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Abstract  
A manuscript contained in the Moravian Archives, Bethlehem, PA, USA, entitled Observations on 

the weather, giving date, barometer and thermometer readings, etc., Erscheinungsjahr, May 1872 - 
June 1873 provides daily instrumental meteorological observations and weather observations in a 
non-specified missionary station of the Moravian Brethren in Labrador. The daily observations cover 
the time period from 29 May 1872 to 3 July 1873 with an 8-day break in December 1872. According 
to these data, the temperature in this area was, on the average, about 2.6 ° C lower than in present. 

 
Key words: Moravian Brethren, meteorological observations, Labrador, Hopedale 

 
1. Historical introduction 

The Moravian Brethren are a pre-Reformation 
Christian group with its origins in the early 15th century 
Hussite movement in Bohemia and Moravia. After the 
"Battle of the White Mountain" in 1620 near Prague, 
the Moravian Brethren, also named the Unitas Fratrum, 
began to be persecuted by the forces of the 
Counter-Reformation in the Czech Lands. In the early 
1700s, Bohemian survivors migrated to the estate of 
Count von Zinzendorf in Saxony. They took refuge 
there and founded the town of Herrnhut. Driven by the 
incitement of the Count, a vast programme of foreign 
missions to the “heathen” was launched. This included 
Greenland in 1733 (Demarée et al., 2020; Demarée and 
Ogilvie, 2021). An attempt to establish a missionary 
post at Nisbet Harbour (near present-day Hopedale) in 
1752 was aborted due to the fact that the trade agent, 
John Christian Erhardt, and six further members of the 
ship’s crew were killed during trading activities with 
Inuit (Hiller, 1966; Rollmann, 2009). However, further 
exploratory voyages took place subsequently, and by 
1769 a grant of 100.000 acres was acquired from the 
British government. The Moravian Brethren then 
settled finally at Nain in August 1771 under the 
leadership of the Danish missionary Christopher Brasen 
(1737-1774) (Dienerblatt Brasen). 

In the context of the spirit of the Enlightenment, at 
their seminaries the Moravian missionaries were taught 
the natural, social and religious circumstances of a 
country; geography, knowledge of the earth and sky, 
and knowledge of the calendar. This was extremely 
useful for their travel and missionary work (Uttendörfer, 
1916; Macpherson, 1987, p. 31). Within this framework, 

instrumental meteorological observations were carried 
out by the Moravian Brethren at their missionary 
stations. Christopher Brasen travelled to Greenland 
where he undertook daily meteorological observations 
at Neu-Herrnhut [near present-day Nuuk] 
during1767-1768 (Demarée and Ogilvie, 2021). Later 
he began to undertake daily meteorological 
observations at the missionary station of Nain. These 
observations were continued for some 200 years. 
However, because of gaps in this record the series has 
some limitations. Nevertheless, they still provide a 
valuable source of early instrumental historical climatic 
information (Demarée and Ogilvie, 2008; Demarée et 
al., 2020; Ouellet-Bernier et al., 2020). A detailed 
chronology of the observations is provided in Demarée 
and Ogilvie (2008). 

 

 
Fig. 1. Map of Labrador with the location of the 

mission stations of the Moravian Brethren. 
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Figure 1 shows the location of the Moravian 

Brethren’s missionary stations on the east coast of 
Labrador (Missions-Atlas, 1895, N° 3). The mission 
stations existing in the 1890s are indicated by a black 
dot and are, from north to south, Rama, Hebron, Okak, 
Nain, Zoar and the most southerly station Hopedale. 
 
2. Description of the meteorological manuscript 
  This paper focuses on a specific manuscript 
contained in the Moravian Archives in Bethlehem, USA, 
entitled Observations on the weather, giving date, 
barometer and thermometer readings, etc., 
Erscheinungsjahr, May 1872 - June 1873. The 
manuscript comprises 45 pages, numbered from 38684 
to 38728. The first page has the title 
Wetterbeobachtungen von früheren Jahren (“Weather 
Observations from Previous Years”). The manuscript is 
divided into two sets, the first one from 38685 to 38704, 
on grey-blueish paper covering the period 14 December 
1872 to 3 July 1873 and the second one from 38705 to 
38728, on yellowish paper covering the period 29 May 
[1872] to 5 December [1872]. The manuscript is written 
in German Kurrentschrift ("cursive script"). The 
instrumental and non-instrumental meteorological 
observations are ranged as follows in columns: Datum, 
Barom., Therm., Wind, Wetter, Naturerscheinungen 
(“date, barometer, thermometer, wind, weather, natural 
phenomena”). The instrumental observations are 
carried out 3-times a day (Fig. 2). 

 
 

Fig. 2. The Bethlehem manuscript, page 38709,  
data from 28 June [1872] to 5 August [1872]. 

 
   The name of the missionary station was not 
specified in the Moravian Brethren Archive manuscript 
as doubts remain about the year of the observations of 
the second part of the manuscript. Therefore, some 
research to further identify the manuscript was 
undertaken. It is known that missionary societies and 
missionary journals in the homeland were instrumental 
in the development of a number of scientific fields, in 
particular meteorology (Demarée and Ogilvie, 2008; 
Demarée et al., 2010). In this context, Jean-Alfred 

Gautier1 published monthly climatological data from 
Labrador in the late 1860s and the 1870s (Gauthier, 
1870, 1876, 1877). Unfortunately, the original 
meteorological manuscripts have not been located at 
Geneva, nor at the Geneva Library (known as the 
Public and University Library from 1907 to 2006) nor 
at the Geneva Observatory (private correspondence 
Marcel Golay2, 2006). 
   Comparing the monthly values derived from the 
manuscript of the Moravian Archives, Bethlehem, with 
the monthly printed values in Gautier’s published paper 
(Gautier, 1876, p. 42), it was firmly established that the 
location of the missionary station in the Moravian 
Archives Bethlehem manuscript was Hopedale 3 
(named Hoffenthal in German) (Fig. 3). Furthermore, 
the year was 1872 for the second part of the manuscript 
and that was in accordance with the name of the 
manuscript given by the Moravian Archive at 
Bethlehem. Gautier’s published papers specify the 
hours of the 3-times-a-day instrumental meteorological 
observations at 7 a.m., noon, and in the evening, most 
probably at 7 p.m. 
 

 
 

Fig. 3. View of Hopedale by “M.K,” ca. 1890. Pencil 
Drawing, Courtesy Unity Archives, Herrnhut (Hans 
Rollmann, 2002, p. 24). 

 

3. The instrumental meteorological observations 

3.1 The atmospheric pressure observations 
The instrumental meteorological observations are 

analyzed on a daily and consequently on a monthly 
time basis. The incomplete month of December 1872 is 
taken into the analysis. Unfortunately, the manuscript 
does not provide any information specifically on the 
instruments, how the measurements were carried out, 
the observational procedures nor where the instruments 
were located at the missionary settlement.  

The atmospheric pressure observations were 

 
1 Jean-Alfred Gautier (1793-1881), Swiss mathematician, 
astronomer and director of the Observatory of Geneva. 
2 Marcel Golay (1927-2015), Swiss astronomer, professor 
at Geneva University and director of Geneva Observatory. 
3 Hopedale located at 55° 29’ N, 60° 12’ W. 
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undertaken with a barometer expressed in English 
inches and tenths of inches. The monthly minimum, 
maximum and average values of the atmospheric 
pressure are based upon the 3 daily observations. The 
Roman numerals represent the months in the years 
1872 and 1873 (Fig. 4). Nearly all monthly average 
values (except the month of July 1872) are above the 
standard atmospheric pressure of 1013,25 hPa. The 
yearly average equals 1019,49 hPa. 
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Fig. 4. Monthly atmospheric pressure expressed in 

hPa at Hopedale for the months June 1872 through 
June 1873. The three lines show the monthly 
maximum value, monthly average value, and 
minimum value in order from the top. 

 

3.2 The air temperature 
The air temperature observations were carried out 

with a Celsius-scaled thermometer. The average air 
temperature generally becomes negative between the 
months October and November 1872 and starts to 
become positive again only in May 1873 as shown in 
Fig. 5. 
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Fig.5. Average monthly air temperature in °C at Hopedale 

for the months June 1872 through June 1873. The three 
lines show monthly average temperature in the morning 
at 7 a.m., at noon, and in the evening at 7 p.m.  

 
In the months of December 1872 and January and 

February 1873 the minimum temperature is below 
-30 °C. The difference between the monthly daily 
maximum and minimum temperature reaches -40 °C in 
February 1873 (Fig. 6). The difference between the 
midday temperature and the morning and evening 
temperatures is larger in summer and spring. The 
difference becomes small in autumn months due to the 

reigning cold, lack of sunshine and shorter daylight. 
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Fig. 6. Monthly daily maximum and minimum air 

temperature in °C at Hopedale for the months June 
1872 through June 1873.  

   How does the temperature record of 1872-1873 
compare in relation to the present temperature at 
Hopedale? The proceedings and instruments of 19th 
century meteorological observations have been 
modified and standardized. Furthermore, the Bethlehem 
manuscript contains only one year of observations.  
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Fig. 7. Monthly high and low air temperature averages at 

Hopedale. The lines with markers represent the 
1872-1873 data set while the lines without marker 
represent the modern 2000-2015 data set. 
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Fig. 8. Temperature difference from the modern data to 

the 1872-1873 data obtained from the data in Fig. 7. 
 

Figure 7 compares the monthly high and low 
temperature averages in the period 1872-1873 with the 
data based on weather reports at Hopedale collected 
during 2005-2015. The modern data set monthly 
maximum average is significantly higher than the one 
of the 1872-1873 data set (https://... Hopedale, climate).  

Figure 8 is the temperature difference from the 
modern data to the 1872-1873 data obtained from the 
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data sets in Fig. 7. The monthly maxima average in 
1872-1873 was lower than in the present-day set in a 
whole year. The average of the difference was -4.2 °C.  

The monthly minima averages are approximately 
equal in the summer months for both data sets, but the 
average in 1872-1873 was significantly lower than the 
present. The average of the difference was -1.1 °C in a 
year. The mean of the both averages was -2.6 °C. This 
suggests a very cold winter 1872-1873 and/or an 
increase in winter temperatures in the present. This cold 
record is representative of the Little Ice Age climate of 
this region (Fig. 8). 
 

3.3 Wind direction and wind strength 
  Figure 9 represents wind directions on a wind rose 
with 16 cardinal directions. The strength of the wind is 
represented in the manuscript according to a number of 
different adjectives in German. These have been 
translated into English to give the following 6-grade 
scale: 1 (light); 2 (moderate); 3 (fresh); 4 (strong); 5 
(heavy); and 6 (violent). Converting the descriptions 
into the 12-grade Beaufort scale provides very similar 
results. Given the numerous missing values for the 
wind direction, a Bayesian technique had to be used. 
The most frequent wind directions are in the quarter 
from West to North with North dominant. 
 

