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Abstract

In the years 1795-1798, the British sloop Discovery made a voyage of exploration to the North-West
Pacific, the Kurile Islands, the Strait of Tartary / Mamiya Strait and the Japanese, Korean and Chinese
coastal areas. The underlying motives of the voyage were geographical survey, putting up settlements,
claiming territories, and the long-wished opening of trade with Japan. Nautical and meteorological
observations during the voyage are provided on a daily time scale. The sailing through the Strait of
Tartary deals with the question of the insularity of Sakhalin / Karafuto which was questioned already
by La Pérouse. For this review paper the authors have been mainly guided by Andrew David’s annotated
version of William Robert Broughton's Voyage of Discovery to the North Pacific 1795-1798 (David,

2010).
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1. William Robert Broughton
1.1 His personal life

William Robert Broughton was born on 22 March
1762 as the son of Charles Broughton, a gentleman of
Hammersmith in the county of Middlesex, and of Anne
Elisabeth de Hertoghe. Broughton married his cousin,
Jemima Broughton, on 26 November 1802. They had
three daughters and one son, William, born on 23
October 1804 at Doddington Hall, Cheshire, who also
had a distinguished career in the Navy (Marshall, 1835).
On 12 March 1821, having retired to Florence, Captain
William Robert Broughton had an angina attack and died
two days later. He was buried in the English burial
ground in Leghorn (Livorno), Italy (Anonymous, 1821).

Fig. 1 Portrait of William Robert Broughton by an
unidentified artist.

1.2 His naval career

William Robert Broughton started his naval career as
a Captain’s Servant on the Katherine in May 1774, then
being a midshipman on the Falcon, the Harlem, the
Eagle successively, and a master’s mate on the Superb
from December 1778 to January 1782. He became a
Lieutenant in January 1782 on the Burford. When the
Burford was paid off in July 1784, Broughton did not
serve for almost 4 years. He resumed as a Lieutenant on
the Orestes and served in the British Channel and in the
Mediterranean (June 1788-May 1790), moving to HMS
Victory in May 1790.

Fig. 2 The H.M.S. Providence and (her Tender) the
Assistance by George Tobin, ¢. 1791. Mitchell
Library, State Library of New South Wales.
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Broughton was given command of the brig Chatham
in December 1790 and was asked to accompany George
Vancouver in his exploration of the North-West Pacific.
After his arrival in North America in 1792, Broughton
charted a group of islands in the Queen Charlotte Sound
and explored the lower stretches of the Columbia River
in the present-day States of Oregon and Washington.
Vancouver sent Broughton back to England via Mexico
and the Atlantic, bearing dispatches and requesting
instructions (Vancouver, 1797; Lamb, 1984).

Broughton was appointed in command of the
Providence on 3 October 1793 which took him in a
“Voyage to remote Parts’ (Broughton, 1804). Later on,
he served as captain and commanding officer on various
ships in the Napoleonic Wars (1803-1815). He became
Appointed Companion of the Order of the Bath on 4 June
1815 and Appointed Colonel of Marines on 12 August
1819.

2. William Robert Broughton’s Voyage
2.1 The Voyage of the Providence from England to
Macau

The Providence, a Royal Navy sloop, mounting 12
guns, weighing about 406 tons, purchased from the
stocks at Blackwell Yard from John Perry on 23 April
1791, was high suitable for distant voyaging (see Three
Decks, Providence). On 2 October 1794, she was put
under the command of William Robert Broughton who
states: ‘I received my orders, which were secret’.
Following his narrative, on 15 February 1795 ‘The

whole fleet was under way’ under a favorable north wind.

On Thursday 5 March 1795, ‘Early in the morning, saw
the Canary Islands’, and on 5 May, ‘the weather
prevented our reaching the entrance of Rio Janeiro
harbor’. The Providence then crossed the South Atlantic
Ocean and the Indian Ocean and ‘moored in Sydney
Cove’ in Australia on 18 August. On 29 November 1795,
she anchored at Matavai Bay [Tahiti], reached Owhyhee
[Hawai’i] in January 1796, and anchored on 15 March
1796 ‘In the Entrance of Nootka Sound [on the west
coast of Vancouver Island, in the Pacific
Northwest], under Light Breezes and Cloudy weather
with slight Showers of Hail. The whole Country was
cover’d with Snow presenting a most dreary Aspect.’
As ‘several Letters dated in March 1795 inform’d
[Broughton] of Captain Vancouver having sail’d for
England’, he made his way south and entered Monterey
Bay, Mexico, on 6 June 1796, where he received a cold
reception. He therefore decided to survey the coast of
Asia from Sakhalin to the Yangtze River in the hope of
opening trade with Japan (King, 1997,2010). On 20 June
he departed from Monterey [Mexico], bound for Hawai’i
in order to rate his chronometers. On 31 July, he left
Hawai’i. ‘At daylight on 7 September we descry’d the
Land of Japan’, Broughton writes. ‘Sailing to the north
near Port Nambu [Miyako-wan]’, he then reached

Uchiura-wan, named by him Volcano Bay, on Ezo
[Hokkaido]. He anchored in Endermo [Muroran-ko]
where he found the Ainu and the Japanese friendly and
helpful.

Broughton left Endermo on 1 October sailing to the
north towards the Kurile Islands. These islands had
already been explored by Europeans like Maarten
Gerritszoon de Vries on the Castricum in 1643 (Leupe,
1858), Spanberg on the Arkhangel Mikael in 1739
(Muller, 1766), and in the aftermath of Cook’s third
voyage (1776-1779). On 5 October, Broughton notes:
‘At Sunset, we passed two Islands near the Main
[Habomai islands]’ and on the 7™ [we] went NNW
through the Passage of the Kunashiro-suido [ Yekateriny
Strait] separating Kunashiri-td and Etorofu-t5. On 16
October, Broughton reached the Island of Marukan
[Ostrov Simushir] where ‘The settlement of the
Russians’, known from Cook’s third voyage, was ‘found
abandoned; but they cou’d not learn from the Natives at
what period. ... I did not propose this Year to go further
to the North owing to the advanced State of the Season.’

Broughton hence set course to the southwest and
successively reached the southeastern extremity of
Honshii and the islands of Edo-wan on 10 November,
Okinawa on 1 December, and the east coast of Taiwan
on 6 December. He eventually dropped anchor on 12
December 1796 in Macao ‘having been two Years from
England without any communication.” (Broughton,
1804; Hoare, 2000; David, 2010).

Fig. 3 Voyage of the Providence across the Pacific
Ocean, to Japan, the Kurile Islands, Macau and
again the Rytkya Islands with the wreckage of
the Providence, and the continuation on the
schooner to Japan, the Strait of Tartary / Mamiya
Strait and return along the coast of Siberia, Korea

and China to Macau and thence to England.

2.2 Second expedition to the North and return to
England

Broughton ‘hearing there was a Small Vessel for sale’

bought, on 29 December 1796, the 87-ton registered
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schooner Prince William Henry ‘as an Assistant in
surveying’ but mainly to reduce the risk of navigating
with a single vessel in uncharted waters. On 11 April
1797, they ‘got under weigh’ voyaging again to the north.
By the end of April, ‘our People being afflicted with a
Dysentery which we cou’d only attribute to the Hazey
and Foggy weather’, meteorological conditions being
thought to be responsible in the context of the integrated
18" century Hippocratic hypothesis on medicine,
climate and environment. ‘We lost the whole of our Pigs
... they were equally with ourselves troubled with the
Dysentery.” (Demarée, 1996)

In the evening of 17 May 1797, the Providence
‘Struck upon a Reef of Coral Rocks’ north of Ikema-jima,
near Miyako-jima. She was completely wrecked, but the
full crew could be conveyed to the schooner. However
almost all of the equipment was lost. The schooner
anchored at Miyako-jima where the inhabitants were
very helpful. After being well supplied, Broughton
decided to sail the schooner back to Macau. As he
planned to continue the survey to the north on the
schooner with a limited crew, he made the necessary
arrangements for the transfer of the discharged personnel
to England. On 15 June, ‘we sail’d a second time in the
prosecution of the voyage’ with ‘a prospect of acquiring
geographical knowledge of the Tartarean & Corean
coasts’.

Broughton sighted the Pescadores Islands, west of
Formosa [Taiwan], on 30 June, and, rounding the
northernmost point of Taiwan, reached Okinawa-gunto
on 8 July. He dropped anchor at Naha-kd, Okinawa, on
10 July, where provisions and water were readily sent off
to the schooner. ‘Our Friends did not seem to wish we
shou’d go onshore’, he notices then. Setting course north
and passing along the east coast of Honshii, he reached
once again Muroran-kd, Hokkaidd, on 12 August, where
‘[the crew] immediately commenced [the] necessary
operations of refitting the Vessel & preparing for Sea.’
The schooner raised the anchor on 23 August,
approached Hakodate-wan on the 30" and Matsumae, on
the west coast of Hokkaido, the next day: “The town was
ascending gradually up the Rising grounds Interspers’d
with Trees & Gardens. ... The superior Houses were
decorated by long pieces of color’d Cloths ’
Broughton, who frequently refers to La Pérouse’s
voyage in July 1787, was able to go eight miles farther
than him in the Strait of Tartary. He then sailed
southwards along the Asian continent. After sighting the
island of Tsushima (situated between South Korea and
Japan) and calling in Busan Harbor for a week, he
steered the schooner through the Korean archipelago and
along the Chinese coast, finally reaching Macau on 27
November 1797. (Broughton, 1804; Hoare, 2000, David,
2010)

3. Nautical, astronomical and meteorological

Observations

The book published by W.R. Broughton in 1804
contains as Appendix No. I the ‘“TABLES of the ROUTE
of the PROVIDENCE and her Tender, the Variation of
the Compass, and the State of the Barometer and
Thermometer, during the Voyage from the Sandwich
Islands, July 31% 1796, till our last Arrival at Macau,
November 27" 1797 Fragments of these
meteorological observations are given in Kubota et al.
(2018a, 2018b). However, the nautical and astronomical
observations mentioned as Latitude observ’d or
indifferent, Latitude account, Longitude ditto and
Longitude within the annotated version of Broughton’s
Voyage are used in this paper (David, 2010).

It is known that barometers and thermometers were on
board of the Providence as the Navy Board instructed to
supply Broughton in 1794 with instruments. It is further
supposed ‘to note the height of one or more
Thermometers placed in the Air, and in the Shade early
in the Morning and about the hottest time of the day, and
to observe also the height of the Thermometer within the
Vessel near the Watches’. Unfortunately, no further
information on the thermometric and the atmospheric
pressure observations is given. In particular, the double
set of thermometric observations remains a problem. A
thermometer disappeared when ‘the Ship was lost’, that
is, when the Providence wrecked on a coral reef.

Temperature observations
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Fig. 4 Graph of both unspecified sets of temperature
observations in the Strait of Tartary / Mamiya
Strait in September 1797.

