry. During the summer of 1826 an advance
party from the Blossom reached as far east as Point
Barrow (Alaska) but did not meet either expedition. It
was later discovered that the Blossom’s party had missed
Franklin, who had come within about 150 mi of Point
Barrow, by only nine days.

After wintering in the Pacific, F.W. Beechey once
more headed north to the Bering Strait in the summer of
1827 but again failed to rendezvous with either Franklin
or Parry. He then returned to the Pacific, explored and
charted parts of it, and sailed home, reaching Britain in
September 1828. The Narrative of a voyage to the
Pacific and Beering s Strait, was published by authority
of the Lords Commissioners of the Admiralty in 1831
(Burant, 1985).

Interesting in this context is also the publication of the
Journal of Lieutenant George Peard of H.M.S. Blossom
(George, 1974; Gough, 2011).

2. Frederick William Beechey
2.1 His personal life

Frederick William Beechey was born on 17 February
1796 as the son of Sir William Beechey (1753-1839),
R.A., RN, FR.S. and his second wife, Anne Phyllis
Jessop (1764-1833), both of them painters. F.W.

Beechey was a naval officer, an artist, an Arctic explorer,
a hydrographer and an author. In December 1828, he
married Charlotte, youngest daughter of Lieutenant-
Colonel John Stapleton, of Thorp Lee, and they had five
daughters. F.W. Beechey was elected President of the
Royal Geographical Society, an office which he held
from 28 May 1855 until his death. Rear-Admiral
Beechey died at his residence, Westbourne crescent,
Hyde-Park, on 29 November 1856 (Anonymous, 1857;
Murchison, 1857).

Fig. 1 Portrait of Frederick William Beechey painted
circa 1822 by his brother George Duncan Beechey.

2.2 His naval career

Frederick William Beechey entered the Royal Navy in
July 1806, at the age of 10 years, under the direct
patronage of Lord St. Vincent, and in 1807 he was rated
midshipman. He took part in the attack on New Orleans,
and was promoted to lieutenant for a boat operation in
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1815. After the Napoleon wars, the British Navy
renewed its attempts to discover the northwest passage
to the Pacific. In 1818 he was appointed second in
command to the brig Trent commanded by Lieutenant
(afterwards Sir John) Franklin, and had an interesting
share in the Arctic expedition of that year. In the next
year, 1819, he served again in the Arctic, on board the
Hecla, under Lieutenant William Edward Parry (Parry,
1828). On 25 Jan. 1822 he had been promoted to the rank
of commander, and on 12" of January 1825 he was
appointed to command the Blossom, which was engaged
for the next four years in the Pacific, and in endeavoring
to co-operate, by Bering’s Strait, with the polar
expeditions from the eastward. Beechey had been, whilst
still in the Pacific in 1827, advanced to the rank of
captain. In 1854 Beechey was promoted to rear-
admiral. (O’Byrne, 1849; Laughton, 1885; Anonymous,
1857; Burant, 1985)

2.3 His Majesty’s Ship Blossom

H.M.S. Blossom was an 18-gun Cormorant-class
sloop-of-war which was launched on 10 December 1806
at Robert Guillaume’s yard at Northam. She was at
Deptford and Woolwich between July 1824 and August
1825 being converted to serve as exploration ship in ‘icy
seas’. In 1825 Commander Frederick William Beechey
commissioned her for exploration of the Pacific
Northwest. After the polar expedition, she was at
Woolwich being fitted as asurvey ship and was
recommissioned for the Jamaica station. Blossom was
hulked as a lazaret at Sheerness in 1833, and was broken
up at Chatham in 1848.

Fig. 2 His Majesty’s Ship Blossom off the Sandwich Islands.

3. Frederick William Beechey’s Voyage
3.1 The instructions of the Voyage

Frederick William Beechey, Commander of the
Blossom, received on 11" May 1825 at Spithead the

instructions from the Lords Commissioners of the
Admiralty that ‘under his command H.M.S. Blossom
should be at Beering’s Strait in the autumn of 1826, and,
contingently, in that of 1827, for the purpose of affording
assistance as may be required, either by Captain Parry or
Captain Franklin, should one or both these officers make
their appearance in that neighborhood.” Captain Parry
should try to discover the north-west passage by way of
the Prince Regent’s Inlet. At the same time, Captain
Franklin should descent the Mackenzie River and
coasting the northern shore and arrive at open sea in
Bering Strait where F.W. Beechey should await the
arrival of both expeditions and, if necessary, provide
assistance returning them to Europe. The Blossom was
strengthened and adapted for that service. ‘A boat was
supplied, to be used as a tender ... and rigged as a
schooner, decked and fitted in the most complete
manner.’ As the Blossom was going to traverse ‘a portion
of' the globe, hitherto little explored’ it should survey and
explore such parts of the Pacific useful for navigation.