 
 

Fig. 9. The wind rose for Hopedale, 1872-1873.  
The strength is expressed in a 6-grade scale. 

 
4. The non-instrumental observations 

4.1 The state of the sky 

   The observer describes the sky as: hazy; foggy; 
cloudy; overcast; fog; ice fog; sunshine; bright and 
beautiful; clear; red sunset; lightning; moonlight; 
lamb clouds; starry sky; rainy or rain-swept. Snowy 
and precipitation events are described as: rain; snow; 
snowfall; snow drifting; snow shower; dew, drizzle. 
observations are analysed on a daily and 
consequently on a monthly time basis. 
4.2 Natural phenomena 
   The first of the potato plants in the Moravian 

Brethren’s ‘garden of Eden’ blossomed on the 9th of 
July 1872. Gautier (1876, pp. 52-53) provides a table of 
aurora borealis observations at the Labrador mission 
stations Hopedale, Zoar, Hebron and Rama for the 
years 1869 to 1872. Gautier refers to a letter of 
Cleveland Abbe4 in which Cleveland Abbe refers to the 
thermometer observations made in Labrador by the 
Moravian Missionaries published in Memoirs de la 
Société de Physique. Cleveland Abbe published a 
catalogue of aurorae borealis in Labrador, at Nain, from 
October 1776 to August 1784, and at Okak, from 
October 1778 to August 1782 (Cleveland Abbe, 1873). 
   The Bethlehem manuscript mentions the following 
aurorae at Hopedale: 17 July; 3, 4, 5 and 30 August; 16 
and 28 September; 15, 16, 28, 29 and 30 October; 5, 6, 
9, 13, 16, 24 November; 3, 17, 20, 22 and 31 December 
1872; 5, 8, 11, 13, 18, 20, 24, 25, 26 and 27 January; 2 
February; 10, 24, 26 and 29 March; 28 and 29 April 
1873. A few of these aurorae were also noted at Rama 
(Gautier, 1876, p. 53). 
   The bay of Hopedale was free of ice on 14 June 
1872 and on 9 June 1873 while drift ice was noted in 
the sea on 26 June 1872 and 17 June 1873. Dry fog 
(Höhenrauch in German) was noticed on 7, 9 and 10 
July 1872 and on 25 October 1872 as well as on 16 
June 1873. Dry fog might be associated with a volcano 
eruption. However, only the two following confirmed 
eruptions took place in Iceland in the period of the 
weather observations: Bárðarbunga in 1872 and 
Grímsvötn on 8 January 1873 (Smithsonian Institution; 
Elín Margrét Magnúsdóttir, 2017). 
   After January 13th, the eruption was weaker, but 
from Sida and Medalland in clear weather, a steam 
column could be seen rising above the Jøklerne in NE 
the entire Spring to mid-June month. In Ytri-Hreppur, 
ash falls are also mentioned at the end of July 
(Thoroddsen, 1915, pp. 127-128). 
   It is unclear when the eruption ended but probably 
the intensive part was finished at the end of January 
1873. Therefore, it seems unlikely that the appearance 
of the dry fog can be attributed to the Icelandic volcano 
eruption. Besides the natural phenomenon of lightning 
in the summer, the dry fog was attributed to the Inuit in 
the Diaria of the Moravians (Olsthoorn, 2017) but 
more possibly to Amerindians setting the bush afire in 
hunting caribou. Fires do occur in Labrador as shown 
by the comments: ‘a fire has been raging in the forests 
in Ugjuktok-Bay. It is not known how it originated’ 
(Periodical Accounts …, 1853(21), pp. 14-15) and ‘the 
fog increased by being mixed with smoke caused by 
great fires of the bush at a considerable distance 
inland’ (Periodical Accounts …, 1868(27), pp. 1-5). 

 
4 Cleveland Abbe (1838-1916), American meteorologist, 
weather forecaster at the U.S. Weather Bureau of the U.S. 
Army Signal Corps. 
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5. Climate-related information on the year 

1872-1873 from missionary journals 
  The missionary journals were instrumental in the 
communication between the Moravian missionaries in 
the far-away settlements and the flock of Moravian 
communities and their sympathizers in Europe. These 
journals informed the communities of the advances of 
the missionaries among the ‘heathen’ and of the 
difficulties encountered, among them the harsh 
conditions in which the missionaries had to work. 
Interest is given here to the climate-related 
documentary information of the years 1872-1873 in the 
missionary journals in order to relate it to the 
manuscript under discussion. 
   Towards the end of September 1872, the cold 
weather set in; we were therefore obliged to gather in 
the produce of our gardens, which furnished us with 
plentiful provisions for the winter. The potatoes, turnips, 
and other vegetables were abundant. […] In January 
and February 1873, the cold was intense, at one time 
the thermometer stood at about 40° below zero of 
Fahrenheit [also -40.0 °C] (Letters from Hopedale, 
July 1873, Periodical Accounts …, 1873 (29), pp. 3-4). 
   On February 1st, 1873, the cold was intense and we 
had to fight against a strong westerly wind that lasted 
all day. Never, in any of my travels, have I suffered so 
much from the cold. I was not surprised when I learned 
on my return that the thermometer had gone down that 
day to -36 °C (Correspondence from Labrador, 
Hopedale 12th July 1873. Journal de l’Unité des Frères, 
39e Année, 1874, p. 148). 
   In the Passion week of 1873, and Easter on April 
13th, 1873, the weather at Hopedale was registered 
‘clear, very beautiful and brilliant, splendid, dazzling’.  
   During the whole of the Passion-week we had 
delightful weather, which was no small blessing, as it 
was the means of increasing the number who were thus 
enabled to attend the meeting, not only from Nain itself, 
but also from the different outposts (Extract from the 
diary of Nain, from August 1872 to August 1873. 
Periodical Accounts …, 1874 (29), p. 61). 
   On the 13th of December 1872 the sea was frozen 
over (Extract from the diary of Okak, from August 
1872 to August 1873. Periodical Accounts …, 1874(29), 
p. 62). 
   The sea froze on the 15th of December 1872. […] 
On the evening of the 6th of January 1873, a terrible 
snow-storm arose. […] The cold during the months of 
January and February 1873 was very great, the 
thermometer sinking to 37° below zero of Fahrenheit 
[-38,3 °C] (Extract from the diary of Hopedale, from 
August 1872 to July 1873. Periodical Accounts …, 
1874(29), pp. 53-54). 
   On the 11th of December 1872 we had a very strong 
north wind accompanied by a heavy fall of snow; 

towards evening it blew a perfect gale, and during the 
night our house creaked and shook from the fury of the 
storm’ (Extract from the diary of Nain, from August 
1872 to August 1873. Periodical Accounts …, 1874 
(29), p. 60). 
   In the beginning of February 1873, I set out upon a 
visit to Ramah, to see our brethren and sisters in their 
solitude at that place. The cold was now less severe 
than it had been in January, the thermometer indicating 
about 13° below zero of Fahrenheit [-25.0 °C], and the 
wind, which had been very high, had abated (From Br. 
Guenther, Hebron, August, 1873. Periodical Accounts 
…, 1874 (29), p. 69). 
  
6. Conclusion 
   The Bethlehem manuscript provides detailed daily 
instrumental and non-instrumental meteorological 
observations at the Moravian Brethren mission station 
Hopedale in Labrador of for the years 1872-1873. It is 
highly valuable, not least because it provides the only 
significant meteorological data available for the 
Labrador coast for the 1860s and 1870s. Furthermore, 
this meteorological time series, a result of the 
cooperation between Gautier at Geneva and the 
Moravian Brethren in Labrador, is an important 
contribution to the historical knowledge of world 
climate also because it provides information from an 
area of relatively poor coverage of climate data. 
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和文要約 

モラヴィア宣教師記録に記載された 

1872 年 5 月から 1873 年 6 月の 

ラブラドール/ヌナツィアブト地方の気象データ 
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米国ベツレヘムのモラヴィアアーカイブに収録されて

いる「1872 年 5 月〜1873 年 6 月天候、日付、気圧計・温

度計の測定値の観測, Erscheinungsjahr」という表題の資

料は、カナダ・ラブラドール（ヌナツィアブト）地方のモラヴ

ィア宣教師拠点における毎日の測器による気象観測と天

候観測データが記録されている。12 月に8 日間の中断が

あるが、観測は 1872 年 5 月 29 日から 1873 年 7 月 3 日

までの毎日の記録がある。その記録によれば、この地域

の平均月最高気温は現在より 4.2℃低く、平均月最低気

温は 1.1℃低かった。 
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Abstract  
The mechanism of the rapid rise in air temperature in the Arctic during the recent decades remains 

disputed. Mechanisms proposed to explain this temperature rise include increased heat release due to 
sea ice loss and increased downward longwave radiation (DLR) during moisture intrusion events. This 
study examined the atmospheric heat and radiation budgets during moisture intrusion events in 
January 2006 over the Barents Sea region, through numerical simulations using the polar-optimized 
Weather Research and Forecasting model. No clear phase relationship was found between DLR and 
turbulent heat fluxes at the surface. During most events, DLR lagged the turbulent heat fluxes, 
indicating that DLR was not a primary driver of near-surface warming. Additionally, DLR diverged 
above the surface, indicating that it cooled the air column. The dominant processes of atmospheric 
warming during the events were vertical diffusion and heat advection, with a secondary contribution 
from condensational heating. The thermodynamic energy balance during the events was sensitive to 
static stability in the lower troposphere, suggesting the importance of sea ice loss in warming over the 
Barents Sea region. 

 
Key words: Arctic amplification; surface heat flux; longwave radiation; polar WRF 
 

 
1. Introduction 

Over recent decades, the Arctic has been warming 
more rapidly than other parts of the Earth. This 
warming, known as Arctic amplification (AA), is more 
pronounced in the lower troposphere during the cold 
season than during other seasons. In particular, the 
Barents Sea region has exhibited a prominent warming 
trend during the past several decades (Fig. 1).  

Many mechanisms have been proposed to explain 
AA, including increased upward longwave radiation 
(ULR) and turbulent heat fluxes due to sea ice decline, 
increased downward longwave radiation (DLR) heating 
due to increased water vapor and clouds, reduced 
outgoing longwave radiation due to a stable polar 
temperature profile, increased poleward energy transfer, 
and other processes. However, their relative importance 
remains unclear and under debate (Screen and others, 
2018). 

The contention of the leading theory on AA is that 
when the sea ice area declines during summer, 
additional heat is transferred into the ocean and this 
extra heat hinders the subsequent cold-season growth of 
sea ice, resulting in warming of the overlying 
atmosphere through intensified ULR and turbulent heat 
fluxes from open waters (e.g., Screen and Simmonds, 
2010). Sea ice cover in the Arctic in recent decades has 
exhibited a continued and drastic trend of decline. Such 
decline in sea ice cover affects ocean–atmosphere 

energy exchange, which is considered a key factor 
associated with AA. Recent data analysis and numerical 
modeling studies indicated the importance of surface 
fluxes in AA (e.g., Isaksen and others, 2016; Dai and 
others, 2019). Conversely, other recent studies argued 
that lower-tropospheric warming in the Arctic is caused 
by DLR, and that surface turbulent heat fluxes are of 
secondary importance (e.g., Gong and others, 2017; 
Lee and others, 2017).  