A graph of both sets of daily temperature observations
carried out when sailing through the Strait of Tartary in
September 1797 is shown in Fig. 4. In these days, the
schooner sailed on through Tsugaru-kaikyd on 30
August and viewed the town of Matsumae, Hokkaidd, on
the next day, while on 15 September the latitude of 51°
45’ 7 N was reached. The temperature difference equals
13,055°C for a difference of 10,108-degree latitude
providing a decrease of 1,29°C per unit degree latitude.
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4. The question of the insularity of Sakhalin

The insularity of Sakhalin / Karafuto remained an
unsolved question until the mid-19" century. Jean
Frangois de La Pérouse, William Robert Broughton and
Adam Johann von Krusenstern had already sailed into
the Strait of Tartary, but without traversing it (Boyle,
2018). La Pérouse and Broughton approached the Strait
from the south while Krusenstern approached it from the
Sea of Okhotsk. The question was solved by the
Japanese explorer Rinzo Mamiya (1775-1844) in 1808-
1809 (see Figure 5) who confirmed the insularity of
Sakhalin (Stone, 1996; McVey, 2022). The information
was kept secret by the Japanese and later on by the
Russians but Philip Franz von Siebold (1796-1866)
mentioned the name of Mamiya Strait and published a
map in his book “Nippon™ in The Netherlands, although
the deliveries of any topographical and hydrological data
to foreign countries had been prohibited by the
Shogunate (Siebold, von, 1832- ). That knowledge
proved to be primordial to the Russians in the Far-
Eastern developments of the Crimean War (1853-1856).
After the defeat of the British and French fleets at
Petropavlovsk, Kamchatka, in August-September 1854,
the allies thought to have trapped the Russians in the
Strait of Tartary in May 1855: ‘However, the Russians
passed through the Strait and entered the Amur River,
much to the deep embarrassment of the British and the
fury of the press’ (Stephan, 1969; Beillevaire et al.,
2018).
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Fig. 5 Map of Sakhalin and Lower Amur, compiled
by Rinzd Mamiya in 1808-1809 (Mamiya Rinzd,
courtesy of Wikipedia).
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On 9 July 1787, the latitude of La Pérouse’s vessel in
the Strait of Tartary was 48° 15° N. On 12 July, La
Pérouse and Langle accompanied by several others
landed on Sakhalin and met a group of native people.
The offering of presents led to friendly interactions: ‘We
contrived at length to make them understand that we
wished them to delineate their country, and that of the
Manchous. One of the old men then rose, and with his
pike traced the coast of Tartary to the west, running
nearly north to south. Opposite this, to the east, he drew
his own island, in the same direction, laying his hand
upon his breast, to indicate that he just traced his own
native country. Between the island and Tartary, he left a
strait; and turning to our vessels, which lay in sight, he
signified by a stroke, that they may pass through it.” La
Pérouse learned also from the natives ‘the breath and the
depth of the strait that separated his own country from
Tartary’. (La Pérouse, 1807)
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Fig. 6a & 6b. Travel of the schooner in July 1797 in
the Strait of Tartary / Mamiya Strait. The dots
indicate the location of the vessel. The accounted
latitude and the accounted longitude are shown
in red dots while the accounted latitude and
longitude by watch are shown in blue dots. Also,
winds are shown by the wind force in the
afternoon and wind direction in the afternoon.
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On 20 July 1787, ‘Being obliged to keep one coast or
the other, I had preferred that of the island, to ensure not
missing the strait, if one existed to the east; which
required extreme attention, on account of the fogs, which
left us very short intervals of clear weather. ... The
channel begins to narrow in the parallel of 50°, and had
not thenceforward above twelve or thirteen leagues in
breadth.” On the 23 July 1787, the latitude observation
gave 50° 54’ N and La Pérouse thought he ‘was too far
advanced not to wish to reconnoitre this strait, and to
know whether it was passable; though [he] began to fear
it was not, as the depth of the water diminished very fast
as [they] proceeded north, and the land of Sagaleen
island [Sakhalin] consisted no longer of anything but
downs, inundated with water, and almost level with the
sea, like sand-banks.” At the end of July 1787, La
Pérouse ‘having found the impossibility of getting out of
this channel to the north’, and taking into account
navigational and meteorological difficulties, decided
instead to follow the coast of Tartary southwards.
(Broughton, 1807).

On Thursday 14 September 1797, on the schooner,
Broughton writes: ‘In crossing over and as we
approach’d the west Shore, our soundings decreas’d to 9
fathoms. No Land from N. 15° E. to N. 53° E., but from
thence a continuation of very low Hummocks just
appearing above the Horizon. The Master [William
Chapman] was sent to make further Remarks to the
North.” On Friday 15 September, ‘At Dark, the Master
return’d who reported having found round the nearest
point, which bore N 10° E from us, a Bay [Bukhta
Sushcheva] leading to the Westward ... The Master gave
it as his Opinion the passage through seemd pretty
evident. The observ’d latitude made 51° 45” 7 N’. On
Saturday 16 September, ‘from the Masthead we plainly
discern’d very low Land extending over the NE of the
Bay. ... and we were fully satisfied there was no opening
to the Sea in the direction the Master suppos’d.’
(Broughton, 2010, p. 172-173) However, a hesitating
Broughton’s took the following decision: ‘as the Master
had represented the bay unfavourable, even supposing
we could get there, which I deemed from the shallow
water leading to it impracticable, without great risk of
the vessel... induced to me to lose no more time, as the
equinoxes were approaching, to proceed to the
southward.” (Broughton, 1804, p. 302)

Adam Johann von Krusenstern did interpret that La
Pérouse ‘very rightly concluded that either Sachalin was
connected with Tartary, or that the channel which
separates the two countries must be very narrow, and at
upmost only a few feet in depth. ... Our observations,
which were carried out one hundred miles more to the
north, leave no doubt upon the subject ... We already
found a considerable difference in the weight of water ...
and finally when close to the channel that separates
Sachalin to the northward of the Amur from Tartary, the

water drawn up the ship’s side was perfectly sweet.
When Krusenstern read Broughton’s book on his arrival
in China, he found his ideas upon the junction of
Sachalin with Tartary well founded and concluded:
‘What therefore, since La Pérouse, has been called a
channel, must now take a new name, and be known as
the gulf of Tartary’. (von Krusenstern, 1813)

Gennady Ivanovich Nevelskoy (1813-1876), in
command of the Amur Expedition (1849-1855),
explored the Sea of Okhotsk, the outlet of the Amur
River area and Sakhalin. He definitely proved the
insularity of Sakhalin showing that it is a strait connected
to the Amur estuary by a narrow section. The
northernmost narrowest section is known as the Strait of
Nevelskoy in  honor of Captain Nevelskoy
(Samochwalow, 1871; Genady Nevelskoy, Wikipedia).

5. Conclusion

William Robert Broughton’s voyage of Discovery to
the north-east Pacific and to the coastal areas of Japan,
Korea, China, the Ryiikyl Islands, the Kurile Islands,
Sakhalin and the Strait of Tartary / Mamiya Strait has
been a significant contribution to the geographical
knowledge of these areas. He follows earlier Dutch,
French, Russian and other British navigators in
exploring the geography of the Asian continent and the
location of numerous islands in that part of the world.
The tentative interactions of Broughton with Japan and
its inhabitants might be seen in the context of the long-
wished desire of opening trade with the Shogun Ruled
Japan. At the same time, Broughton expressed his view
in the long-lasting question of the insularity of Sakhalin
believing, in contrast to his Master, that there was no
opening. Rinzd Mamiya discovered the narrow
navigable channel in 1808-1809, rediscovered by
Nevelskoy in 1849, but that strategical intelligence was
kept secret by Japan and the Russia.
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Abstract

The winter navigation in the southern Sea of Okhotsk needs ice-strengthened vessels due to sea ice.
In this region, the Japan Coast Guard has operated patrol vessels, such as P/V SOYA, capable of ice
navigation and provided valuable opportunities for ice observation and ship ice trial. National Maritime
Research Institute took part in such cruises for twenty-three years and conducted full-scale onboard
experiments regarding ice conditions and ship performances in ice. This paper overviews the
experiments with the measurement results of ice concentration, ice thickness, ice load on the hull, and
shaft power required in ice. The long-term data accumulation in response to various ice conditions would
contribute to the design and operation of forthcoming Japan Coast Guard patrol vessels.

Key words: ship characteristics in ice, icebreaker design, onboard measurement

1. Introduction

The Sea of Okhotsk is the southern limit, in the
Northern Hemisphere, of drift ice usually coming ashore
along the coast of Hokkaido between late January and
early March. The Japan Coast Guard (JCG) deploys the
patrol vessels (P/Vs) SOYA and TESHIO, which can
operate in ice-covered waters with ice-breaking ability
to deal with maritime accidents in drift ice. National
Maritime Research Institute of Japan (NMRI) conducted
full-scale experiments in ice onboard P/V SOYA (Fig. 1)
and supplementally P/V TESHIO from 1991 to 2013 in
the coastal area of Hokkaido, and the most of these
experiments were conducted under a joint research
agreement with the Ship Division, Equipment and
Technology Department of the JCG. The above research
series is referred to as the Joint Ship Research or
abbreviated to the JSR. In this paper, we discuss the
experiments onboard P/V SOYA.
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Fig.1 P/V SOYA opeféting in ice‘

The purpose of the JSR was to study the sea ice
conditions in the southern Sea of Okhotsk, and to clarify
ship performance in ice-covered waters, and hull loading
caused by contact with ice (hull ice load) through
observations based on the actual vessel and to collect
practical information to the development of forthcoming
P/Vs of JCG operated in ice.

One of the worthiness of the series of experiments is
the long-term data accumulation in response to various
ice conditions repeatedly obtained by the same vessel.
Sea ice in the southern Sea of Okhotsk is first-year ice
showing various forms in respective years. Therefore,
the data contains ice contact events experienced in
various ice conditions and reveals the operation profile
of the patrol vessels in ice.

The results of these experiments have been published
in various forms and literature. However, there have
been few reports that summarize overall experiments.
This paper summarizes the results of the JSR obtained
onboard P/V SOYA. The comprehensive measurements
of ship characteristics in the southern Sea of Okhotsk for
decades have been rarely reported yet due to the lack of
icebreaking operation experiences by Japanese vessels.
These measurements provide a unique dataset for
icebreaker design and winter navigation in the Sea of
Okhotsk.

2. Outline of the Full-scale Experiments
Figure 2 shows the history of the full-scale
experiments conducted by NMRI onboard JCG P/Vs. In
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1991, NMRI started full-scale experiments in the ice-
covered area along northeastern Hokkaido onboard
patrol vessels in collaboration with JCG. P/V SOYA has
been the most eligible for the purpose, whereas P/V
TESHIO was temporarily engaged several times since its
launching in 1995 (Koyama et al., 2000.) Since 1996,
P/V  SOYA and the 1st Regional Coast Guard
Headquarters have provided annual scientific cruises in
the middle of February along the route planned shown in
Figure 3 mainly for sea ice observation mission in
cooperation with Institute for Low Temperature Science
(ILTS), Hokkaido University and other academic parties.
NMRI had taken these opportunities to carry out a
variety of measurements for engineering purposes until
2013.

Ice

1997
1998
1999

Condition Video Analysis
Structural —
Response -
With PV TESHIO
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Fig. 2 History of Full-Scale Experiments by NMRI
onboard JCG P/Vs
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Fig.3 Typical route in the scientific cruises of P/V
SOYA in the southern Sea of Okhotsk

P/V SOYA was constructed as the first patrol vessel
capable of carrying a helicopter in JCG and entered
service in 1978. Table 1 shows the principal dimensions.
The hull is ice-strengthened to the level approximately
equivalent to IA Super in the Finnish-Swedish Ice Class
Rules (FSICR). P/V SOYA has a twin-shaft diesel
propulsion system equipped with controllable pitch
propellers (CPP), providing power for the ice-breaking
ability for level ice of 1.0m thick. In addition, anti-
rolling tank and retractable fin stabilizers are equipped
to suppress adverse rolling in helicopter operation.