Fig. 3 Track of the Blossom in 1825-1828 (frontispiece
of Beechey, Narrative ..., 1831).

The expedition should stop at Rio de Janeiro to
complete provisions and water, sail around Cape Horn to
Easter Island, steering for Society Islands [named by
Captain James Cook in 1769], proceed to Pitcairn’s
Island [the island of the Bounty mutiny], on the south-
eastern extremity of the Society Islands and proceeding
north-westerly to Otaheite [Tahiti, the largest island of
the Windward Islands of the Society Islands]. Having
completed the survey, direct your course to the
Navigator’s Islands [Samoan Islands], position the
Suwarrow’s Islands [an island in the northern group of
the Cook Islands in the south Pacific Ocean], and
‘deliver the dispatches and packages addressed by the
Foreign Office for his Majesty’s consul at that island,
and to procure refreshments and water.” The Blossom
should not arrive later than 10™ of July 1826 at the
appointed rendezvous and remain there until the end of
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October 1826 or as late as the season will admit. In the
case that having heard nothing of either of Captains
Franklin or Parry, proceed to a place for completing
provisions and water and be again in Bering’s Strait by
the 1% of August 1827, staying there as long as possible
to not be forced overwintering there on account of the
ice, and finally proceed to Spithead, England.

3.2 Aspects of the first part of the Voyage

In the beginning of June 1825, the Blossom left
Oneehow [Niihau, named Oneeheow by Cook, 1778-
1779], the westernmost of the Sandwich Islands
[Hawaiian Islands], after having taken ‘on board as
many yams as the natives could collect before sun-set,
and then sharpened course to Kamchatka.” ‘On the 26"
June 1825, after having traversed nearly seven hundred
miles in thick fog, the horizon was cleared for a few
hours’ and the temperature fell 31° F lower than it had
been thirteen days before. On the next day, they saw the
high mountains of Kamchatka and anchored off the town
of Petropavlovsk with a magnificent view on the snow-
capped volcano emitting smoke in interval. Beechey
found dispatches that the sailing expedition of Captain
Parry had returned to England and ‘desiring to cancel
that part of instructions which related to him’.

i VIEW OF FETROFAULOVEKL, KANGHATEA. |
j "
i ._4.__.;-;--”

Fig. 4 View of Petropaulovski, Kamchatka (Hyde,
Baldwin & Gage, 1874, p. 250).

On the 10" of July 1825, Bering Island [the largest of
the Commander Islands located about 175 km east of
Kamchatka peninsula, 58° 0’ N, 166° 16 W], the place
where Vitus Bering shipwrecked and found his grave
with 28 of his crew in 1741, appeared through the fog.
On the 16™ of July 1825, the Blossom stood close into a
small bay of St. Lawrence Island [Alaska, U.S.A.] and
the crew bartered with the natives [Yupik, Alaskan
natives]. The two Diomedes Islands, the Russian Big
Diomede or Ratmarov Island and the U.S. Little
Diomede or Krusenstern Island, were seen and near
Schismareff Inlet near the American shore, the natives
came off in large skin-covered boats, named baidars, and
there was good bargaining. ‘It was at Schismareff Inlet
that they first saw the lip ornaments which are common
to all inhabitants of the coast thence as far as Point
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Barrow. ... We entered Kotzenue Sound in the morning
of the 22" of July ... At four o’clock in the morning of
the 25" we reached our appointed rendezvous at
Chamisso Island ... and there were no traces of Captain
Franklin having arrived.’

Fig. 5 Track of the first part of the voyage of the
Blossom to Bering Strait in 1825.

On the 30" of July 1825, the Blossom attended by the
barge, in command of Elson, weighed from Chamisso
Island and steered out of the Kotzebue Sound to proceed
surveying the coast to the north looking for traces of
Franklin’s land expedition. There were visits to the
Blossom and to the barge by the natives, who were
friendly. At specific places, a bottle was deposited with
indications to find it. On the 13™ August, 1825, they were
at latitude 71° 07° N, longitude 163° 40’ W, on the land
a post was put up for the land expedition, and a bottle
buried near. The boat had proceeded to the latitude 71°
23’ 317 N and to 156° 21’ 30” W and had to return
because the whole body of ice was moving to the land.
This farthest tongue of land which they reached was
named Point Barrow by Beechey and is only 146 miles
from the extreme of Franklin’s progress westward from
the Mackenzie River. Finally, the Blossom left Kotzebue
Sound and sailed to San Francisco for overwintering
arriving on November 7™, 1825, in San Francisco harbor.