Woods and Caballero (2016) showed that increase in 
the frequency of occurrence of intense moisture 
intrusion events could explain approximately half of the 
long-term trend in 2-m temperature over the Barents 
Sea. They suggested that DLR plays a fundamental role 
in heating the lower troposphere over the Barents Sea. 
In the above studies, Arctic sea ice decline is 
considered a consequence of atmospheric warming by 
DLR, not necessarily a cause (Park and others, 2015). 
This is in contrast to the leading theory mentioned 
above. Thus, the role of sea ice decline in AA remains 
disputed. However, these studies that highlighted the 
role of DLR only briefly analyzed the heating 
mechanism, addressing only the turbulent heat fluxes 
and radiative fluxes in the skin layer over the ice, snow 
or sea surface (the thickness of the layer was assumed 
to be of the order of millimeters). The heating 
mechanism above the surface skin layer remains 
unclear. To gain deeper understanding of the 
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mechanism of atmospheric warming that causes AA, 
heat budget analysis should be extended to the 
atmospheric column above this layer.  
 

 
 
Fig. 1 (a) Map of linear trend of December-January 

-February (DJF) period 2-m temperature (1979–2020) 
in degrees kelvin [K], derived from European Centre for 
Medium-Range Weather Forecasts Reanalysis 5th 
Generation (ERA5) data. Stippled area indicates trend 
significant at the 5% level. (b) Time series of 2-m 
temperature averaged from December–February over 
the Barents Sea region, i.e., 76°–82°N, 20°–70°E, as 
indicated by black lines in (a). 
 
The principal objective of the present study was to 

provide a more detailed assessment of the atmospheric 
response to moisture intrusion events than that 
conducted in earlier studies, including consideration of 
the vertical structure of the atmospheric warming 
processes above the skin layer. For example, evaluation 
of the terms in the thermodynamic energy equation was 
conducted in this study. Improved understanding of the 

underlying process of AA is required (Cohen and others, 
2014; Dai and others, 2019), and close analysis of the 
associated regional and temporal variabilities helps 
advance comprehension of the AA mechanism. This 
study focused on the Barents Sea area because the 
warming in this region has been of greatest magnitude 
(Fig. 1a). 

Another objective of this study was to determine the 
impact of changes in Arctic sea ice cover on 
atmospheric warming during moisture intrusion events. 
Analysis of this topic is addressed in a companion 
paper (Manda, 2022), hereafter referred to as Part II. 

 
2. Data and Method 

2.1 Atmospheric model and datasets 
Numerical simulations were performed to elucidate 

the mechanism of atmospheric warming during 
moisture intrusion events. The model setup was largely 
similar to that used by Manda and others (2020) but 
with some minor modifications. Details regarding the 
model setup, including descriptions regarding the 
model domain, can be obtained from that paper. 

The polar-optimized Weather Research and 
Forecasting model (Polar WRF; version 3.7.1), 
developed by Hines and Bromwich (2008), was used to 
perform the simulations. The horizontal grid spacing 
was set to 10 km and the model had 50 vertical levels 
up to 10 hPa. The following five schemes were used to 
parameterize subgrid-scale phenomena: the Morrison 
two-moment scheme (Morrison and others, 2009) for 
cloud microphysics, Mellor–Yamada–Nakanishi–Niino 
scheme (Nakanishii and Niino, 2009) for turbulence 
closure, new Kain–Fritsch scheme (Kain, 2004) for 
cumulus convection, and Dudhia shortwave scheme 
(Dudhia 1989) and a rapid radiative transfer model 
(Mlawer and others, 1997) for radiation. 

European Centre for Medium-Range Weather 
Forecasts Reanalysis 5th Generation (ERA5) data  
(Hersbach and others, 2020) were employed for the 
initial and boundary conditions of the prognostic 
variables of the model, which included sea surface 
temperature (SST) and sea ice concentration. 
Additionally, the Modern-Era Retrospective analysis 
for Research and Applications, Version 2 (MERRA-2; 
Gelaro and others, 2017) dataset was used for 
evaluation of model performance. No observations 
were assimilated into the model and neither spectral nor 
grid nudging were performed. 
 
2.2 Numerical experiments 

This study focused on January 2006 for the 
following two reasons: this period recorded one of the 
warmest winters during the recent four decades (Fig. 
1b), and the 2-m temperature and SST at the beginning 
of the cold season in 2006 were comparable to 
climatological values (Fig. 2). The latter is beneficial 
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for interpretation of the results because the influence on 
the simulated results of the preceding summer, which 
might complicate the atmospheric variations during the 
following winter, is expected to be minimized. 
 

 
 
Fig. 2 Time series of (a) 2-m temperature (T2M) and (b) 

sea surface temperature (SST) from October 1, 2005 to 
February 28, 2006 averaged over the Barents Sea 
region (see Fig. 1 for the definition of the region). 
Smoothed lines indicate daily climatology data 
(1979–2020). 

 

 
 
Fig. 3 Time–height diagrams of air temperature from (a) 

ERA5, (b) MERRA-2, and (c) the simulation 
conducted in this study, averaged over the Barents Sea 
region. 
 
To evaluate the uncertainty resulting from internal 

model variability, a five-member ensemble experiment 
with different initiation times was conducted (Bassett 
and others, 2020). From 01 UTC on January 1, 2006, 
the time integration of each ensemble member was 

started at 6-h intervals until 00 UTC on January 2, 2006. 
From this point, all five members were run for a further 
30-d period, ending at 00 UTC on January 31, 2006. 
The data corresponding to the period before 00 UTC on 
January 5, 2006 were discarded as the spin-up period, 
following the strategy of Bassett and others (2020). The 
simulated data were output for 3-h periods and the 
ensemble means of the output variables were used for 
the following analyses. 

 
 
Fig. 4 Horizontal distributions of daily averaged vertically 

integrated moisture flux (vectors) and its northward 
component (colors), and sea level pressure (green 
contours) on January (a) 10, (b) 16, (c) 23, and (d) 28, 
2006, derived from ERA5. Black contours indicate 
northward component of vertically integrated moisture 
flux of 200 in teragarm/day/degree [Tg/d/deg]. 
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3. Results 

3.1 Overview of the events 
Time–height variations of air temperature averaged 

over the Barents Sea region (76º–82ºN, 20º–70ºE; the 
area enclosed by black lines in Fig. 1a) are shown in 
Fig. 3. Four major warming episodes can be observed 
in the ERA5 and MERRA-2 data: period (I) January 
9–10, (II) January 15–16, (III) January 22–23, and (IV) 
January 28–29, 2006 (Fig. 3a and b). The model 
generally reproduced the variations well, including 
these warming episodes (Fig. 3c). Although this 
comparison is not a strict validation of the model using 
independent observational data, it represents one of the 
best options for assessing model performance in the 
Barents Sea region where the observational coverage is 
very sparse and limited (Rinke and others, 2006; 
Kohnemann and others, 2017). 

These four warming episodes correspond to 
moisture intrusion events (Fig. 4). The black contours 
in Fig. 4 indicate the threshold for determining 
moisture intrusion events used in previous studies 
(Woods and others, 2013; Woods and Caballero, 2016). 
Overall, the northward transport of moisture during 
these events was attributable to southerlies that 
accompanied cyclones migrating along the Greenland 
coast from the North Atlantic toward the central Arctic, 
consistent with the findings of recent data analysis 
studies (Fearon and others, 2020; Yamanouchi, 2019, 
Madonna and others, 2020). As anticipated, the 
temporal variation of the water vapor mixing ratio over 
the Barents Sea corresponds well to these events (Fig. 
5). 
 

 
 
Fig. 5 Time–height cross section of water vapor mixing 
ratio averaged over the Barents Sea region. 

 
3.2 Temporal variation of heating process 

It is important to identify the processes governing the 
air temperature rises during these events. Time series of 
the surface fluxes averaged over the Barents Sea region 
are illustrated in Fig. 6. All the fluxes are defined as 
positive upward except for DLR, which is defined as 
positive downward. Although sensible heat flux (SHF) 
and latent heat flux (LHF) show similar variation, they 
do not appear linked with DLR and ULR. 

It can be seen from Fig. 6 that SHF started to rise 
around January 7 and reached its first peak around 
January 14. It subsequently dropped sharply to reach a 
minimum value around January 16. Then, SHF 

increased again to reached its second peak around 
January 22, fell gradually until January 29, and then 
increased to reach its third peak around January 30. The 
variation of LHF was similar to that of SHF. 

It can also be seen from Fig. 6 that DLR started to 
decrease around January 10 and continued to fall 
gradually with small fluctuation until reaching its local 
minimum around January 16. It then increased sharply 
after January 16 to reach its peak around January 17. It 
subsequently declined slowly with small fluctuation 
until January 22, following which it showed slight 
increase to reach a plateau that was maintained until 
January 27. It then started climbing again and reached 
another peak around January 29. Conversely, ULR 
remained almost constant throughout the analysis 
period. 

As described in the above analysis, there is no clear 
phase relationship between DLR and other fluxes. The 
peak of both SHF and LHF preceded that of DLR 
during periods (II) and (III). If DLR drives surface 
heating, it should precede SHF and LHF, which is 
evidently not the case during these periods. The peak of 
both SHF and LHF followed that of DLR during period 
(IV), suggesting that the mechanism of near-surface 
warming during period (IV) differed from that of 
periods (II) and (III).  
 

 
 
Fig. 6 Time series of DLR (cyan), ULR (magenta), SHF 
(orange), and LHF (purple) averaged over Barents Sea 
Region. 

 
Time–height diagrams of the terms in the 

thermodynamic equation averaged over the Barents Sea 
region (indicated by the black lines in Fig. 1a) are 
presented in Fig. 7. Shortwave radiation is omitted from 
this figure because the simulation corresponded to the 
polar night period. The residual term was almost zero 
and therefore it also is not shown. 

Near-surface warming (<0.5 km) is primarily due to 
vertical diffusion acting to transmit the upward SHF 
(Fig. 7b), because the SST is higher than the surface air 
temperature over open water in the Barents Sea region 
during most of January (Fig. 2). The advection term 
also contributed to the warming except for the near 
surface in period (I), and the first half of periods (II) 
and (III). Condensational heating by the cloud 
microphysics scheme led to slight cooling just above 
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the surface, whereas the cumulus convection scheme 
contributed to warming. 