Table 1 Principal Dimensions of P/V SOYA

ltem Unit Value
Length Overall (m) 98.6
Length Waterline (m) 90.0
Breadth Molded (m) 15.6
Depth Molded (m) 8.0
Draft (m) 5.2
The significant parameters obtained onboard

icebreakers for engineering purposes are:
a. ice concentration and thickness as environment

condition,
b. hull structural response for hull ice load, and
c. shaft thrust and torque for propulsion

performance in ice.

The ice concentration and thickness measurements were
carried out in collaboration with the onboard scientific
observation conducted by ILTS, and the results have
been combined in the annual reports (ILTS, 1996-2022.)
We also measured the hull structural response, the thrust,
and the torque together with the above scientific
observation. The results of these measurements are
respectively explained later.

3. Ice Conditions in the Sea of Okhotsk off the

Hokkaido Coast

From an engineering point of view, ice properties such
as ice concentration, thickness, floe size, and mechanical
strength are essential parameters for the design and
operation of ice-going vessels. In this region, ILTS has
continued the long-term visual observation of sea ice
features based on ASPeCt protocol initially proposed for
Antarctic ice, which reveals that the dominant thickness
categories are thin first-year ice (from 0.3 to 0.7m) and
nilas (under 0.1m) during recent 20 years, for example.
It is also reported that the average thickness is 0.28m for
level ice and 0.65m for ridged ice, which indicates that
the ridging process is vital for the growth of ice thickness
in this area.

NMRI adopted the ship-borne video analysis methods
for sea ice concentration and thickness. Figure 4 shows
the analysis method of ice concentration. Ice
concentration is automatically calculated by pixels on
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the fixed horizontal line in each binarized video frame of
the front view.

Figure 5 shows how to measure ice thickness from
video images. Ice thickness is directly measured from
downward-looking views in which a broken ice piece
stands the side-up position (Shimoda et al, 1997).
Figure 6 shows the histogram of total thickness from
1991 to 1998 (Uto et al., 1999) by the video analysis
method. Here total thickness denotes the sum of ice
thickness and snow depth. Although this method is
accurate for undeformed ice, it is difficult to obtain data
of very thin or thick deformed ice.

g ~ Capture Line

(a) (b)
Fig. 4 Example of captured video frame of front view (a)
and binarized image (b) used for calculation of ice
concentration

(vldeo camera

hull

ice
thickness

(b)

Fig. 5 Schematic diagram (a) and photo (b) of ice
thickness observation by hull-side video camera
(Shimoda et al., 1997)
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Fig. 6 Histogram of Total Thickness by Video Camera
from 1991 to 1998 (Uto et al., 1999)

Thick deformed ice, such as ridged ice, is one of the
main concerns for ships in ice. In February 2004, NMRI
introduced the ship-borne electromagnetic induction
(EM) ice thickness observation technique. Figure 7
shows the principle of EM ice thickness measurement
and its onboard installation. The EM sensor and the laser
altimeter measure the distance to the ice bottom; Zg and
the distance to the snow surface; Z;, respectively. Thus,
the total thickness beneath the sensors; Z; is calculated
as:

Zy=Zg—Z

It enables us to continuously observe the thickness of
ice, including ridged ice, with reasonable accuracy.
Figure 8 shows the total thickness variation measured by
the EM method during 2005-2009. Uto et al. (2006)
proposed a method for improving the measurement
accuracy of the thickness of ridged ice. The conversion
algorithm from EM output to Zg is developed by
incorporating the internal structure model of ice derived
from drill-hole measurements in the southern Okhotsk
Sea. However, further research is required for the
accurate measurement of the thickness of ridged ice.

By combining the above methods, we can
continuously observe the ice condition along the ship
track. Figure 9 shows an example plot between ice
concentration by the video method and ice thickness by
the EM method. Since the data sampling intervals are
different between the two ways, all sampled data are
averaged for each 2,000m advance of the ship. This plot
helps overview the ice severity through voyages. In 2005
and 2006, the ice condition was relatively severe with
thick ice, while it degraded after 2007. The ice
concentration scatters similarly both in 2005 and 2007,
however, the ship should experience more difficult
navigation in 2005 due to the ice thickness of over 1.0m.
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Fig. 7 Principle of EM sea ice thickness measurement
technique (a) and EM equipment extended from
the hull-side of P/V SOYA (b) (Uto et al., 2006)
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Fig. 8 Examples of total thickness measured by EM
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during 2005-2009 (Matsuzawa et al., 2010a)
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Fig. 9 Correlation plot between ice concentration and
ice thickness during 2005-2009 (Matsuzawa et al.,
2010b)

4. Structural Response

Measuring hull ice loads is essential for evaluating the
structural safety of ships in ice, and the results provide
the base data for designing hull structures and structural
requirements in ice-class rules. However, unlike the
Baltic Sea, such data were rarely obtained in the Sea of
Okhotsk.

Figurel0 shows the installation of ice load
measurements. Shear strain gauges were installed on
frames of four sections at the bow and the bow shoulder.
Two sets of shear strain gages were installed across the
position where the ice load is expected to act. The strain
gages were calibrated at least twice a day when SOYA
stood for hydrographic survey or at night. The line load
of ice acting on the hull was estimated using a couple of
measured shear strains in respective frames. Ideally, the
conversion factor from strain to load is obtained by
physical calibration, such as pushing or pulling the hull.
However, there was no such opportunity in the JSR.
Thus, an FE analysis was carried out to obtain the
conversion factor for each section.

During the ice load measurement, the video camera
and the EM sensor synchronously recorded the ice
concentration and the ice thickness, respectively. This
measurement was conducted from 2005 to 2009. Figure
11 shows an example of the ice load at the bow section
(Sec.2 in Fig.10(a)). The ice load estimated from the
2005 and 2006 measurements is plotted against the
effective ice thickness. Here effective ice thickness is
defined as the averaged ice thickness divided by the
averaged ice concentration. The dotted lines in Fig. 11
indicate the design ice loads specified in the Finnish-
Swedish Ice Class Rules. The observed results are well
below the design ice load both at the bow and in the mid-
part of the hull.
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Fig. 10 Layout of ice load measurement instruments on P/V
SOYA (a) and schematic of strain gauge installation on a
frame (b) (Matsuzawa et al., 2009)
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5. Propulsive Performance

Various models and numerical simulations have been
developed to evaluate ship resistance and propulsive
performance in ice. To verify the validity of these models
and simulations, collecting propulsive performance data
in ice conditions is necessary. Thrust data is beneficial
because it is comparable directly with estimated
resistance. However, it is difficult to keep its
measurement accuracy.

In the JSR, we installed strain gauges on the portside
shaft and measured compressive and torsional strain (Fig.
12) to obtain thrust and torque. These measurements
were conducted on cruises in 1997, 2011, and 2013. The
shaft speed was measured by a photoelectric sensor. The
CPP blade angle and ship speed were recorded by
reading its indicator and a GPS, respectively.

Suzuki and Nakato (1990) reported the pros and cons
of two strain-gauge configurations, i.e., “Conventional”
and “Hylarides,” used for the thrust measurement. In the
JSR measurements, the “Conventional” method was
adopted because it effectively eliminates thermal strains
to compressive strain with a better S/N ratio. However,
when using the configuration, a careful and precise
setting of strain gauges was required because the angular
misalignment of strain gauges results in the cross-
coupling between torsional and compressive strains. The
clockwise and counterclockwise shaft turning at a low
rotation rate were conducted before the speed trial to
obtain the correction factor for the cross-coupling effect.

Transmitter

Battery
/ Strain Gauge

Fig. 12 Configuration of shaft output measurement

Uto et al. (1999) conducted an uncertainty analysis of
the thrust measurement in February 1997. Figure 13
shows the results of the thrust measurement with the
95% confidence interval as an error bar. Thrust at a ship
speed of approximately 4 knots in a 94 cm-thick ice was
386 = 52 kN. The 95% confidence interval is within +
13.5% of the average thrust. Removing the cross-
coupling effect and minimizing the zero-drift resulted in
relatively good accuracy for the thrust measurement.
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Fig. 13 Thrust vs. ship speed (Uto ez al., 1999). T denotes
the raw thrust. TO is the thrust measured at zero angles
of CPP blades before speed trials. Both thrusts were
measured on the port-side shaft.
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Although many mathematical models and simulations
are proposed, ice tank experiments are still acceptable as
the most reliable method for predicting ship propulsive
performance in ice. Thus, the model-ship correlation of
propulsive performance in ice is one of the most critical
tasks in the hull shape design of ice-going vessels. We
conducted the resistance tests of a scaled model of P/V
SOYA in level ice at the ice model basin of NMRI. The
resistance model of P/V SOYA in level ice was derived
from the regression analysis of experimental data. Thrust
is calculated by dividing resistance with the thrust
deduction factor.

Figure 13 plots the predicted thrust on the port-side
shaft versus ship speed from ice tank experiments for a
particular ice thickness and flexural strength. Here, the
predicted thrust is halved, assuming both shafts share an
equal thrust. It shows fair agreement between full-scale
measurement and prediction by the model experiment.

Uto et al. (2015) proposed the hybrid model of
resistance prediction for ships navigating in floe ice,
such as small ice floes, large ice floes, and an ice-
clogged channel. The accuracy of the model was
validated through comparisons with the model-scale
experiments conducted at the ice model basin of NMRI
and the full-scale thrust measurements (Fig. 14). It is
found that the proposed model can predict the resistance
in floe ice of various sizes and concentrations with
reasonable accuracy.
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Fig. 14 Comparison of Resistance in Small Floes between
Measured and Predicted (Uto et al., 2015)

6. Conclusion

The results of the full-scale experiments conducted
onboard the Japan Coast Guard patrol vessel SOYA in
the Sea of Okhotsk off the coast of Hokkaido are
summarized. The long-term data accumulation over
more than twenty years would contribute to the design
and operation of forthcoming patrol vessels of the Japan
Coast Guard. Although it has been challenging to
conduct such large-scale and long-term experiments in
Japan in recent years, we conclude this article by
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pointing out the importance of taking every opportunity
to obtain data from such experiments to advance ice
engineering research.
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Abstract

The Russian president and government have over the last 10-12 years expressed high ambitions
for development of NSR. International transit shipping has not taken off, but destination shipping
has increased radically in recent years, primarily transportation of liquefied natural gas from the
Yamal peninsula. Organization of the shipping activities initially involved consortia of
international shipping companies, but Russian policies have later taken a protectionist direction.
Russia introduced regulations mandating that all oil, liquefied natural gas and coal loaded from
within the Northern Sea Route area can only be transported on Russian-flagged ships; and from
2019 transportation of hydrocarbons out of the NSR area would be reserved for vessels built in
Russia. The administration of the sea route has recently been changed; all key functions are now
concentrated in Rosatom — the mother organization of the nuclear icebreaker fleet. The war in
Ukraine creates uncertainty about further development of the sea route as very much depends on
the fate of the hydrocarbon projects expected to be the base load of traffic. Technology sanctions,
investment restrictions and limitations on market access are likely to slow down their development.
This is also likely to affect the very expansive icebreaker construction program.