Fig. 6 Baidars of Hotham Inlet with native Alaskans
(Beechey, Narrative ..., 1831, p. 250).
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3.3 Aspects of the second part of the Voyage

On the 5™ of January, 1827, the Blossom put to sea to
the Sandwich Islands which were arrived after a passage
of 20 days. On the 4" of March, they left for Macao,
China, to get medicines. They passed on the 15" March
Wake’s Island, on the 25" March Assumption, on the 7"
of April Bashee Islands [a group of Philippine islands
between Luzon and Formosa] and arrived on the 10 of
April at the Typa/Taipa anchorage in Macao. It was
decided to change the water in Napakang [Napa River]
on Great Loo Choo [Great Lew-Chew, Rytkyt Islands].
At Naha, the Blossom was inspected by an officer, then
followed by several well-dressed persons who made
inquiries on the ship and the reason of the visit. One of
the party, the so-named linguist An-Ya ‘recollected the
visit of the Alceste and the Lyra, which he correctly said
was 144 moons ago [15 Sep. — 9 Nov. 1816]. ... An-Ya
said that Loo Choo had been visited by a violent typhoon
in April, which unroofed the houses and did much other
mischief.” ‘On the 25" of May 1826 we took our
departure from Loo Choo’. They took possession of an
uninhabited island named it Peel Island of the Arzobispo
group [Bonin-sima, Japan], and its harbor Port Lloyd
[27°05°35” N, 217° 45° 54 W].

Fig. 7 Track of the second part of the voyage of the Blossom
to Bering Strait in 1827 and return to England in 1827-
1828.

‘On the 2™ of June we made the snowy mountains of
Kamchatka. ... The season was more backward than in
the preceding year; and though it was beginning of July,
the snow lay deep upon some parts of the shore.” ‘On the
1% of August, we apprised our approach of St. Lawrence
Island. ... About midnight the temperature of the water
fell to 31°, and soon after that of the air was reduced from
42° to 34°. On the 5™ of August, the Blossom came to
an anchor off Camisso Island. ‘The line of packed ice, in
the meridian of Icy Cape [70° 19° 47 N, 161° 52° 27~
W], was twenty-four miles to the southward of its
position the preceding year.’ The barge under
command of Lieutenant Belcher was shipwrecked and
three members of the crew drowned. In the beginning of

October, sharp frosts and heavy snowfall came, and no
intelligence of Captain Franklin’s expedition had been
received, Beechey decided to quit the anchorage in
Kotzebue Sound and to sail south, mooring in the Bay of
Monterey on the 29" of October 1827.

4. Nautical, geographical, magnetical and
meteorological Observations

The Annex of the 1831-version of the Narrative of a
voyage to the Pacific and Beering’s Strait contains
nautical, geographical, magnetical and meteorological
observations. In the places where the Blossom remained
a long time, precise geographical positions have been
determined and compared to known results (Table I). At
the same places, the elevation of specific items was
ascertained by barometric or by trigonometric
techniques (Table II). The meteorological tables contain
a table of the daily 3-hourly barometer observations but
the daily mean mercury temperature values are only
means for every five degrees of latitude on each side of
the equator and in the extra-tropical latitudes to every
five or six days (Table IV). Table VI presents the
meteorological observations of temperature of air and
surface of the sea, humidity of the atmosphere, wind,
weather and clouds. However, the geographical
coordinates are only given at 5° latitudes and 1°
longitudes. Table IX provides the specific gravity of sea
water (in grains) and temperature. Tables XI and XII
contain magnetical observations.

Decrease in temperature according to latitude
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Fig. 8 Decrease of the temperature according to the latitude.

Figure 8 show the decrease of the daily temperature
between the latitude 25 to 65 providing a, approximate
decrease of 1° F per 1° latitudes. However, the decrease
is different in the lower and in the higher altitudes. In the
lower latitudes it remains approximately 1° F per unit
latitude where it lowers to approximately 0.6° F per
latitude in the higher latitudes.

5. Conclusion
In the years 1825-1828, the English sloop Blossom
made a three years long voyage through the Pacific and
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Bering Strait. The instructions from the Lords
Commissioners of the Admiralty provided assistance to
Captain Parry on his voyage searching the North-West
passage from Prince Regent’s Inlet and/or Captain John
Franklin land expeditions descending the Mackenzie
River might one of these expeditions reach the area
where Beechey was waiting for them. In the summer of
1825, Captain Franklin went downriver and reached its
mouth. In the following summer, Franklin found the
ocean frozen and worked his way west for several
hundred miles and gave up on 16 of August 1826 at
Return Reef, a single island NE of Gwydyr Bay, at about
150 mi (240 km) east of Point Barrow, and began to
retrace his way towards the Mackenzie River.

The Narrative of the Voyage isn’t a logbook and
misses much of the nautical, scientific, meteorological
and geographical information usually contained in the
Captain’s record. In this case, the geographical
coordinates are generally given in the approximations of
1 to 5 degrees’ latitude and 1-degree longitude which do
not allow geographical, meteorological and geophysical
research.

On the other hand, the Narrative contains interesting
information on the native Alaskans which was welcomed
in the early 19" century by the reading public and
provided several successful reprints and translations of
the Narrative.
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