Warming above 0.5 km height is attributable to 
advection with a slight contribution to heating by the 
cloud microphysics and cumulus convection schemes. 
Interestingly, net longwave radiation (the sum of ULR 
and DLR) cools the atmosphere. Because this result 
appears inconsistent with recent studies (e.g., Gong and 
others, 2017), the reason for this is examined by 
assessing DLR and ULR separately. 

 

 
 
Fig. 7 Time–height cross sections of (a) tendency, (b) 
vertical diffusion, (c) advection, (d) cloud microphysics, 
(e) cumulus convection, and (f) radiation terms in the 
thermodynamic energy equation averaged over the 
Barents Sea region. 

 
The radiative budget above 0.1 km height averaged 

over the Barents Sea region is shown in Fig. 8. The 
vertical distribution of DLR exhibits a 
bottom-intensified pattern that reaches its peak in the 
lowest layer throughout the analysis period (Fig. 8a), 
leading to divergence of DLR and cooling of the 
atmospheric column (Fig. 8b). Recent studies suggest 
that longwave radiation is one of the major contributors 
to atmospheric warming over the Barents Sea region 

during winter (Woods and others, 2013; Woods and 
Caballero, 2016; Gong and others, 2017), which 
contrasts with the findings of this study. However, the 
previous studies examined DLR only in the surface skin 
layer. The value of DLR in that layer is not directly 
related to heating of the air column, whereas its 
convergence is relevant to such heating. In contrast to 
DLR, ULR can be seen to converge and thereby it 
contributed to warming (Fig. 8c). However, its 
magnitude was smaller than that of ULR; hence, the 
negative net longwave radiation (i.e., cooling), as 
shown in Fig. 7f. 

 

 
 
Fig. 8 Time–height cross sections of (a) DLR and vertical 
convergences of (b) DLR and (c) ULR. (d) Time series of 
vertical convergences of ULR (red), DLR (blue), and 
ULR (black) minus DLR in the lowest 0.1 km above the 
surface. 

 
In summary, the heat budget analysis indicates that 

the dominant terms for atmospheric heating during the 
intrusion events are vertical diffusion and advection, 
with a slight contribution from condensational heating. 
Additionally, although ULR contributes to warming, its 
effect is canceled out by DLR. Previous studies showed 
that the warmth found in the Arctic Ocean is 
maintained primarily by horizontal cold advection 
countered by diabatic heating (Deser and others, 2010; 
Serreze and others, 2011), which is not necessarily the 
case in this study. The findings of this study indicate 
that advection does not always counteract vertical 
diffusion, but does contribute to near-surface warming



 

 

 

Okhotsk Sea and Polar Oceans Research 

12 

 
 
Fig. 9 Horizontal distributions of (a) tendency, (b) sum of advection and vertical diffusion, (c) vertical diffusion, (d) 
advection, (e) cloud microphysics, (f) cumulus convection, and (g) radiation terms in the thermodynamic energy equation, 
and (h) difference between skin and 2-m temperatures at 0.1 km height (colors), averaged from 12 UTC on January 15 to 
00 UTC on January 16, 2006. Contours in (a), (b), and (c), (e), (f), and (g) indicate 2-m temperature (ºC), sea level 
pressure (hPa), and sea ice concentration of 0.2, respectively. Vectors in (d) indicate wind velocity. 
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Fig. 10 Same as Fig. 9 but averaged from 18 UTC on January 22 to 06 UTC on January 23, 2006. 
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Fig. 11 Same as Fig. 9 but averaged from 00 UTC on January 28 to 12 UTC on January 28, 2006. 
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in some cases. The relative roles of the various 
processes in the thermodynamic energy balance 
atmospheric warming are thus explored further in the 
next section. 
 
3.3 Spatial variation of heating process 

The horizontal distributions of the terms in the 
thermodynamic energy equation at the height of 0.1 km 
during period (II) are shown in Fig. 9a. The data were 
averaged over the 12-h period from 12 UTC on January 
15 to 00 UTC on January 16, 2006. 

The tendency (rate of temporal change) term 
exhibited overall heating over the Barents Sea region 
except for some areas including the area around the 
northwestern corner of the region (Fig. 9a). This 
geographical pattern is reasonably explained by the 
sum of the advection and vertical diffusion terms (Fig. 
9b). In addition to the area north of Franz Josef Land, 
the vertical diffusion term dominated in the region west 
of Novaya Zemlya (Fig. 9c). A cold air mass whose 
temperature was much lower than that of the skin 
temperature in the region induced heating due to 
vertical diffusion (Fig. 9c). Conversely, domination by 
the advection term and a warm air mass from the North 
Atlantic appear to be the primary influences on air 
temperature in the western portion. A 
low–high-pressure system located over the east coast of 
Greenland and east of Novaya Zemlya caused a strong 
zonal pressure gradient and associated winds that led to 
warm advection (Gong and Luo, 2017; Yamanouchi, 
2019). Spatial variations similar to those described here 
were observed during period (I) (the figure not shown). 

Horizontal distributions of diabatic terms such as the 
cloud microphysics, cumulus convection, and radiation 
terms in the surface boundary layer were strongly 
influenced by surface conditions (Fig. 9e–h). The 
spatial variation of the radiation term (Fig. 9g) was 
reasonably similar to that of the difference between the 
surface skin and 2-m temperatures. This is reasonable 
because ULR (DLR) contributed to warming (cooling) 
over most of the domain (the figure not shown). The 
horizontal distribution of cloud microphysics (Fig. 9e) 
was also reasonably similar to that of the negative of 
the difference between the surface skin and 2-m 
temperatures (Fig. 9h). Although the magnitude is 
much smaller than that of the cloud microphysics, the 
horizontal distribution of the cumulus convection term 
also exhibited a similar distribution.  

During period (III), vertical diffusion was the main 
contributor to warming over the Barents Sea region 
(Fig. 10). The advection term cooled the atmosphere 
over most of the Barents Sea region. In contrast to 
period (II), southeasterlies dominated and brought cold 
air from the northern coasts of both Norway and Russia. 
The sea level pressure distribution during this period 
was rather different to that of period (II). The cyclone 

located over the Greenland Sea during this period was 
much larger than that during period (II), and its center 
was located slightly further east than that of the low 
observed in period (II). These differences caused the 
isobars to be aligned more in the north–south direction 
over the Barents Sea, in comparison with the isobars in 
period (II), which induced movement of cold air from 
the northern coast of the Scandinavian Peninsula to the 
Barents Sea (Fig. 10d). Similar to period (II), the 
near-surface static stability strongly affected the 
horizontal distributions of the cloud microphysics, 
cumulus convection, and radiation terms during this 
period. 

In contrast to period (III), the advection term 
dominated during period (IV) (Fig. 11). A high pressure 
system located east of Novaya Zemlya during this 
period was weaker in comparison with the high in the 
other periods. Warm advection due to the cyclone 
located over the Greenland Sea affected atmospheric 
warming over the Barents Sea region more directly than 
in the other periods (Fig. 11a). The intensified vertical 
diffusion southwest of Svalbard in the Greenland Sea 
could have contributed to the formation of a warm air 
mass (Fig. 11c) and hence remotely influenced warm 
advection over the Barents Sea region (Fig. 11d). 

The horizontal distribution of each of the cloud 
microphysics and cumulus convection terms was 
similar to that of the negative of the difference between 
the surface skin and 2-m temperatures. The horizontal 
distribution of the radiation term was similar to that of 
difference between the surface skin and 2-m 
temperatures, as in the other periods, except for areas to 
the east and north of Novaya Zemlya (Fig. 11g). 
Cooling by DLR dominated the warming by ULR in 
these areas (figure not shown). 

As expected, the horizontal variation of the vertical 
diffusion term is strongly controlled by the static 
stability near the surface, as indicated by the difference 
between the skin and 2-m temperatures. It is also 
suggested that the advection term is affected by the 
temperature of the air intruded from lower latitudes. 
The relative importance of vertical diffusion and 
advection on atmospheric warming is sensitive to these 
factors. Recent studies highlighted the remote influence 
of the humidity and temperature of air masses from 
lower latitudes on atmospheric warming in the Arctic 
(e.g., Gong and others, 2017). Conversely, this study 
highlighted the importance of local atmospheric and 
oceanic conditions during moisture intrusion events. 
The spatiotemporal variabilities of temperatures around 
the Barents Sea region are important controlling factors 
of the heating mechanism during the events. 
 
4. Summary and Discussion 

Recent studies suggested that the DLR that 
accompanies a moisture intrusion event is a main 
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contributor to atmospheric warming over the Barents 
Sea region during winter. This study examined the 
heating mechanism during such events using numerical 
simulations. Heat budget analysis indicated that the 
vertical diffusion term is one of the main contributors to 
atmospheric warming in the lower troposphere during 
intrusion events. Conversely, the advection term was 
found to contribute to atmospheric warming in some 
cases and to cooling of the atmosphere in other cases. 
Cloud microphysics and cumulus heating also 
contribute to the warming, but they are of secondary 
importance. No single dominant mechanism could be 
attributed to the atmospheric warming during the 
periods examined in this study.  

The relative importance of the advection and vertical 
diffusion terms depends on the specific event. This is 
important for understanding the mechanism of AA. 
Dominance of the former implies the importance of 
remote influences from lower latitudes, whereas 
dominance of the latter suggests the importance of 
more local influences around the Barents Sea region.  
 

 
 
Fig. 12 Time series of monthly anomalies of sea ice 

concentration (SIC; blue) averaged over the Barents Sea 
region and sensible heat flux (SHF; red) averaged over 
the area where SIC is <0.2 in the Barents Sea region. 

 
It might be considered unexpected that longwave 

radiation did not dominate the atmospheric warming 
during the period examined in this study. The sea ice 
concentration in January 2006 recorded one of the 
smallest values since 1979, and SHF over the open 
water was reasonably large (Fig. 12). Therefore, a large 
amount of heat could have been supplied from the open 
water to the overlying atmosphere around the Barents 
Sea region during the intrusion events, which would 
have contributed to strong vertical diffusion of heat. 
The heating due to vertical diffusion could have been 
much larger than in a normal year under such 
environmental conditions. Although this work is a case 
study that focused on a few specific events, it should be 
extended to other events in various environments to 

obtain comprehensive understanding of atmospheric 
warming over the Barents Sea region during winter. In 
particular, the impact of sea ice cover on the heat 
budgets is explored in Part II. 