Key words: Arctic, shipping, LNG, Rosatom, icebreakers, Russia

1. Introduction

The Northern Sea Route (NSR) is the Russian term for
the waterways north of Siberia. They form a part of the
Northeast passage (NWP), which is the historical term
for the Arctic Sea passage between the Atlantic and the
Pacific. Whereas NWP is a loose term, without strict
geographical boundaries, the NSR is now precisely
defined in Russian law since 2013 as an area starting
with the entry to the Kara Sea and stretching all the way
to the Bering Straits. Northwards it extends to 200
nautical miles from the coast (Fig. 1). Russia maintains
it has a right to manage traffic in this area based on article
234 of the Law of the Sea Convention, as well as
historical rights. The Russian position is contested by
some other states, notably the United States.
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Fig. 1 Map of the Northern Sea Route

In this article I will discuss recent developments in the
use of NSR and the administration of the sea route, as
well as briefly assess outlook in light of Russia’s war in
Ukraine.

2. The revival of NSR

The Russian president and government have over the
last 10-12 years expressed high ambitions for
development of NSR and the administration of the sea
route underwent a significant overhaul in 2010-2013
designed to attract traffic. Application procedures were
simplified, and icebreaker escort fees became negotiable
(Solski, 2020).

For some time, there were expectations that
international transit shipping would take off. But it did
not happen. Other developments were more encouraging,
though. Several large extraction projects in northwestern
Siberia were initiated, requiring transportation by sea of
heavy machinery and materials — and shipment of
resources out of the region when the projects came on
stream. This is destination shipping. With the successful
start of the Novoportovskoye oil project in 2016 and the
Yamal-LNG project in 2017, total cargo volume on the
NSR increased rapidly and has hovered around thirty
million tons the last few years (Gunnarsson & Moe,
2021) (Fig. 2).
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The owners of the Yamal LNG plant with the Russian
gas company Novatek in the lead set up a scheme where
consortia of international shipping companies were
invited to invest in icebreaking LNG carriers designed
for Yamal LNG built in Korea against long term
contracts for transportation of gas (Table 1).

Table 1: Icebreaking LNG carriers constructed for

Yamal LNG

Name Operator
Christoph de Margerie Sovcomflot
Boris Vilkitsky Dynagas
Vladimir Rusanov MOL
Fedor Litke Dynagas
Eduard Toll Teekay
Rudolf Samoylovich Teekay
Vladimir Vize MOL
Georgiy Brusilov Dynagas
Boris Davydov Dynagas
Nikolay Zubkov Dynagas
Nikolay Yevgenov Teekay
Vladimir Voronin Teekay
Nikolay Urvantsev MOL
Georgiy Ushakov Teekay
Yakov Gakkel Teekay

(Source: Reuters)

The carriers are all of the same design;
Capacity 170 000 m* LNG,
Length: 300 meters,
Ice class: Arc7, can break 2.1 meters of ice.
Except the carrier operated and owned by Sovcomflot
they are all owned by international shipping consortia
where Chinese shipping companies are partners.

It looked like the development of Arctic LNG would
become a truly international endeavour, since also the
LNG plant itself had substantial foreign ownership
shares (French and Chinese).
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3. End of the international phase?

In 2018, Russia introduced regulations mandating that
all oil, liquefied natural gas and coal loaded from within
the Northern Sea Route area can only be transported on
Russian-flagged ships to the first point of destination or
transshipment. More restrictions were proposed soon
after: From 2019 transportation of hydrocarbons out of
the NSR area would be reserved for vessels built in
Russia (Federal Law, 2017).

This was part of a concentrated effort to support the
ailing Russian ship-building industry, as well as finding
business for the giant shipyard Zvezda under
construction in the Far East. It was, however, impossible
to implement this policy in full at a time when the
extracting companies needed a series of new carriers and
tankers over a short period. Thus, exemptions were made,
and Korean yards continued to play an important role.
But the signal was clear. Russian shipping policies were
becoming more protectionist.

4. A new boss for the NSR

Except for the LNG, the traffic development was not
as brisk as Russian authorities hoped for, and this was
one reason why the government searched for a new
model for management of the sea route. It argued that
better coordination of operations and investments was
needed. After a protracted institutional battle, the State
Russian nuclear power corporation — Rosatom, the
mother organization of the nuclear icebreaking fleet -
was named “infrastructure operator” of the NSR from
2019. (More detail in Moe, 2020a).

It was first decided that it should share responsibilities
with the Ministry of Transport. The Ministry would be
responsible for development of laws and regulations and
control their implementation and also issue permits for
entry to the sea route area. Rosatom would take control
over current operation of the sea route, and, crucially,
manage state property and assets in ports, in addition to
the icebreakers. Disputes about the control of key
activities such as navigational and hydrographical
support continued, however. By August 2022, it
appeared that Rosatom had won this battle completely
and pushed aside the Ministry when it also took over the
issuing of navigation permits. All functions will now be
concentrated in one structure under Rosatom - The Main
directorate of the Northern Sea Route — Glavsevmorput
— same name as the state structure that governed NSR in
the 1930s (Atomnaya energiya, 2022).

The aim of the NSR reform has been to increase
harmonization and efficiency. A counter argument is that
with the new structure there is a risk that Russia’s Arctic



economy will become even less transparent than it has
been, with cross subsidization within the giant Rosatom,
and that this will negatively affect economic
effectiveness. Another question is the strength and
independence of regulators.

But the last step in Rosatom’s takeover of ministry
functions was in fact justified by operational and safety
issues. In November 2021, 24 ships were trapped in the
ice, ostensibly due to poor coordination of permits,
icebreaker assistance and instructions given to captains.
Settlements and industrial projects suffered (Strana
Rosatom, 2022).

Many will find it problematic that Rosatom is a de
facto monopoly provider of icebreaker services as a
business at the same time as it is the state authority. In
addition, Atomflot is starting to offer freight services, in
competition with ordinary shipping companies (Moe,
2020a).

5. Russian ambitions and the outlook

The ambitions for further growth in traffic has been
high, crystallised in President Putin’s 2018 declaration
of transporting altogether 80 million tons of cargo on the
NSR by 2024. Officially, the target is still to transport
120 million tons by 2030. The main component of this
cargo base was expected to be LNG from a series of new
projects in the vicinity of Yamal LNG plus a giant oil
project — Vostok Oil — under development further east,
near the Siberian shore.

After the Russian invasion of Ukraine with ensuing
economic sanctions against Russia and further turmoil,
the build-up looks impossible. LNG projects are already
delayed because of technology sanctions; investment
squeeze and uncertain market access is also expected to
slow down industrial projects in the Russian Arctic. This
also puts a question mark over the ambitious plans for
renewal and expansion of the nuclear icebreaker fleet. As
of 2022, five such icebreakers were in operation, two
were under construction, one of them almost finished,
concrete preparation for three more had been made, and
plans for two more had been announced. The last three
would be of the Leader model. It is a 120 mega-watt
vessel, twice as strong as the most powerful icebreaker
today. It has been designed with the objective of keeping
the sea route open all year and facilitate LNG exports
directly to Asia, also in the winter (Moe, 2020b). The
icebreakers are very costly, if the outlook for
hydrocarbon exports changes, the economics of the
icebreaker program is undermined. But of course, also
the need for new icebreakers will have to be reassessed.

Moe
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Abstract

The present article describes the observation system and the outline of recorded data of the field
experiments carried out in the Sea of Okhotsk, mainly at the coast of the Sakhalin Island in 2016-2019.
LMNAD (Laboratory of Modeling of Natural and Anthropogenic Disasters) conducted a series of field
experiments and meteorological observations. The coastal wave data were obtained by the instrument
system developed by the authors’ group, taking account of the shallowly longshore. The article also
mentions the unique instrumentation, stepwise developed autonomous wave recorder.

Every wave recorder’s data was transmitted to the onshore center by electrical devices. Before too
much data collected, the authors should think about the database, for instance, whether the database is
of international format or of regional one, and necessity of a datacenter. In a decade to come, the
database will remain a regional one. When the data grow up to a long-term dataset of coastal wave
around the Sakhalin Island, the database would probably be extended to the internationally available
data. The present article notes an initial stage of a conceptual design of a coastal wave database around
the Sakhalin Island, for the moment, which was composed of the data of the field experiments carried

out in the Sea of Okhotsk in 2016-2019.

Keywords: coastal zone, monitoring, wave characteristics, data collection, database

1. Introduction

Due to everlasting activities of the industries in
survey and extraction of oil and gas in the shelf area
around the Sakhalin Island, the necessity of reliable
assessment of costs of the construction of the shore and
offshore infrastructures arises. Together with it, the
safety in their constructions and installations of the
infrastructures has been more strictly and widely
appreciated. The climate and oceanographical
information in this area are vital for both.

The present paper describes the approaches to
respond these demands with the use of software and
hardware measures of observations, for instance, by a
systematically developed autonomous mobile system
equipped with a group of sensing devices. The paper
also mentions the outline of the field experiments
conducted in the vicinity of the Cape Svobodni in
Mordvinova bay of the Island of Sakhalin, in 2016-
2019, and the algorithms of processing of recorded data
through the experiments. Currently, there are several
methods of monitoring sea ice environment and wave
climate in the coastal zone of the Sakhalin Island
[Kurkin et al. 2017]. The observation of remote-sensing
image of satellites is one of them. However, in this area,
those data possess significantly lower resolution
compared to aerial survey data in the field and are often
poor under the conditions of dense cloud coverage and

other adverse weather conditions.

Observations with the use of aircrafts and/or
unmanned drones covering the whole target area would
be another way, only if their easy operations be
established on a financial and safety footing. The
financial and personal supports, including Al producers,
will absolutely be necessary for the microwave satellite
system.

In this context, the platforms, that are, ground-
vehicles patrolling along the water area to monitor sea
ice conditions and wave climate were utilized during
the field experiments in 2016-2017 [Kurkin et al. 2016~
2017 (AMRK)].

Remote sensing methods, that are currently used, are
the appropriate methods of coastal zone research. To
transmit the senor data to the onshore center,
transducers and/or wide-range lasers are utilized.

A serious problem lies on the onshore center. The
sizes of the onshore centers need usually about several
square meters. The centers demand very high electric
power and must be set up at high and stationary place.

It can be said that the centers are handicapped by
their high-cost facilities.

Before too much date collected, the concept of the
database must be discussed, and a conceptual design
of the database should be initiated through
considerations of easiness of dealing with and
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accessibility to the database, and trustworthiness.
Current states of the database design are briefly noted.

2. Field experiments

Field experiments were performed at the shore of the
Sea of Okhotsk in 2016-2019, applying various
instruments, mostly the platforms which are unmanned
ground-mobile multi-purpose units with the capability of
transmitting many measurement data of wave climate in
the coastal zone.

During the experiments performed in 2019, a system
of telemetry and evaluation of wave and meteorological
climate in the coastal zone was tested with the use of the
autonomous measurements system, which was
integrated into a unified information network. Marine-
based radiolocation station (FURUNO FAR, RLS
Mikran), meteorological station with the autonomous
power source (VIOSALA) supported their consecutive
work during the whole experiments and assisted well in
the transmission of self-made blocks of the measured
data by hydrodynamic pressure sensors in shallow water
near the shore.

3. Observation system

The instrumentation was composed of an integrated
autonomous unit. The software and algorithm were
developed for the purpose of control, registration, and
comparison of the data. The next chapter describes the
outline of this system and the software for correlation of
the data obtained from various devices with the use of
the sensor-fusion technology, which is still under
development.

As noted in Chapter 2, the radar station, Mikran
“River” RLS (Mikran “Reka” RLS) was recognized
as an effective element in the field work.

“Reka” «River» is a highly technological radio
navigation system, particularly in river transport field,
which can monitor and control a navigation situation
at every moment. Based on the state-of-the-art
broadband signal technology, digital solid state
transmit/receive module ensures a highly accurate
target detection and identification even of small-sized
objects like people, sea ice floats, buoys, etc., in any
weather conditions. With this exclusive technology, a
radio navigation system REKA has been designed,
manufactured, and tested in viewpoints of
performance, reliability, and quality requirements,
compatible with compass, echo sounder, GPS, AIS,
etc.

The measurement system was composed of the
following units.

a) Mikran “River” MRS-1000 radiolocation station.
The operational frequency of RLS was 9500 MHz,
wavelength 3 cm, and horizontal polarization. The range
resolution was 3 m in the direction angle of 1°. Rotation
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speed of RLS was 24 rpm, and discrete period was 2.5
seconds.

b) Vaisala WXT520 meteorological station did the
duty of measuring wind speed and direction, ambient air
temperature, relative humidity, atmospheric pressure,
and amount of precipitation.

¢) GPS with a positioning system.

The measurement platform was equipped with the
following devices

a) Self-made watertight case with a set of
hydrodynamic pressure Sensors; maximum
measurement frequency was 13 kHz.

b) Submerged hydrodynamic pressure sensors with
an anchor, installing RLS’s field of view in the specified
range from 30 to 60 degrees (to avoid the shadows from
the buildings on the shore).

Fig. 1. Ray tracing scheme of the . “River” RLS
during the experiment conducted in Cape Svobodni
in 2019

The cooperations of the multi-agents in the Sakhalin
Island created the formation of radiolocation scan
system in 2019. Brief scheme of RLS installation is
shown in Figure 1.

RLS emitter covered the horizontal detection area
from 30 to 60 degree and from 500 to 1000m from the
emitter point.

Self-recording quartz pressure transducer APB-K14
was used to determine the water pressure at the point of
observation. This device provides the sea level
parameters, sea wave height, with a high resolution in
real time, and transmits the data through the connected
cable system. The transducer APB-K14 is equipped with
quartz pressure and temperature transducers, as well as
output for external device control. However, when such
transducers are used in the field, their backgrounds
should be reminded.

By the quartz transducer, pressure and temperature
are converted into electrical signals, where quartz crystal
will oscillate at a particular frequency when a driving
signal is applied to the crystal. As physical properties of
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the crystal change, because of changes in temperature
and pressure, the oscillation frequency changes. In
quartz transducers, the oscillation frequency is measured
and converted to electrical signals which vary as the
pressure and temperature applied to the crystal varies.
APB-K14 equips with an automatic checking unit.

While the transducer APB-K14 was installed in
stationary mode on the bottom of the sea or fixed at a
certain depth of water, the transducer provided the wave
climate data during the whole period of the observation.
The data were collected and extracted for the analysis of
wave parameters.

For the present, both of remotely obtained data (Table
1) and on-site data (Table 2) of coastal waves were
recorded and stored in a temporary data file. As clearly
shown in Table 1, the remotely measurements contain a
difficulty in carrying out calibrations of the recorded

data.

Table 1. Equipment for remotely measurements

Measurement . Measurement .
Equipment . Disadvantages
type items
Radio Wave height, Calibration of
detecting and speed and devices with
ranging direction of the use of real
0 equipment flow, surface data is
._E (RLS) wind required
=
3 Calibration of
w . .
=} devices with
Q
] the use of real
i Pollution of data at the
g water certain point
2 Lidar system environment of research is
6} .
and the coast, required
wave breaking Low range of
operation
(compared to
RLS)
Inability to
conduct
continuous
long-term
o o Speed and e-te
S £ . . S research in the
B=is) Radiolocation direction of .
s £ . chosen field.
g 3 device flow, surface . .
< 2 wind speed Calibration of
P devices with
the use of real
data is
required
Ocean surface
altitude, surface Inability to
. wind, wave
Altimeter . cor_lduct
height. continuous
Film long-term
2 %D contamination | research in the
° g chosen field.
3 2 Fil Calibration of
. . ilm . .
Radiolocation contamination. devices with
synthesis of the . | theuse of real
surface wind, data is
aperture height ata 18
wave height. required

On the other hand, the in-situ measurements also
have weaknesses. The area of measurements is limited
(Table 2). Together with them, as most of the
measurement devices require their power sources. The
autonomous mobile measurement platforms will
relatively be superior in operations of long-term wave
climate research in the remote areas of the coast, even at
hard-to-reach locations.

In-situ experiments, subaqueous pressure sensor was
installed in the sensor system, for the necessity in
correlation with the RLS operation and by comparison
of the intensity of reflected signal with the right data of
wave height in a certain point [Young et al.] Submerged
hydrodynamic pressure sensor installed on the sea
bottom with a weighting attachment was used to
compare the intensity of the reflected signals with those
of the real wave height.

Taking account of the development in hardware and
software systems for observations and analyses of sea
wave climate, the utilization of the autonomous mobile
platforms will currently be relevant. This system is
capable of evaluations of the wave climate of the remote
areas in the coastal zone as mentioned above.

For the moment, an easy-handling data storage system
is vital for the long-term coastal data, both of wave and
meteorological ones, while the authors are giving
thorough consideration to the final data format.

Table 2. Equipment of on-site measurements

Equipment Measurements Disadvantages
Floating beacon Statistical and Small area
with an spectral measurement
accelerometer characteristics of Possibility of losing
Floating beacon waves, velocity and the device
with a hydrostatic direction of the wind,
pressure sensor velocity of the flow
Floating beacon
with a hydrometric
flowmeter
Small area
measurement
There is no real-time
Subaqueous Wave height, flow data transfer in the
pressure sensor velocity autonomous
systems.
Possibility of losing
the device
Small area
measurement

There is no real-time
data transfer in the
autonomous
systems.
Possibility of losing
the device
Point measurement
Construction
fragility

Acoustic pressure
sensor

Wave height, flow
velocity

Capacitive wave
gage
Resistive wave gage

Wave height

The autonomous mobile platforms, equipped with
sensor arrays, have a capability of performing panoramic

19



Okhotsk Sea and Polar Oceans Research

observations of environmental phenomena in the coast,
as well as in the flooded zones. The systems are
appropriate for a long-term installation through being
capable of recording uninterrupted data and the ability to
cover the observation areas at several hundred meters
away from the shoreline, which can pursue research in
the coastal zone at any time and beyond the initial scope.
However, it should be noted that the trustworthiness of
the data received via the contact method of floating
beacons, capacitance wave gages, and subaqueous
pressure sensos depends on the natural conditions at the
time of measurements [Rodin et al. 2016].

4. Data visualization

Self-made software (the development is in progress)
can read the recorded dump files of the performed
experiments and select separate snapshots of analyzed
intensity as the results of RLS operation. The software is
also capable of extracting the data package in the format
in accordance with the following specification:

Specification:

The cartesian file data contains Cartesian coordinates
and intensity. The columns are written in the following
order: X coordinate, Y coordinate, I signal strength.

The polar file data contains the polar coordinates of
the current segment together with signal strength. The
columns are written in the following order: R vector
(radius and the number of readings on the beam), angle
@, I — signal intensity.

APB-K14, with its hardware and software, by using
RLS calibration factors, provided the visualized data, as
shown in Fig.2. The procedure of producing significant
wave heights require the RLS calibration factors. The
procedure does not much time for the processing.

12.07.2019

Pressure, mmH20
-

Time, lUT(,‘ o
Fig. 2. Example of APB-K14 data visualization

The observation system was set up in stationary mode
on the bottom of the sea or fixed in water layer and
providing coastal data during the whole period of
research. The coastal wave data parameters were
extracted from the recorded data and analyzed.

Visuization procedure generates the dump file, about
6-10 GB in the present case. Juts for an example, Fig.3
shows visualized dump files of the Mikran RLS. Cape
Svobodni case in 2019.
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Fig. 3. Visualization of dump files recorded during the
experiments of recording the Mikran “River” RLS.
Cape Svobodni, 2019.

5. Conceptual design of the database

A database is indispensable through the
visualization procedure of coastal wave, although it
might simply be an easy-handling one.

We live in an age when the most of information are
transmitted and exchanged each other in wireless
systems. The coastal wave data around the Sakhalin
Island obtained by bearing hardship should be
accessible to any person’s and organization’s demands
with relation of the other data.

A relational database has been used in a wide
range of data and is rated it matured and reliable.
Especially, a well-designed database will enjoy
several benefits and strengthen it with other big
database such as the World Ocean Database (WOD)
that is world’s largest collection of uniformly
formatted, quality controlled, publicly available ocean
profile data. The authors find the prospect of the
relational database. The relation with the WOD will
raise up the authors’ database to the larger one, which
will lead to apply the machine learning tool, and even
deep learning in future. The deep learning would be
able to improve the accuracy of satellite microwave
sensing data.

The initial database composes of the materials for
2016-2017 on coastal wave climates.

6. Conclusion

The authors described the approaches to respond
scientific and technological demands around the
Sakhalin Island with the use of software and hardware
measures of observations. In particular, the
systematically developed autonomous mobile platforms
equipped with sensor arrays worked well. The field
experiments performed with those platforms were
finished successfully in the vicinity of the Cape
Svobodni in Mordvinova bay of the Island of Sakhalin,
in 2016-2019. The authors confirm that the algorithms of
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processing of recorded data through the experiments
operated well. A large amount of oceanographical and
meteorological data were obtained and preserved in the
storage files.

In the case of extremely high waves, stormy weather,
and especially high and low tides, the platforms were
found useful. Two normative modes, summer-mode, and
winter- mode, are arranged for the platforms.

To respond rapidly advance in marine observation
technology, further developments of instrumentation and
algorithm have been planned. The first term will begin
early in 2023.

The stored materials should be publicly available
coastal marine profile data. World Ocean Database is
good guide to establishment of the coastal Sakhalin
Island database, as the WOD is one of the largest and
trustworthy relational databases.

The authors has just stood at the starting point of
composing the relational database of the coastal marine
climates around the Sakhalin Island.
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Abstract

Seasonal variations of the Bering Slope Current (BSC) and eddies were discussed by analyzing an
ocean general circulation model output. The model simulates the seasonal variations of the BSC
realistically, in which the BSC flows along the shelf break over the slope in winter, and moves off-slope
during spring and summer. Eddies start growing in winter, resulting in the BSC’s separation from the
shelf-break. The eddies grow as a result of baroclinic instability owing to the deepening of the main
pycnocline of the BSC in winter, which is likely to be affected remotely by the deepening of the Alaskan

Stream in the Gulf of Alaska.