The heat budget analysis also showed that net 
longwave radiation cooled the air column. It was 
attributed to the vertical profile of DLR, which was 
bottom-intensified and diverged vertically. Although 
ULR converged and heated the air column in the lower 
troposphere, its magnitude was smaller than that of 
DLR. Thus, the combination of DLR and ULR 
contributed to cooling. This result appears inconsistent 
with the findings of previous studies. For example, on 
the basis of analysis of the data obtained during winter 
1996/1997 through the Surface Heat Budget of the 
Arctic Ocean Program (Uttal and others, 2002), 
Stramler and others (2011) argued that DLR played a 
primary role in heating the atmosphere. It should be 
noted that they analyzed DLR only over the surface. 
One possible reason for the difference could be 
differences in the vertical profiles of air temperature. A 
strong surface-based inversion was observed during 
most of the analysis period of Stramler and others 
(2011). In contrast, such an inversion was absent over 
the Barents Sea region in January 2006 (Fig. 3). 
Longwave radiation can be influenced by many factors 
such as the liquid and ice water paths, cloud base height, 
and cloud optical depth (e.g., Barton and Veron, 2012), 
all of which are strongly influenced by the vertical 
profile of air temperature. The relationships among the 
vertical profiles of temperature, hydrometeors, and 
DLR are discussed in Part II. It should be noted that 
more comprehensive studies highlighting the vertical 
distribution of DLR are needed to clarify the role of 
DLR in atmospheric warming because the convergence 
of DLR is directly related to the heating of the air 
column. 

All of the events examined in this study were 
associated with northward migration of cyclones over 
the Greenland Sea from the North Atlantic toward the 
central Arctic, which is consistent with recent studies 
(e.g., Madonna and others, 2020; Fearon and others, 
2021). The results of this study also indicated that slight 
differences in the paths and dimensions of such 
cyclones could modify the heating mechanism over the 
Barents Sea region through changes in the temperature 
and wind fields. Although changes in cyclonic activity 
over the Barents Sea region remains a matter of debate 
(Koyama and others, 2017), a recent data analysis study 
indicated that reduced sea ice cover is related not only 
to more frequent occurrence of cyclones but also to 
stronger cyclones (Valkonen and others, 2021). A recent 
modeling study suggested that increase in oceanic heat 
transport across the Barents Sea openings from the 
North Atlantic increases the frequency of occurrence of 
intense cyclones (Akperov and others, 2020). These 
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changes in cyclone characteristics could affect 
atmospheric warming over the Barents Sea and should 
be explored in future studies. 

As mentioned above, the thermodynamic energy 
balance during the intrusion events is sensitive to 
near-surface stability. One of the most important factors 
to affect near-surface stability around the Barents Sea 
region is the horizontal distribution of sea ice cover, 
which is examined in the companion paper (Part II). 
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Abstract  
Recent studies suggest the long-term trend of Arctic warming during winter is attributable to 

increased frequency of occurrence of moisture intrusion events from lower latitudes, but that sea ice 
loss is also one of the fundamental controlling processes; however, the relative importance of their 
roles remains disputed. Using numerical simulations, this study examined the impact of sea ice cover 
on atmospheric warming during moisture intrusion events in January 2006. Atmospheric warming due 
to sea ice loss could well explain the horizontal distribution of the observed temperature anomaly in 
January 2006, indicating the importance of sea ice loss in relation to recent Arctic warming. It was 
found that cooling due to divergence (convergence) of downward (upward) longwave radiation was 
weakened (enhanced) by sea ice loss, producing a net result of stronger radiative heating. This finding 
corroborates recent data analysis studies that inferred interaction between sea ice loss and radiative 
heating. The results indicate that enhanced radiative heating is attributable to changes in the vertical 
distributions and phases of hydrometeors caused by more unstable near-surface conditions and 
stronger ascent.  

 
Key words: Arctic amplification; longwave radiation; surface heat flux; polar WRF 

 
1. Introduction 

The recent rate of increase in annual air 
temperatures over the Arctic is twice as fast as that of 
the global average (Cohen and others, 2014). This 
warming, which is particularly strong during winter, is 
referred to as Arctic amplification (AA). Many 
mechanisms have been proposed to explain AA, some 
of which include a central role for sea ice loss (e.g., 
Screen and Simmonds, 2010; Isaksen and others, 2016; 
Dai and others, 2019). However, other recent studies 
suggested the importance of moisture intrusion from 
low latitudes (e.g., Park and others, 2015; Woods and 
others, 2013, Woods and Caballero, 2016; Gong and 
others, 2017; Lee and others, 2017). For example, 
Woods and Caballero (2016) demonstrated that nearly 
half of the long-term linear trend of 2-m temperature 
over the Barents Sea could be explained by increased 
frequency of occurrence of intense moisture intrusion 
events. They argued that downward longwave radiation 
(DLR) primarily causes atmospheric warming during 
these events. Their argument was based on the 
approximate energy balance of the surface skin layer, 
which is assumed to have thickness of only a few 
millimeters. However, the heating mechanism in the air 
column above the skin layer has yet to be examined 
fully and it remains unclear. 

Manda (2022), hereafter referred to as Part I, 
examined the heating mechanism in the air column as 
well as the skin layer during moisture intrusion events 

in January 2006. The results of that study revealed that 
DLR at the surface lagged the surface turbulent heat 
fluxes. Moreover, DLR above the surface diverged and 
hence contributed to cooling of the air column. These 
results suggest that DLR was not a primary driver of 
near-surface warming during the studied intrusion 
events. It was revealed that vertical diffusion and 
advection dominated the heating during the events. 
Condensational heating also contributed to the 
atmospheric warming but it played a secondary role. It 
was also demonstrated that another important control in 
the heating processes was near-surface stability, which 
is sensitive to both the temperature of air that intrudes 
into the Barents Sea and the skin temperature over ice 
and ocean surfaces, suggesting the importance of 
changes in sea ice cover to atmospheric warming 
during the events. Substantial reduction in sea ice 
concentration in the Barents Sea region in January 2006 
could impact the overlying atmosphere (Fig. 1).  

The objective of this study was to provide more 
detailed assessment of the impact of sea ice decline on 
atmospheric warming during the studied moisture 
intrusion events. As mentioned, the role of sea ice 
decline in relation to AA remains unclear and disputed. 
Therefore, the findings of this study contribute to 
advancing understanding of the mechanism of AA. This 
study also focused on changes in the interplay between 
cloud formation and radiation processes, which have 
not been fully addressed in the previous studies 
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mentioned above. Such interaction, which remains one 
of the most important unresolved issues of the Arctic 
climate system, needs further investigation because this 
interplay must have substantial impact on AA.  
 

 
 
Fig. 1 Time series of sea ice concentration (SIC) averaged 

over the Barents Sea region (76º–82ºN, 20º–70ºE), 
derived from European Centre for Medium-Range 
Weather Forecasts Reanalysis 5th Generation (ERA5) 
data. Jagged and smoothed lines indicate daily data 
during 2006/2007 winter and daily climatology, 
respectively. 

 
Numerical simulations were conducted in this study 

to investigate the impact of sea ice cover on 
atmospheric warming. Determination of the impact of 
sea ice cover from observational data alone is difficult 
and therefore numerical modeling can be a powerful 
tool in examination and isolation of the effect of sea ice 
cover (Higgins and Cassano, 2009; Deser and others, 
2010). 
 
2. Data and Method 

2.1 Atmospheric model 
The atmospheric model used in this study was the 

same as that adopted in Part I. The polar-optimized 
Weather Research and Forecasting model (Polar WRF; 
version 3.7.1), developed by Hines and Bromwich 
(2008), was used to perform the simulations. European 
Centre for Medium-Range Weather Forecasts Reanalysis 
5th Generation (ERA5) data (Hersbach and others, 2020) 
were employed for the initial and boundary conditions 
of the prognostic variables of the model, including sea 
surface temperature (SST) and sea ice concentration 
(SIC). The model domain, grid spacings, and 
subgrid-scale parameterizations were the same as those 
used in Part I.  
 
2.2 Numerical experiments 

To examine the impact of sea ice cover on 
atmospheric warming, the so-called high ice 
experiment (HICE) was conducted (Kumar and others, 
2010). In this experiment, SICs are specified to be the 
1979–2020 daily climatology values. The results from 
HICE are compared with the output of the simulations 
conducted in Part I, which hereafter is referred to as 
the control experiment (CNTL). All input data except 
for SIC were the same as those used in CNTL. Only 

SIC was modified to focus on the sole effect of sea ice 
cover on atmospheric warming, following other 
previous modeling studies (Magnusdottir and others, 
2004; Higgins and Cassano, 2010; Deser and others, 
2010). Synoptic-scale atmospheric variations in the 
Arctic can be affected by many processes, including 
low-level baroclinicity, static stability (Akperov and 
others, 2020), and upper-level potential vorticity 
anomaly (Manda and others, 2020). These processes 
can complicate the response of the simulated results 
and could obscure the impact of sea ice cover. 

      
 
Fig. 2 Horizontal distributions of (a) monthly anomaly of 
2-m temperature in January 2006 derived from ERA5 
data and (b) difference in 2-m temperature between 
CNTL and HICE, averaged from January 5–31, 2006. 
Black contours indicate 2-m temperature. Green and blue 
contours indicate 20% sea-ice concentrations in January 
1979-2020 and 2006, respectively. 

 
As in CNTL, an ensemble experiment was performed 

to evaluate the uncertainty resulting from internal 
model variability (Bassett and others, 2020). Each 
ensemble experiment consisted of five hindcast 
simulations with different initial times, as described in 
Part I. The sea ice response is referred as the difference 
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between the ensemble means of both CNTL and HICE. 
 

 
 
Fig. 3 Time–height cross sections of differences between 
CNTL and HICE in (a) air temperature, and (b) vertical 
diffusion, (c) advection, (d) cloud microphysics, (e) 
cumulus convection, and (f) radiation terms in the 
thermodynamic energy equation, averaged over the 
Barents Sea region (76º–82ºN, 20º–70ºE). Solid contours 
in (a) indicate the air temperature in CNTL. 
 
3. Results 

The horizontal distribution of the monthly anomaly 
of 2-m temperature in January 2006 from the 
climatology derived from ERA5 is shown in Fig. 2a, 
and the differences between the 2-m temperatures in 
CNTL from those in HICE are shown in Fig. 2b. 
Although the simulated result (Fig. 2b) underestimates 
the magnitude of the temperature anomaly in ERA5, 
the pattern of its spatial distribution is very similar to 
that of the anomaly in ERA5. The reason for this 
underestimation is discussed later. Warmer air observed 
to the north and east of Svalbard and east of Greenland 
corresponds to regions of substantial sea ice decline, 
implying that changes in sea ice cover play an 

important role in determining the spatial pattern of the 
observed temperature anomaly (Fig. 2a). 

Before discussing the differences in heat budgets 
between CNTL and HICE, main results of the heat 
budget analyses in CNTL obtained in Part I are 
summarized here. Near-surface warming (<0.5 km) was 
primarily due to vertical diffusion acting to transmit the 
upward SHF (Fig. 7 of Part I). The advection term also 
contributed to the warming during some periods of 
January. Condensational heating by the cloud 
microphysics scheme led to slight cooling just above 
the surface, whereas the cumulus convection scheme 
contributed to warming. Net longwave radiation cools 
the atmosphere due to the divergence of DLR (Fig. 8 of 
Part I). 

The time–height variation of the difference in 
temperature between CNTL and HICE, averaged over 
the Barents Sea region (76º–82ºN, 20º–70ºE; the area 
enclosed by black lines in Fig. 1a of Part I) is illustrated 
in Fig. 3a. A high temperature anomaly in CNTL was 
observed in the lowest 1 km above sea level (ASL). 

 

 
 
Fig. 4 Same as Fig. 3 but for (a) vertical convergence of 

(a) DLR and (b) ULR in the air column above 0.1 km 
ASL. (c) Time series of differences between CNTL and 
HICE in vertical convergence of ULR (red) and DLR 
(blue) between the surface and 0.1 km ASL. 
 
The differences in the terms of the thermodynamic 

energy equation between CNTL and HICE are 
presented in Fig. 3b–f. The vertical diffusion term 
dominates the anomalous heating in the lowest 1 km 
(Fig. 3b), countered by the advection term (Fig. 3c). 
The radiation term in CNTL is larger than that in HICE 
(Fig. 3f), meaning that there is less radiative cooling in 
CNTL relative to that in HICE (see also Fig. 7f in Part 
I). Heating by the cloud microphysics and cumulus 
convection schemes in CNTL is also intensified, with 
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the peak of each elevated from the surface and slightly 
above that of the radiation term (Fig. 3d and e). 

 

 
 
Fig. 5 (a) Same as Fig. 3 but for (a) total mixing ratio in 
CNTL and (b) its difference between CNTL and HICE.  

 
 

 
 
Fig. 6 Vertical profiles of (a) total, (b) snow, and (c) cloud 

water mixing ratios, and (d) air temperature in CNTL 
(red) and HICE (blue). (e) Vertical profile of the 
differences in vertical velocity between CNTL and HICE 
at 00 UTC on January 14, 2006, averaged over the area 
78°–79°N, 60°–65°E. 
 
The time–height cross section of the difference in 

vertical convergence of DLR between CNTL and HICE 
above 0.1 km ASL is shown in Fig. 4a. The DLR in 

CNTL exhibits less divergence than HICE up to 
approximately 0.5 km ASL during the periods of 
January 5–10 and January 18–28. During the period of 
January 11–15, DLR in CNTL was more divergent up 
to 1 km ASL. However, DLR divergence was slightly 
weakened below 0.5 km ASL. The convergence of 
upward longwave radiation (ULR) above 0.1 km ASL 
intensified during most of the period of the simulation 
and it extended up to 1 km ASL (Fig. 4b). Both ULR 
and DLR displayed similar tendencies in the lowest 
layer below 0.1 km ASL (Fig. 4c). Some peaks of DLR 
convergence were much larger than those of ULR (e.g., 
January 21), meaning that sea ice decline led to much 
stronger near-surface heating by DLR than by ULR in 
some cases. 

 

 
 
Fig. 7 Same as Fig. 6 but at 00 UTC on January 22, 2006. 
 

These variations in DLR are highly correlated with 
those in the total mixing ratio, which is defined as the 
sum of the cloud water and ice, rain, and snow mixing 
ratios (Fig. 5). The time–height variation of total cloud 
mixing ratio in CNTL is shown in Fig. 5a. Rapid 
temperature rises in CNTL around January 9, 15, 23, 
and 28 (Fig. 3a) correspond well with the local maxima 
in total mixing ratio shown in Fig. 5a. The total mixing 
ratio in CNTL exhibits smaller values than in HICE 
below 0.5 km ASL during the periods of January 5–10 
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and January 18–28; however, it is larger above 0.5 km 
ASL during the latter period, indicating upward 
displacement of hydrometeors (Fig. 5b). Conversely, 
the total mixing ratio in CNTL is larger than that in 
HICE from the surface to approximately 1 km ASL 
during the period of January 11–15. 

These spatiotemporal variations of the total mixing 
ratio can be related to cloud formation processes. 
Vertical profiles of the total mixing ratio and 
components (mixing ratios of hydrometeors comprising 
the total mixing ratio) at 00 UTC on January 14 and 22 
are illustrated in Figs. 6 and 7, respectively. The former 
(latter) corresponds to the period in which DLR in 
CNTL was more (less) divergent below 0.5 km ASL 
than in HICE over the Barents Sea region (Fig. 8). 

 

 
 

Fig. 8 Maps showing differences in vertical convergence 
of DLR between CNTL and HICE at 00 UTC on (a) 
January 14 and (b) January 22, 2006 at 0.25 km ASL 
(colors). Contours show DLR at 0.25 km ASL in CNTL. 

 

At 00 UTC on January 14, the total mixing ratio in 
CNTL rapidly increased downward from 1.5 to 0.5 km 
ASL and then decreased gradually to the surface (red 
line in Fig. 6a). The total mixing ratio in HICE did not 
show such prominent vertical variation (blue line in Fig. 
6a). The divergence of DLR exhibited large magnitude 
above 0.5 km ASL, but it became smaller below 0.5 km 
ASL (Fig. 4a). It should be noted that different areas 
were taken for computing the averages in Figs. 4 and 6, 
and that the positive values in Fig. 8a have been 
smoothed out in Fig. 4.  

The major hydrometeor in CNTL was snow at 00 
UTC on January 14 (Fig. 6b). The peak of the snow 
mixing ratio in CNTL was much larger than that in 
HICE and it was located at approximately 0.3 km ASL. 
The cloud water mixing ratio in CNTL exhibited a 
similar distribution, although its peak was slightly 
higher than that of the snow mixing ratio (Fig. 6c), 
contributing to an elevated peak of the total mixing 
ratio (Fig. 6a) and weaker DLR divergence below 0.5 
km ASL (Fig. 4a).  

Although numerous factors could affect the 
difference in the mixing ratios between CNTL and 
HICE, it can be related to differences in the static 
stability and vertical wind velocity (Fig. 6d and e). The 
lower troposphere was more unstable and the vertical 
velocities were relatively larger in CNTL than in HICE, 
which provided favorable conditions for growth of 
snow crystals through riming and/or aggregation 
processes. 

At 00 UTC on January 22, the total mixing ratio near 
the surface in HICE was much larger than in CNTL 
(Fig. 7a). The cloud water mixing ratio contributed 
most to the total mixing ratio in HICE (Fig. 7c). The 
more stable conditions and weaker upward velocity in 
HICE could support the existence of supercooled water 
near the surface, which became almost zero in CNTL. 
Conversely, the snow mixing ratio increased in CNTL 
(Fig. 7b), and CNTL exhibited more statically unstable 
conditions and vigorous ascent up to 1 km ASL (Fig. 7d 
and e), which provided more favorable conditions for 
growth of ice crystals, as in the case at 00 UTC on 
January 14.  

The enhanced DLR convergence (hence, heating) 
near the surface (Fig. 8b) can be attributed to 
differences in the height of the peak of the total mixing 
ratio between CNTL and HICE. The total mixing ratio 
in HICE at 00 UTC on January 22 peaked at the lowest 
layer and monotonically decreased upward (Fig. 7a), 
which led to strong divergence of DLR near the surface 
in HICE. In contrast, the total mixing ratio in CNTL 
peaked at approximately 0.7 km ASL. It indicates that 
DLR in CNTL was much less divergent and caused 
much less cooling than in HICE. 

Temporal variations of the differences in heat and 
radiation fluxes at the surface between CNTL and 
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HICE are illustrated in Fig. 9a. As expected, the 
sensible and latent heat fluxes and ULR in CNTL were 
intensified because of the larger areas of open water. 
Interestingly, DLR was also enhanced in CNTL in 
comparison with that in HICE. The enhanced surface 
DLR in CNTL extended further north of the sea ice 
edge (Fig. 9b), indicating the remote impact of sea ice 
decline. It also suggests interaction between the 
turbulent heat fluxes and DLR. Increases in air 
temperature and moisture due to enhanced turbulent 
surface heat fluxes could lead to enhancement of DLR 
at the surface, as suggested in recent data analysis 
studies (Alexeev and others, 2017; Kim and others, 
2019). The results of this study corroborate those 
findings and suggest new considerations that have not 
been addressed in previous studies, e.g., the response of 
the vertical structures of hydrometeors and DLR to sea 
ice decline. 

 
 
Fig. 9 (a) Time series of differences between CNTL and 
HICE for sensible heat flux (orange), latent heat flux 
(purple), ULR (magenta), and DLR (cyan) at the surface. 
(b) Map showing difference in DLR at the surface 
between CNTL and HICE averaged from 00 UTC from 
January 5–31, 2006. Contours indicate DLR in CNTL. 

 
4. Summary and Discussion 

The role of sea ice decline in AA remains a matter of 
debate (Screen and others, 2018). This study 
demonstrated the impact of sea ice decline on 
atmospheric warming over the Barents Sea during 
moisture intrusion events in winter, thereby 
contributing to advance of the understanding of the 
mechanism of atmospheric warming in the Barents Sea 

region, which is the area that shows the most prominent 
warming in the Arctic. 

The changes in sea ice cover in January 2006 well 
reproduced the horizontal pattern of the observed 2-m 
temperature anomaly from the climatology, suggesting 
that sea ice decline has played an important role in the 
recent warming in the Barents Sea region. Sea ice 
decline enhances not only the heat and radiative fluxes 
at the surface but also the radiative and condensational 
heating in the air column. Under a low ice condition, 
ULR (DLR) are more convergent (less divergent) than 
under a high ice condition and hence contribute to the 
net radiative heating above the surface.  

 

 
 

Fig. 10 Horizontal distributions of monthly anomalies of 
(a) precipitable water, (b) 10-m wind speed, and (c) SST 
in January 2006 derived from ERA5. Contours indicate 
the values in CNTL. 
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The results of this study suggest interaction between 
radiation and sea ice cover. Enhancement of radiative 
heating will increase the surface skin temperature, 
thereby intensifying the sensible heat and latent heat 
fluxes, which could lead to further enhancement of 
radiative heating. This study also suggests that changes 
in DLR are associated with changes in cloud 
characteristics. Sea ice decline causes more unstable 
conditions and stronger ascent via enhanced surface 
fluxes, which change the vertical profiles of 
hydrometeors and hence DLR. 

 

 
 

Fig. 11 Same as Fig. 10 but for differences in (a) 10-m 
wind speed and (b) precipitable water between CNTL 
and HICE. 

 
Despite the considerable effort to improve the 

performance of regional Arctic atmospheric models, 
there are still large intermodel spreads in reproducing 
the clouds and radiation in the Arctic using different 
parameterization schemes (e.g., Cassano and others, 
2017; Inoue and others, 2021). The modeled responses 
of hydrometeors and DLR to sea ice decline in this 
study should be regarded as possible responses of the 
actual atmosphere. Further observational and/or 
modeling studies are needed to reduce the uncertainty 
of the responses in the modeled atmosphere. 