Key words: Bering Slope Current, eddies, baroclinic instability

1. Introduction

The Bering Sea located between Siberia and Alaska.
While the northeast portion of the sea is a wide and
shallow continental shelf, its deep portion of the sea is
divided into three connected deep basins and the largest
one is the Aleutian Basin (Fig. 1 upper panel). The
Bering Slope Current (BSC) flows over a steep slope that
connects the continental shelf and the deep basin (Fig. 1
lower panel). The BSC is known as the Green Belt where
the biological production is active throughout the year
(Springer et al., 1996). It was suggested that the high
biological production would be supported by mixing
along the BSC between nutrients originating in the deep
basin and iron from sediments over the shallow
continental shelf due to tidal mixing and eddies (e.g.
Tanaka et al., 2017).

The BSC exhibits distinct seasonal variations observed
by satellite altimetry (Ladd, 2012). During winter, the
BSC is strong and tightly confined to the continental
slope. The BSC starts broadening and moves off-slope
during spring and reaches the deep basin in summer. It
appears that anticyclonic eddies drive the evolution of
the BSC; the eddies grow during spring when the BSC
moves off slope, and are matured in summer when the
BSC reaches the deep basin (Ladd, 2014; Okkonen,
2001; Mizobata et al., 2002). These anticyclonic eddy
generation is likely associated with shelf-break canyons
called Navarin Canyon, Zhemchug Canyon, and Pribilof
Canyon (Fig. 1 lower panel). However, it is not known
why the BSC exhibits such a distinct seasonality as
described above and its relationship with eddies.
Specifically, the questions are:

*  Why does the BSC move from the slope into the
deep basin during spring?

*  How do eddies form and grow? What are roles of
eddies in the BSC evolution?

¢  What are the energy sources of the seasonal
evolution of the BSC?

We addressed these questions by analyzing an ocean
model output by Matsuda et al. (2015).

2. Data

The model output by Matsuda et al. (2015), based on
an ice-coupled ocean general circulation model (OGCM)
developed at the Atmosphere and Ocean Research
Institute, the University of Tokyo, was used to analyze
the BSC. The horizontal coordinates is finer than 3km in
the northwestern continental shelf in the Sea of Okhotsk,
while it becomes approximately 10 km in the Bering Sea
(Matsuda et al., 2015). Vertically 7 sigma coordinate
grids were arranged shallower than 35m, under which 77
level coordinates are assigned. This model adopts the
turbulence closure scheme (Noh and Kim 1999) to
simulate the evolution of the oceanic surface and bottom
boundary layers. Ocean and sea ice were driven by
atmospheric forcing calculated from Ocean Model
Intercomparison Project (OMIP) Ver. 6. The tidal forcing
of the K1 is applied to the momentum equation. Readers
may find detailed information on the model in Matsuda
et al. (2015).
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Fig. 1 (Upper) Geography of the Bering Sea (adopted from Foreman et al.,
2006). (Lower) Location of the Bering Slope Current and key geographical
names in this study. Grey shade denotes the ocean depth.

3. Overview of modeling results

Figure 2 displays a seasonal march of the surface
current of the BSC reproduced in the model. The
seasonal march of the model well represents variations
observed by satellite (Ladd, 2012, 2014). The BSC is the
strongest in winter (January to March). It flows over the
slope adjacent to the shelf break. The BSC starts
separating from the slope, with weakening its strength
(April-June). Then, the BSC reaches the deep basin,
although the mean current field becomes relatively weak
compared with the BSC’s amplitude of other seasons. In
summer (July-September) the BSC is located at
approximately 3 degrees away from the slope. Then, a
new BSC starts forming along the slope in fall (October-
December).

This seasonal march resembles closely to the BSC’s
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seasonality in reality (Ladd, 2012). The off-slope speed
of the BSC axis propagation (depicted by the meridional
surface current) along an observation line off the
Zhemchug Canyon is approximately 0.013 m s from
February to July (Fig. 3), consistent with satellite
observations (Okkonen, 2001). This off-slope
propagation of the BSC is likely associated with the
growth of clockwise eddies along the slope during spring
to early summer. Figure 4 displays isopycnal depth
anomaly from the annual mean on the 27.0 ¢, in which
we can find anticlockwise eddies’ development along the
slope. We also find a current reversal in Fig. 3 that
develops from April until October, indicating that a
stationary eddy forms over the continental slope off the
Zhemchug Canyon. Similar eddy development is found
off the Pribilof Canyon and Navarin Canyon as well.
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Figure 4 indicates that during winter, a positive depth
anomaly as large as ~40 m is present over the slope
confined to the shelf break, while a negative anomaly of
~ -40 m exists off-slope. This corresponds to a steep
inclination of the pycnocline, i.e. the pycnocline front,
where the BSC flows in February. The area of the
positive depth anomaly broadens during spring and
summer, resulting in the pycnocline deepening away
from the slope. The negative anomaly ahead of the
positive anomaly propagates westward as well, keeping

12 13 14 15

Fig. 2. Seasonal mean of the surface
current speed along the shelf break in
the Bering Sea. Seasonal evolution
of the BSC is shown.

cm/s

a steep pycnocline front in-between. On the other hand,
a substantial shoaling appears along the shelf break
during summer and it broadens westward in fall.

A vertical section of the velocity and density field
along 57.5°N reveals that the BSC has a baroclinic jet
structure in which the isopycnals of 26.8-27.4 o¢ incline
toward the slope during autumn and winter (Fig. 5). In
November, the BSC emerges approximately at 175°W
tightly confined to the shelf break with the inclination of
the isopycnals toward the slope. The BSC broadens to
176°W in February keeping the baroclinic jet structure.
The current is quite deep. It flows northward with a
speed as high as 0.03 ms™ at a depth of 1000m, which is
consistent with observations by Argo floats (Johnson et
al., 2004). Nevertheless, a southward flow can be
observed below 600 m immediately adjacent to the slope.
In May, the BSC start separating from the shelf break,
developing a current reversal in the in-slope side. The
BSC moves into the deep basin completely in August.
The isopycnals exhibit a bowl shape between 174°W and
179°W, indicating the presence of a stationary
anticyclonic eddy. The BSC is recognized as a northward
current at 179°W along the limb of the stationary eddy.
The BSC’s vertical extent is shallower than the BSC in
winter.

Anticyclonic eddies with a diameter of 200 km are
prominent in a snapshot flow field, consistent with
satellite observations (Ladd, 2012). The horizontal scale
of eddies is closely related to the scale of the canyons.

As described above, the present model simulates the
BSC well. Therefore, the model output was utilized to
analyze the seasonality of the BSC and associated eddies.
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4. Eddy generation in shelf-break canyons

We first describe eddy generation processes in the
Zhemchug Canyon region (Fig. 6). The BSC flows along
the shelf break in mid-February. An anticyclonic eddy
starts growing in early March, when the flow is separated
from the shelf break in the upstream region of the canyon,
because of inertia due to intensification of the BSC. That
is, the BSC flows a deep portion of the Zhemchug
Canyon. Triggered by this flow separation, the eddy
grows to a significant amplitude by early April, and
hence, a typical time scale of the eddy growth is of the
order of one month. The eddy further grows during
spring, thereby pushing the BSC farther off-slope. Since
a depth front of 27.0 66 in mid-March is advected by a
barotropic flow, as seen approximately at 57°N, 175°W,
the eddy growth and the off-slope movement of the BSC
would be caused by baroclinic instability.

Here we examine time scale of the eddy growth in the
Zhemchug Canyon seen in Fig. 6 in which a typical time
scale of the eddy growth is one month. We use a quasi-
geostrophic two-layer model for the upper- and lower-
layer stream function ¥; and 1, , where layer
thicknesses are H; and H,, and the along-slope mean
flows are U; and U,, respectively. For simplicity, we
consider a channel over a -plane with a typical Coriolis
parameter f;, in which the coastline is rotated by 0 from
the zonal direction; 6 * —45° for the BSC. Then we

obtain
( + Ul ax) qi

where the subscript i = 1,2 denotes the upper- and
lower-layer variables, and t, x and y denote time, the
along-slope and on-slope directions, respectively. g; and
Q; are perturbed and ambient potential vorticity

'_vzl/)l Rz(l/)i_l/)j)' l=1,2,j¢i,
d

LU fos Ofori=1
22— (ooso + (—1)' 2+ 8 2%) y, 85 = (OO0 L2 0}

4Qi oY _
+dy ax_oa (l)

where s denotes a slope, and Uy = —(U; — U;). Note

that U; >0 for the BSC since U; <O .
stratification parameter of each layer
R2 = g'H;
L f02

where g’ is the reduced gravity between the two layers.
Here, we assume a gentle slope, i.e., Rys < H{ + H;, so
that the quasi-geostrophic assumption is valid. This
assumption is justified by a fact that the BSC in February
flows deep part of the Zhemchug Canyon. Assuming a
plane wave solution 1; « e**=¢D where k is the wave
number and c is the eigenvalue of the coupled equation
(1), we will obtain a growth rate kIm(c), where Im(c)
is the imaginary part of the eigenvalue.

R; is a

0.12
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0 0.5 1 1.5 2

2tk /R,

Fig. 7 Scaled growth rate kIm(c)Ug/R; vs
scaled wavenumber 2mR, /k.

kIm(c)R,/Us

Figure 7 displays a growth rate for Ug = 0.05 ms™,
H, =800 m, H, =2200 m, g’ =9.8%x7.0x107*
ms?, fo=12%x10"* s', p=12x%x10""* s'm! at
57°N. In this case, R; = 1.9 x 10* m. As for a current
with U; = —Ug and U, = 0, then U; = 0.05ms™' gives an
observed transport 4.0 Sv of the BSC (e.g. Johnson et al.,
2004) if a width of 100 km and a depth of 800 m are
assumed. Figure 7 indicates that a scaled maximum growth
rate is typically 0.1 at a typical (scaled) wavenumber 1.0.
Hence, a time scale for the eddy growth T =
[kIm(c)]_lbecomes T =~ R,/(0.1U,) = 44 days at a wave
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length A = 2nmR;/1.0 = 120 km. These values are
consistent with the simulated results (Fig. 6) as well as
satellite observations (Ladd, 2012, 2014). This implies
that the eddy growth of the seasonal time scale would be
caused by baroclinic instability due to potential energy
release associated with the main pycnocline.
To examine the energy source of the eddy growth
further, the baroclinic energy conversion rate
BC = pip'w', (2a)
0
and the barotropic energy conversion rate
—5 00 —— 00 | OU, 550D
BT= — u/2 a _ ulvr(a + 5 _ UIZ a’ (2b)
(Qiu et al., 2015) were calculated at 200 m. Here, the
mean values are defined as the 8-year mean of each
month, while the prime denotes deviation from the mean.
Since the present simulation is driven by the monthly
climatological forcing, the mean values here represent
seasonal variations of the BSC and the perturbations
represent intra-seasonal variations caused by eddies. The
baroclinic energy conversion (equation 2a) occurs along
the BSC axis of each month. In February, the region of
high conversion rate occurs along the slope where the
BSC flows (Fig. 8), consistent with the theoretical results
that implies baroclinic instability. The region of the high
baroclinic conversion moves off-slope during spring and
summer along with the BSC axis propagates off-slope.
Intra-seasonal eddies are maintained or even intensified
toward summer likely as a result of this continual energy
conversion due to baroclinic instability. The barotropic
energy conversion rate (equation 2b) is, on the other
hand, one order smaller than the baroclinic conversion
rate. Therefore, most of EKE stems from the mean

potential energy associated with the main pycnocline of
the BSC, that is, inclination of the pycnocline toward the
slope.

5. Puzzles in the off-slope BSC propagation

What is the mechanism for the westward propagation
of the BSC and eddies? We have not succeeded in
explaining its mechanism. We first examined whether
the westward propagation of annual Rossby waves is
possible. The maximum frequency for the baroclinic
Rossby wave to exist is

1

Omax = EBRC (3a)
where R. = ¢, /[ is the Rossby radius of deformation in
which ¢, is the internal gravity wave phase speed.
Annual Rossby waves are present if the angular

frequency corresponding to one year .y, is smaller
than w4, Equation (3a) condition yields

1
EﬁRC > Qann

or
R, > 2Qunu/B ~32.0km (3b)

to be necessary for the existence of Rossby waves.
However, the condition (3b) cannot be satisfied in the
Bering Sea because R, = ¢4/, is evaluated as 16.4 km
based on ¢y = 2.0 ms™! (e.g. Killworth et al., 1997), and
hence R, < 2Q,,,/B. That is, the existence condition
(3b) is not satisfied with respect to the annual period
Rossby waves. In conclusion, the annual signal at the
shelf break hardly propagates westward as an annual
baroclinic Rossby wave train.
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We also noticed that the propagation of long Rossby
waves does not give the answer neither; ¢, = 2.0 ms’!
(e.g. Killworth et al., 1997) implies an estimation of the
phase speed of the long baroclinic Rossby wave ¢ =
—Bcyfy 2 tobe-0.3x102 ms™! for fy = 1.2 x 107* 57!,
and B =12x%x10"1 s'm! at 57°N. The offshore
propagation speed in the numerical models is 1.3 X 10
ms™ (see Fig. 3), which is faster than the long Rossby
waves’ estimation. The analyses above suggest that the
linear wave theory would not be appropriate for the
westward propagation of waves/eddies. Nonlinearity
should be taken into account. We are seeking its proper
mechanism.

6. Conclusion and discussion

Seasonal variations of the Bering Slope Current
(BSC) and eddies were discussed by analyzing an
OGCM output. The model output simulates the seasonal
variations of the BSC realistically; the BSC flows along
the shelf break over the slope in winter, and moves off-
slope during spring and summer. Eddies start growing in
winter in the shelf-break canyons and cause the BSC’s
separation from the shelf-break. The eddies obtain
kinetic energy converted from potential energy
associated with deepening of the main pycnocline of the
BSC. The growth rate of the eddies is the order of 1
month. A linear baroclinic instability theory with a
sloping bottom can explain this slow growth.

Offslope propagation of the BSC, observed by satellites
as well as simulated by the OGCM, is still puzzling. An
annual baroclinic Rossby wave is not able to exist
because their maximum frequency . 1s smaller than
the frequency associated with the annual oscillation.
Further, a linear long wave is far slow compared with the
propagation speed of the observed and simulated
westward propagation. Therefore, the linear theories are
not appropriate for the BSC’s offslope propagation in the
OGCM as well as in reality; nonlinear effects would be
important.

The seasonal variation of the BSC is correlated with
the deepening of isopycnal levels adjacent to the slope in
winter (see Fig. 4). Thus, it is important to understand
the mechanism of the wintertime isopycnal deepening to
elucidate the BSC’s seasonality. One hypothesis is a
remote effect of wind forcing in the Gulf of Alaska; the
BSC’s deepening is apparently correlated with
pycnocline deepening along the coast of Gulf of Alaska,
which is likely caused by intensified wind stress due to
the Aleutian Low. The isopycnal depth anomaly along
the shelf break in the Bering Sea can be traced back to
the Alaskan Stream via the Aleutian Islands (Fig. 9).
Coastally trapped waves may be an agent to link the
anomaly between the Gulf of Alaska and the Bering
Slope. The study is now underway.
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Abstract

Rikubetsu (43.5°N, 143.8°E) lies to the east of the central mountain range in Hokkaido, and is
separated from the Sea of Japan side where there is a lot of snowfall due to the flow of moist air across
this sea. Snowfall in Rikubetsu is primarily associated with synoptic-scale disturbances that move
around Hokkaido during the winter season. This study investigated the diurnal variations in precipitation
and cloud formation in Rikubetsu in the winters of 2013—-2014 and 2014-2015. The results showed that
the diurnal precipitation cycle had early morning and afternoon modes throughout the winter of 2013—
2014, and a single, early morning mode in the winter of 2014-2015. However, examining only days
with low precipitation intensities that were not markedly affected by synoptic-scale disturbances
revealed that the early morning and afternoon modes appeared in both winters. The afternoon mode is
associated with mountain-valley breezes, with cloud formation beginning in the morning and
precipitation occurring in the afternoon. The mechanism for the early morning mode is left for future

studies, but it does not involve the development of clear-sky precipitation due to radiative cooling.

Keywords: snowfall, precipitation, cloud, diurnal variation, Rikubetsu

1. Introduction

The accurate measurement of snowfall is affected by
factors such as the capture rate of snow particles by
instruments, which decreases as the wind speed
increases, and the evaporation of captured snowfall
before it can be measured. In an attempt to quantitatively
clarify and correct for these factors, the World
Meteorological Organization (WMO) conducted three
international projects titled, “Solid Precipitation
Intercomparison Experiment (SPICE)”. We participated
in the most recent SPICE project using data collected at
our observation site in Rikubetsu (Hirasawa et al., 2018)
during the winters of 2013-2016 (e.g., Nitu et al., 2018,
Qiu, 2012).

Rikubetsu (43.5°N, 143.8°E, 217 m above sea level)
is located on the eastern side of the central mountain
range in Hokkaido (Fig. 1a). The mountains separate the
site from the Sea of Japan side of the island, which
typically experiences heavy snowfall during the Asian
winter monsoon. The winter monsoon is characterized
by cold air being blown from the Eurasian continent
toward the Pacific Ocean. The air becomes moist as it
crosses the Sea of Japan and causes snowfall on the
windward side of mountain ranges as it passes over the
Japanese archipelago (e.g., Manabe, 1957). During the

heavy snowfall on the Sea of Japan side of Japan during
the winter monsoon, most of the areas on the Pacific
Ocean side of Japan, including Rikubetsu, generally
experience clear skies. Snowfalls in Rikubetsu are
mainly due to frontal activity associated with synoptic-
scale disturbances passing through the region, which is a
common feature of the snowfall/precipitation on the
Pacific Ocean side of Japan in winter. As a result, the
cumulative precipitation in areas on the Pacific Ocean
side of Japan is lower than that on the Sea of Japan side.
For example, the amount of cumulative precipitation in
Rikubetsu was approximately 150 mm for the period
from December 2013 to March 2014 (2013-2014
winter) and 300 mm from December 2014 to March
2015 (2014-2015 winter), while the regions on the Sea
of Japan had approximately 1,000 mm of precipitation
during the same time period.

Rikubetsu, which is a slightly elevated area that
extends from Kitami city in the north to Obihiro city in
the south, is one of the coldest areas in Japan (Sorai et
al., 2016), with daily winter minimum air temperatures
often reaching approximately -30°C. The area is also
characterized by clear-sky precipitation (so-called
diamond dust) during the coldest hours of the evening
(i.e., from midnight to early morning), which occurs due
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to radiative cooling. This phenomenon may result in
diurnal variation in precipitation, but the underlying
mechanisms have not yet been investigated in detail.

Most studies on the diurnal variation in precipitation
have been conducted in the warm season or at lower
latitudes, such as the in the subtropics (e.g., Watters et
al., 2021), and the process of such events is typically
discussed in association within the context of land-sea
breezes or mountain-valley breezes. Watters et al. (2021)
emphasized the importance of improving the
representation of precipitation amount and frequency in
climate models, including in the diurnal cycle.

Oki and Musiake (1994) and Fujibe et al. (2006)
investigated the diurnal precipitation cycle in Japan.
Both groups reported three types of diurnal variation: a
single maximum in either the early morning or in the
afternoon, and maxima at both times. However, as the
analyses of both studies had relatively few observation
points in Hokkaido —two in the former study and one in
the latter study— their findings are considered to be
insufficient for generalizing the features of snowfall in
inland Hokkaido. Nonetheless, their results are helpful
for this study. Noh et al. (2004) reported a diurnal cycle
in snowfall around Wakasa Bay, on the Sea of Japan side
of Honshu, the main island of Japan. Maximum snowfall
was observed over the land during the daytime and over
the ocean at night in association with localized land-sea
breezes.

In order to better understand the climate of cold
regions, it is important to estimate the quantitative
contribution and mechanisms of diurnal variation in
precipitation and moisture circulation. However, our
knowledge of the current situation in Hokkaido in winter
is lacking. This study therefore investigated the diurnal
variation in precipitation and cloud formation in
Rikubetsu in the winters of 2013-2014 and 2014-2015
which were treated as being representative of inland
conditions on the Pacific Ocean side of Hokkaido.

2. Observations

We have been conducting snowfall and
meteorological measurements at the observation site in
Rikubetsu since 2012 (Fig. 1b). The data used in this
study were collected using a ceilometer (CT25K, Vaisala,
Finland; Fig. 1c), a snowfall weighing gauge (T-200B,
Geonor, Norway; Fig. 1d) (referred to as Geonor), a
disdrometer (Laser Precipitation Monitor (LPM), Theis,
germany; Fig. le), and a meteorological sensor
(WXT530, Vaisala). The Geonor measurements
provided the reference data for the SPICE project.

The ceilometer recorded the cloud-base height and
vertical profile of backscatter intensity every 15 s. The
LPM recorded the precipitation intensity derived from
laser attenuation measured every 1 min. The Geonor
recorded the precipitation intensity based on changes in
the weight of captured and cumulative precipitation in
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the gauge every 1 min. Understanding the differences in
measured snowfall intensities between various
instruments was one of the aims of the SPICE; however,
such comparisons were beyond the scope of this study,
which used the Geonor to check the measurements by
the LPM. The main instrument used to measure
precipitation in this study was the LPM because most
snowfall in Rikubetsu was light, and the LPM detected
light snowfall better than the Geonor.

The WXT530 meteorological sensor was used to
measure pressure, temperature, relative humidity, wind
speed, and wind direction every 15 s. The wind sensor
was of the ultrasonic type. Since the temperature and
humidity sensors employ natural ventilation, the
temperature may have been overestimated when
insolation was high and wind speeds were low. However,
these factors were not considered to be problematic in
this analysis because we did not perform quantitative
evaluations, such as heat balance calculations.

The observation periods were December 1, 2013—
March 31, 2014 and December 1, 2014—March 31, 2015,
with a start date of December 15, 2013 for the
meteorological observations.

(a) (b) Observation site

I S T

Hokkaido Geonor

l Double-fence
wind shield
M

)
Rikubetsu

The Sea of The Pacific

o l Double-fence
Japan Ocean

witid shield.

Google

Fig. 1 (a) Map of Hokkaido showing Rikubetsu and
topography  of region. (b) Landscape
surrounding observation site. (¢) Ceilometer. (d)
Geonor within double-fence windshield. (e)
Disdrometer.