This study focused solely on the direct impact of sea 
ice loss on the magnitude of Arctic warming and its 
spatial extent during moisture intrusion events, and 

confirmed that it is the principal factor responsible for 
the horizontal distribution of observed temperature 
anomaly. The increase in 2-m temperature in CNTL 
was much smaller than its anomaly derived from the 
climatology in ERA5 (Fig. 2). It suggests that other 
factors should be considered to fully account for the 
observed temperature anomaly. Various factors could 
affect the spatiotemporal variation over the Barents Sea 
region, e.g., the amount of water vapor, wind speed, 
and SST. In fact, fractional changes from the 
climatology in observed precipitable water and 10-m 
wind speed are much larger than the differences in 
these variables between CNTL and HICE (Figs. 10 and 
11), suggesting that anomalous moisture and winds 
from the climatology contributed to the observed 
anomalous warming in 2006. Since year-to-year 
variations of frequency and intensity of the moisture 
intrusion events are rather large, the analyses in this 
study should be extended to other years. We note that 
the atmospheric modeling approach employed in this 
study is designed to isolate the direct impact of sea ice 
loss on the atmosphere without accounting for other 
components of the climate system. The results of this 
study could be used as a baseline for evaluating the 
impact of sea ice loss on recent AA. Although various 
processes can affect atmospheric warming over the 
Barents Sea region, the responses of the vertical 
profiles of cloud and DLR to sea ice loss are 
fundamental to understanding the mechanism of AA. 
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Abstract 
Long-term sea ice observation data at the Japan Meteorological Agency observatories along the 

Okhotsk coast of Hokkaido were analyzed. The observations at the Abashiri Local Meteorological 
Observatory largely explained the variations at other sites along much of the Okhotsk coast on a time 
scale longer than a few days. Interannually, variations of the maximum sea ice areas in the whole and 
southern Sea of Okhotsk were largely reflected in the yearly accumulated sea ice concentration (SIC) 
and sea ice duration variations at the observatories. A comparison with several indices for the North 
Pacific climate variability suggested that the North Pacific Index (NPI) is a robust indicator of the 
recent (after the 1980s) sea ice variations in the Sea of Okhotsk on a decadal time scale. Specifically, 
variations in the first sea ice appearance date at the observatories resulted from variations in the 
Aleutian Low with meridional wind anomalies over the Sea of Okhotsk and the air temperature around 
Japan in January; variations in the final disappearance date resulted from the Aleutian Low variations, 
and the resulting sea ice cover variations in the Sea of Okhotsk except for the Siberian coast affected 
the air temperatures in April. These factors influenced the sea ice duration. A strong linkage was found 
between variations in the local sea ice (along the Hokkaido coast) and large-scale fields, which will 
help improve our understanding of the sea ice extent and retreat variability over the Sea of Okhotsk 
and its linkage to the North Pacific climate variability. 

 
Key words: sea ice, Sea of Okhotsk, Hokkaido, climate variability, JMA meteorological observatory 

 
1. Introduction 

The marginal Sea of Okhotsk in the western North 
Pacific is characterized by its seasonal sea ice cover. 
Sea ice is mainly formed in the northern and 
northwestern shelf regions due to the winter 
northwesterly monsoon bringing cold air from Siberia. 
It then extends southward, particularly in the western 
part along the eastern coast of Sakhalin, and eventually 
reaches the northeastern coast of Hokkaido facing the 
Sea of Okhotsk in late January (Fig. 1a). The existence 
of sea ice is highly influential for local communities 
around the Sea of Okhotsk (e.g., Shirasawa et al., 2005). 
It is also important for larger-scale atmospheric 
variability around the North Pacific (e.g., Honda et al., 
1996, 1999; Kawasaki et al., 2021) and ventilation of 
the North Pacific Ocean (e.g., Nakamura et al., 2006). 

Large interannual variability in the sea ice extent in 
the Sea of Okhotsk has been detected, as well as a 
decreasing trend (> 10% per decade; e.g., Parkinson 
and Cavalieri, 2008), which would include the feedback 
from atmosphere and ocean variations (e.g., Ohshima et 

al., 2014). The variation in the sea ice extent over the 

Sea of Okhotsk influences local sea ice evolution such 
as its appearance along the Hokkaido coast. Aota 
(1999) presented a long-term decreasing tendency of 
the sea ice amount (see Section 3) as observed at the 
Abashiri Local Meteorological Observatory from 1892, 
linking it to atmospheric warming. Tachibana et al. 
(1996) found that an abrupt reduction of the sea ice 
cover in the southern part of the Sea of Okhotsk 
occurred at the end of the 1980s, resulting from a 
weakening of the wintertime Aleutian Low; the reduced 
sea ice condition has continued (at least until 1994 in 
their study). Takahashi et al. (2011) presented good 
correlations between the sea ice duration and local air 
temperature at four sites along the coast of Hokkaido. 

Yamazaki (2000) discussed how the winter sea ice 
area in the Sea of Okhotsk is mostly explained by the 
wind (as represented by the sea level pressure (SLP) 
difference between 150°E, 45°N and 170°E, 60°N), the 
air temperature (at 140°E, 55°N and the 850 hPa 
height), and the sea ice area at the beginning of January. 
Regarding the January sea ice area, Ohshima et al. 
(2006) highlighted the importance of the air 
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temperatures (and hence heat fluxes) in the ice 
formation region in the fall (October–November) and 
also suggested that the oceanic conditions affect the 
advances in the sea ice extent in the downstream region, 
and hence the maximum extent. Thus, several processes 
affect the time evolution of the sea ice distribution, 
particularly the start and end dates of the sea ice 
existence in the season and the accumulated 
concentration and duration of the sea ice at coastal sites 
in the downstream region (e.g., Hokkaido), which 
requires further investigation. 

In the present study, we focused on the local sea ice 
variability along the Okhotsk coast of Hokkaido. In 
doing so, we used the long-term archives of the daily 
sea ice concentration (SIC) observations at the 
meteorological observatories of the Japan 
Meteorological Agency (JMA). This set is one of the 

longest observational records that can be used for 
climate study, at least near the Okhotsk coast of 
Hokkaido. We individually analyzed the start and end 
dates and accumulated sea ice cover (Aota et al., 1988) 
and their relationship to the large-scale atmospheric 
fields and North Pacific climate indices. Particular 
attention was paid to how the observations at the 
Abashiri Local Meteorological Observatory represent 
the regional sea ice cover, considering that several other 
observatories terminated observation of the sea ice 
component. Since the meteorological features are 
similar among the northern and southern areas and 
southernmost Hokkaido coast of the Sea of Okhotsk in 
terms of high sensitivity to atmospheric variability such 
as extratropical cyclones and polar jets, a global 
outlook of the Sea of Okhotsk is provided in 
association with the sea ice variability. The results 
would be useful for understanding the sea ice 
variability in the southern downstream region. 
 

2. Data 
We used the daily drift and total (the latter includes 

locally formed ice) SIC data based on direct 
observations at the JMA observatories along the coast 
of Hokkaido: Wakkanai, Kitami-Esashi, Omu, 
Mombetsu, Abashiri, Nemuro, and Kushiro (Fig. 1b). 
The data periods differ among the sites and variables 
(starting from the 1950s; see Fig. 2). These data are 
available online at https://www.data.jma.go.jp/gmd/ 
kaiyou/db/seaice/hokkaido/hokkaido_ice_sequence.html. 
Quality controls (such as for data with an inconsistency 
of drift ice > total ice) were conducted based on the 
continuity of time series and consistency with local air 
temperatures (subjectively). For the start and end dates 
of the local sea ice existence, longer records than for 
the SIC are available (e.g., from 1946 at Abashiri). 

Daily (5 days) gridded SIC data based on satellite 
measurements in the Sea of Okhotsk are routinely 
produced for operational use by the JMA. The 
horizontal resolution is 1/33° zonally and 1/50° 
meridionally (about 2 km). We used the data from 
December 1977 to December 2019. See 
https://www.data.jma.go.jp/gmd/kaiyou/db/seaice/okhotsk/
okhotsk_extent.html. We refer to these data as “grid 
SIC” data in this study. 

Sea ice indices for the Sea of Okhotsk are defined in 
this study as yearly integrations of the above-described 
local SIC data and yearly maximum area coverages 
based on the grid SIC data (see Section 3). 

We also used the daily (5 days) mean surface air 
temperature and wind direction and speed data at the 
same observatories. In addition, we used a winter 
(December–February) time series of the North Pacific 
Index (NPI; Trenberth and Hurrell, 1994) and West 
Pacific pattern (WP; Wallace and Gutzler, 1981), 
Pacific Decadal Oscillation (PDO; Mantua and Hare, 
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   Fig. 1 (a) Monthly sea ice extent (contours of grid SIC 

= 0.3) averaged over 1977–2019. (b) Locations 
of JMA observatories and distribution of daily-
basis correlation coefficients between the 
Abashiri and grid SICs. (N = 700–800 
approximately). 
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2002), North Pacific Gyre Oscillation (NPGO; Di 
Lorenzo et al., 2008), and Monsoon (MOI; Watanabe, 
1990) indices, as measures of the intensities of large-
scale climate modes in the North Pacific. These data are 
available online at https://www.jma.go.jp/jma/menu/ 
menureport.html except for the WP index, which can be 
obtained online at https://www.cpc.ncep.noaa.gov/data/ 
teledoc/wp.shtml. 

The JRA-55 atmospheric reanalysis (Kobayashi et al., 
2015) dataset is available at http://jra.kishou.go.jp/JRA-
55/index_en.html. 

The merged satellite and in situ sea surface 
temperature (SST) dataset of the JMA (MGDSST; 
Kurihara et al., 2006) is available at http://ds.data.jma. 
go.jp/gmd/goos/data/rrtdb/jma-pro/mgd_sst_glb_D.html. 
 

3. Results 
The meteorological observatory data are derived 

from direct (visual) observations at 9:00 a.m. local time 
within the range of 20 km from the observatories 
(relatively weighted on the 5 km range; personal 
communication with Fumitake Shido). The satellite-
based grid SIC data provide information on the 
spatiotemporal variability (with a 2 km resolution) but 
inevitably suffer from noise such as that due to cloud 
cover and coastal effects (e.g., Yamazaki, 2000). As 
shown in Fig. 1b, the correlation between the Abashiri 
and grid SICs was lower than 0.8 (grid SICs on every 
five days and Abashiri SIC on the same days were 
compared; data were not used when both SICs = 0). 
Thus, these datasets are not exactly consistent at the 
observatory site (on the nearest grid to Abashiri for the 
grid SICs). Nevertheless, a relatively large correlation 
(at a similar level to the co-located value) can be seen 
along a large part of the Okhotsk coast of Hokkaido and 
upstream of the sea ice advection near Sakhalin. In 
addition, relatively high correlations along the 
Hokkaido coast against the grid SICs were obtained for 
other observatory data at Kitami-Esashi, Omu, 
Mombetsu, and also Nemuro (not shown). These results 
suggest that the SIC variations on a time scale of five 
days along the Okhotsk coast (between Kitami-Esashi 
and Shiretoko Peninsula approximately) were largely 
captured by the Abashiri observations, which is 
consistent with previous studies (e.g., Aota et al., 1988; 
Nakamura, 1996). Actually, high correlation 
coefficients with the Abashiri data were obtained for 
the Kitami-Esashi (0.61), Omu (0.69), Mombetsu 
(0.74), and Nemuro (0.65) data, respectively (daily 
values were used; N = 5000–6000). In contrast, the 
observations at Wakkanai and Kushiro showed much 
more confined correlated areas with the grid SIC data 
and smaller correlations with the Abashiri data (0.32 
and 0.06, respectively). 