3. Precipitation and cloud formation
3.1 Precipitation amount

Figure 2 shows the time series of precipitation
intensity and cumulaive precipitation for the two winters.
The cumulative precipitation increased step-wise at
higher precipitation intensities, mainly due to synoptic-
scale disturbances around Hokkaido. The cumulative
precipitation measured by the LPM and the Geonor
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differed slightly. Nonetheless, the timing and magnitude
of the step-wise increases were consistent with each
other, except for an event on December 17, 2014.

The total snowfall measured by the LPM in the 2014—
2015 winter was 384.4 mm, nearly twice the value of
221.5 mm for 2013-2014. The 2014-2015 winter had
more frequent and larger precipitation events than those
in 2013-2014.
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Fig. 2 Time series of cumulative snowfall (mm water
equivalent (w.e.)) measured by LPM, Geonor, and
precipitation intensity (mm/hr w.e.) measured by LPM
(a) for 2013-2014 winter and (b) for 2014-2015 winter.

3.2 Diurnal variation in precipitation

Figure 3a shows the diurnal changes in hourly
cumulative precipitation for each of the two winters:
while the winter of 2013—2014 had a bimodal variability
with local maxima in the early morning and afternoon,
the winter of 2014-2015 had a broad peak from 22:00 to
8:00 with a local maximum from 7:00 to 8:00.

The analyses by Oki and Musiake (1994) and Fujibe
et al. (2006) show that the early morning and afternoon
modes tend to appear in the diurnal cycle of precipitation
in Japan. In this analysis of the two winters, the early-
morning mode was observed frequently in both winters,
while the afternoon mode appeared only in the 2013—
2014 winter.

Although the passage of synoptic-scale disturbances,
which is the main cause of precipitation in Rikubetsu,
should be independent of the diurnal precipitation cycle,
the findings suggest that the atmospheric circulation
associated with synoptic-scale disturbances may be
influenced by the diurnal cycle.

Next, we examined the diurnal cycle of precipitation
events that were not related to synoptic-scale
disturbances, including relatively intense precipitation

of 0.5 mm/hr or more. Therefore, days with weak
precipitation intensity (minor precipitation days) were
selected based on the following two criteria: 1)
precipitation did not exceed 0.5 mm/hr on that day; 2)
precipitation on that day was not an extension of a
precipitation event of 0.5 mm/hr or more that started on
the preceding day, or that extended to the following day.
Minor precipitation days numbered 36 days in the winter
0of 2013-2014 and 30 days in the winter of 2014-2015.
The total precipitation attributed to these minor
precipitation was 10.7 mm (4.8% of the winter total) and
5.3 mm (1.4%), respectively.

Figure 3b shows the diurnal cycle in hourly
cumulative precipitation for these minor precipitation
days. Both winters had a bimodal variation pattern, with
early morning and afternoon modes. The results
suggested that afternoon precipitation is stronger than
early morning precipitation when synoptic-scale
disturbance effects are relatively weak and diurnal
forcing is more strongly in effect.
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Fig. 3 Diurnal cycle of hourly cumulative precipitation
(mm) during winter, (a) for all days in 2013—
2014 and 2014-2015 winters, and (b) for days
with minor precipitation in 2013-2014 and
20142015 winters.

3.3 Diurnal variation in cloud formation

Figure 4 shows the diurnal cycle of clouds in the lower
troposphere (<3000 m elevation) as detected by the
ceilometer. The vertical axis is the number of days when
clouds were detected at that time during the study period;
i.e., data for all 121 days from December to March are
shown in Fig. 4a, and data for all 36 (30) days with minor
precipitation during the 2013-2014 (2014-2015) winter
are shown in Fig. 4b.

For all days in the 2013-2014 winter (Fig. 4a), the
number of days with clouds increased from 9:00 to 10:00
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(JST) and decreased from 17:00 to 18:00. There were 60
to 70 days when cloud formation occurred during the
daytime, and 40 to 50 days when cloud formation
occurred at night. The number of days with clouds
during the daytime was about 1.5 times that at night. On
the other hand, in the 2014-2015 winter, a small-
amplitude diurnal cycle appeared with more frequent
(approximately 60 or 50 days) cloud formation from
midnight to early morning from late morning to evening.

The main features in Fig. 4b are the same as those in
Fig. 4a. In the 2013-2014 winter, the afternoon mode
was more pronounced for the minor precipitation days
(25 days, 69%) than for all days (72 days, 60%). In the
winter of 2014-2015, although an afternoon mode did
not appear for minor precipitation days, there was a
relative increase in the ratio of minor precipitation days
(21 days, 70%) in the afternoon compared to all days (58
days, 48%), which may be related to the afternoon mode
of precipitation.

The difference between the two winters in the diurnal
cycle of cloud frequency may be due to differences in the
frequency of synoptic-scale disturbance effects, but
further study is needed.
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Fig. 4 Diurnal cycle of clouds in lower troposphere (i.e.,
<3000 m elevation) as detected every 10 min by
ceilometer, (a) for all days in 2013-2014 and 2014—
2015 winters, and (b) for minor precipitation days
in 2013-2014 (36 days) and 2014-2015 (30 days)
winters.

4. Discussion
4.1 Afternoon mode

Figure 5 shows a time-altitude section of the
backscatter coefficients observed using the ceilometer
(Fig. 5a) and the time series of cumulative precipitation
observed by the LPM (Fig. 5b) on February 7, 2014,
which was one of the minor precipitation days. The
ceilometer was used to continually observe clouds with
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relatively intense backscatter coefficients from 10:00 to
21:00 at altitudes below 3000 m. Touchdowns of the
ceilometer signals with the ground indicate precipitation.
The LPM detected precipitation from 15:00 to 18:00, but
no precipitation was detected at 12:00 and 13:00, when
the backscatter coefficients were relatively weak. On the
other hand, no precipitation was detected by the LPM
when relatively strong backscatter was detected around
20:00; however, it is possible that this was associated
with fog. In this case, cloud formation began around
10:00, with relatively strong precipitation observed after
15:00. These features are representative of the daytime
mode of cloud formation seen during the 2013-2014
winter season (Fig. 4a) and the afternoon mode of
precipitation (Fig. 3b).
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Fig. 5 Daily time series of clouds and precipitation on
February 7, 2014. (a) Time-altitude section of
backscatter  coefficients  determined by
ceilometer. The color bar shows the magnitude
of the backscatter coefficients. (b) Time series of
hourly cumulative precipitation observed by
LPM.

Figure 6 shows hourly changes in air temperature,
relative humidity to ice (Fig. 6a), wind speed (WS), and
wind direction (WD) (Fig. 6b) on February 7, 2014.

At approximately 7:00, when the temperature began
to rise, the wind speed decreased, and the wind direction
became less constant from the west at night. At
approximately 10:00, when clouds began to form, the
wind speed increased and the wind direction became
constant to the south-southwest. The daily variation of
this wind system represents the mountain-valley breeze
cycle. Further, the formation of clouds during the
daytime and precipitation in the afternoon can be
attributed to the diurnal cycle in this wind system. On the
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other hand, the wind direction is from the Pacific Ocean,
but the wind speed is weak, which means that the air over
the sea will not reach Rikubetsu during the diurnal cycle
alone.

By the time the relatively strong precipitation
occurred, the wind speed had weakened again, and the
wind direction was not constant. It is considered likely
that the wind was no longer forced upslope at this time
of day. The increase in the relative humidity from 15:00
to 18:00 can be attributed to evaporation (sublimation)
of precipitation particles.

In the event that the precipitation particles evaporate
(sublimate) completely as they fall from the cloud base,
no precipitation would be observed on the ground while
clouds were forming. Such a case was observed on
January 17, 2013, as shown in Fig. 7, which shows a
time-altitude section of the backscatter coefficients
determined by the ceilometer. The ceilometer
continually observed clouds with relatively intense
backscatter coefficients at an altitude of approximately
1500 m from 11:00 to 16:00, with no touchdowns of the
signals on the ground. In this case, no snowfall was
detected by the LPM or the Geonor.
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Fig. 6 Daily time series of (a) air temperature, relative
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4.2 Early morning mode

Figure 8 shows the time series of the cumulative
precipitation amount (mm) measured by the LPM during
5:00-8:00 on the minor precipitation days. Twelve of the 36
minor precipitation days had early morning (5:00-8:00)
precipitation. The precipitation amount during this period
was less than 1 mm on almost all days.

=
=)

January 4

-
.

Precipitation (mm)
o
-
.
.

o
o 2
S ©
=
.
.

1 6 1116212631 5 1015202530 4 9 141924 1 6 11 16 21 26 31
December January February March

Fig. 8 Time series of cumulative precipitation (mm)
measured by LPM during 5:00-8:00 on minor
precipitation days. Subsequent figures show the
data observed on January 4, 2014.

Figure 9 shows a time-altitude section of the
backscatter coefficients determined by the ceilometer
(Fig. 9a) and the time series of cumulative precipitation
observed by the LPM (Fig. 9b) on January 4, 2014,
which is one of the minor precipitation days. The
ceilometer observed touchdowns with relatively intense
backscatter coefficients below 3000 m from 5:00-12:00,
and relatively weak ones from 15:00-20:00.
Precipitation was detected by the LPM during the former
time period.
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Fig. 9 Same as Fig. 5, but for January 4, 2013.

Figure 10 shows the daily time series of air
temperature and relative humidity to ice on January 4,
2014. Temperatures reached their lowest point at around
5:00 when precipitation began. Since this was before
sunrise, the increase in temperature after 5:00 is
considered to be due to the suppression of radiative
cooling by the increase in downward longwave radiation
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caused by cloud formation. The relative humidity was
typically maintained at 100% when there was no
precipitation during the night (see Fig. 6a), but on this
morning, the relative humidity fell below 100% with the
onset of precipitation. In all other cases of early morning
precipitation, the relative humidity was also below 100%
during the precipitation period, implying that the early
morning precipitation observed in this study is not clear-
sky precipitation.
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Fig. 10 Same as Fig. 6a, but for January 4, 2013.

5. Conclusion

Rikubetsu is located on the eastern side of the central
mountain range in Hokkaido, which separates the site
from the Sea of Japan side of the island. Snowfall in
Rikubetsu is mainly brought about by synoptic-scale
disturbances around Hokkaido that occur several times
during the winter season from December to March. This
study investigated the diurnal variation in precipitation
and cloud formation in Rikubetsu in the winters of 2013—
2014 and 2014-2015. The total precipitation in the
2014-2015 winter was nearly twice that in the 2013—
2014 winter, implying that the influence of synoptic-
scale disturbances was greater in the 2014-2015 winter.

The results showed that the diurnal cycle of
precipitation had early morning and afternoon modes
throughout the 2013-2014 winter, but only a single
mode in the early morning in the 2014-2015 winter.
Examining only the days of weak precipitation intensity
(minor precipitation days), which are not considered to
be strongly influenced by synoptic-scale disturbances,
the early morning and afternoon modes appeared in both
winters. The afternoon mode is associated with
mountain-valley breezes, with cloud formation
beginning in the morning and precipitation occurring in
the afternoon. On the other hand, the mechanism
underlying the early morning mode is left for future
studies, but it is not attributed to the formation of clear-
sky precipitation due to radiative cooling.
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