Figure 2 depicts the yearly time series. Although 
there existed differences in detail, the maximum sea ice 

areas in the whole and southern (<50°N) Sea of 
Okhotsk generally covaried (Fig. 2a; R = 0.81). Note 
that variations in the northern area as well as the 
southern area contribute to the whole area variations, 
whereas Aota et al. (1988) suggested much smaller 
interannual variations in the northern part than in the 
southern part for the period of 1971–1985. In addition, 
a gross similarity to these time series (e.g., relatively 
low in the first half of the 1990s; further discussed later 
with Fig. 3) can be seen for the time series of 
accumulated SICs, i.e., time integral of daily SICs with 
a unit [SIC (%) day] (Aota et al., 1988) at the 
observatories, Kitami-Esashi, Omu, Mombetsu, 
Abashiri, and Nemuro. Since the variations in the 
accumulated SICs for the drift and total ice (thin and 
thick lines, respectively) were generally compatible 
(except for Nemuro), we hereafter use the total ice SICs 
at Abashiri as generally representing the variations in 
the other observatory data (Kitami-Esashi, Omu, 
Mombetsu, and Nemuro). The variations were rather 
different at Wakkanai and Kushiro. 

It should be noted that although we defined the 
southern part as south of 50°N following previous 
studies (e.g., Aota et al., 1988; Aota and Ishikawa, 
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  Fig. 2 (a) Yearly maximum sea ice areas in the Sea of 

Okhotsk from the grid SIC data for the whole 
(black; left axis), northern (>50°N; green; left 
axis), and southern (<50°N; red; right axis) 
areas. (b) Yearly time series of accumulated 
SICs at the meteorological observatories. Lines 
are vertically shifted by 5×103 [SIC day] 
(interval of the horizontal dotted lines) between 
sites. Red (orange) line indicates accumulated 
total (drift) SIC for Abashiri. Blue (green) lines 
are for the other sites, individually. 
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1993; Tachibana et al., 1996) and analyzed the yearly 
maxima of the daily (5 days) sea ice area in this study 
(Fig. 2a), the correlation between the whole and 
southern Okhotsk sea ice areas becomes much smaller 
when we use the sea ice area of a fixed day or period 
(1 December–14 March by Tachibana et al. (2016); 15 
February by Toyota et al. (2021)) and the southern part 
definition as south of 46°N (Toyota et al., 2021). In 
addition, a negative correlation between the whole sea 
ice area in the Sea of Okhotsk and the sea ice amount 
along the Hokkaido coast was suggested for the data 
before the 1980s in previous studies (see Honda, 2007). 
Whether or not this relationship has recently changed is 
outside the scope of this study. At least, it might depend 
on the definition of the sea ice area as described above. 

To investigate the above sea ice quantities of the Sea 
of Okhotsk in relation to the large-scale climate mode 
variations in the North Pacific, particularly their 
decadal phase changes (e.g., Tachibana et al., 1996), we 
compared these quantities (sea ice indices) with the 
North Pacific climate indices (for December–February; 
Fig. 3a). Note that these climate mode indices are not 
independent of each other: for example, both the NPI 
and PDO (based on SLP and SST patterns, 
respectively) are associated with variations in the 
Aleutian Low strength, whereas the WP and NPGO are 
both associated with variations in the meridional 
position of the Aleutian Low (e.g., Toyoda et al., 2017). 
As discussed by Tachibana et al. (1996), the sea ice 
indices (Fig. 3b) decreased abruptly around 1989/1990, 
which corresponded to large changes in the climate 
mode indices, e.g., a phase shift of the PDO. After that, 
the sea ice area in the Sea of Okhotsk increased and 
reached a peak in 2001 (Fig. 2a; 3b), which 
corresponded to negative phases of the NPGO and NPI. 
Note that the above simultaneous comparisons do not 
indicate causal relationships. 

As suggested by Yamazaki (2000), several climate 
index patterns associated with the Aleutian Low 
variability can affect the sea ice amount in the Sea of 
Okhotsk. We calculated the running correlations with a 
21-year window between the sea ice indices of the Sea 
of Okhotsk and indices of the North Pacific climate 
mode variabilities (e.g., the value in 2000 denotes a 
correlation during the period of 1990–2010). For the 
whole and southern sea ice maxima, the correlations 
with the NPGO and NPI were relatively large; the 
correlations with the PDO were low, particularly for the 
index of the whole Sea of Okhotsk (lower than 90% 
and 95% confidence levels of 0.37 and 0.43, 
respectively). 

Longer records can be compared by using the 
accumulated SICs at Abashiri. In the first half of the 
1970s, the 21-year running correlations of the 
accumulated SIC with both the PDO and NPI were low. 
The correlation with the PDO increased afterward and 

reached a peak around 1990, corresponding to the 
abrupt ice area reduction. The correlation with the NPI 
(inversed in sign) also increased during the 1980s and 
kept a high (significant) level after the late 1980s. This 
was in contrast to the correlation with the PDO, which 
gradually decreased after about 1990. The MOI also 
decreased after about 1990 and became negative in the 
early 2000s. This change in sign was also seen in the 
correlation of the maximum areas (Fig. 3c). The 
correlation with the NPGO was about +0.5 during the 
late 1960s and 1970s. It then decreased during the 
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  Fig. 3 (a) Yearly time series of the NPI (red; inverse in 

sign), WP (blue; inverse in sign), PDO (orange), 
NPGO (green), and MOI (dark yellow) indices 
for December–February. (b) Time series of 
normalized (by individual standard deviations) 
maximum sea ice area (black and gray lines for 
the whole and southern Sea of Okhotsk, 
respectively) and accumulated SIC at Abashiri 
(purple). 5-year running mean values are plotted 
for (a, b). (c) Running correlations with a 21-
year (±10 years) window between the climate 
indices and maximum sea ice area for the whole 
and southern (thick and thin lines, respectively) 
Sea of Okhotsk. (d) Same as (c) but with 
correlations between the climate indices and 
accumulated SIC at Abashiri. 
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1980s and 1990s, reached nearly zero around 1990, and 
stayed at about −0.5 after the late 1990s. From the 
correlations with the NPGO (Figs. 3c, d), the 
relationship between the maximum area and Abashiri 
SIC greatly changed in the 1980s to early 1990s, which 
can also be seen in the time series of these sea ice 
indices (Fig. 3b). The correlation with the WP was 
relatively high in the early 1970s and 1980s; it was low 
in the mid 1970s and after the 1990s. In summary, 
although the decadal-scale relationships of the sea ice 
indices to the North Pacific climate indices varied with 
time, the NPI was a robust indicator of the sea ice 
variations in the Sea of Okhotsk after the 1980s. In the 
1970s and after the late 1990s, the correlation with the 
NPGO became relatively high but the signs were 
different between these periods. The period with a 
relatively high correlation with the PDO was limited to 
around 1990. 

The duration of the sea ice existence can be another 
measure for the yearly sea ice influence, which might 
be more important to local communities (e.g., fishery) 
than the accumulated SIC. As shown in Fig. 4a, the 
variations in the yearly sea ice duration at Abashiri 
mostly corresponded to those in the accumulated SIC 
and, again, the variations were similar along a large part 
of the Okhotsk coast (Kitami-Esashi, Omu, Mombetsu, 
Abashiri, and Nemuro). Thus, one measure at a site can 
largely substitute the others among these sites. 

The sea ice duration is determined by the start and 
end dates with the sea ice within the visibility from the 
site. At Abashiri, the first appearance generally 
occurred in January (Fig. 4c) and the final 
disappearance largely occurred in April during the 
whole records but the number of years with the end 
date in March and April recently became equivalent 
(Fig. 4b). Around 1989/1990, both the delay in the start 
date and advance in the end date contributed to the 
short duration. After this period, on the other hand, this 
relationship with opposite signs was not seen: for 
example, the start date in 1993 was delayed to February, 
whereas the end date was also delayed to May. As 
described above, the average end date (red line for 5-
year running mean) became noticeably earlier. Thus, 
these start and end date variations contributed 
differently to the recent total duration change. Since the 
total duration basically captures variations in the 
accumulated SIC and maximum sea ice area at least on 
a decadal scale as described above, the investigation of 
the start and end dates at the local site would provide 
useful information on the advance and retreat of the sea 
ice over the Sea of Okhotsk. 

Based on the date ranges (Figs. 4b, c), we 
investigated the atmospheric fields in January for the 
start date and those in April for the end date. The 
monthly mean surface air temperatures at the same 
observatory (Abashiri) were well correlated with the 

start and end sea ice date variations (Fig. 5), i.e., the 
delayed start date and early end date, when the surface 
air temperature is relatively high in that month. Note 
that we also investigated the local wind fields (speed 
and direction), but variations related to the start and end 
dates were not found, as discussed by Aota et al. (1988) 
for the period of 1969–1988. 
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   Fig. 5 (a) Relationship between January mean surface 
air temperature (Ta) and the sea ice start date at 
the Abashiri Local Meteorological Observatory. 
(b) Same as (a) but for the April mean surface 
air temperature and the sea ice end date. 
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  Fig. 4 (a) Time series of yearly durations (from 

December of the previous year) of the sea ice 
existence. Black and red lines denote the 
unsmoothed and 5-year running mean time 
series, respectively, at Abashiri. 5-year running 
mean plots are also shown for Kitami-Esashi 
(green) and Nemuro (blue). (b, c) Start (c) and 
end (b) dates of the sea ice existence at Abashiri. 
Unsmoothed and 5-year running mean values 
(black and red, respectively) are plotted. The y-
axis denotes the date of the year (including 
December of the previous year in (c) which 
advances upward. 
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To investigate the relationship between these dates 
and large-scale fields, we first examined the grid SICs 
in January and April regressed to the start and end dates, 
respectively (Fig. 6). Note that normalized date time 
series were used (mean and standard deviation values 
of the original start and end dates were 20.5 January 
±9.0 days and 10.5 April ±15.8 days, respectively, 
during the overlapping period with the grid SIC data 
1978–2019); hence, the SIC variations corresponding to 
one standard deviation of the date variations are 
presented. In January, negative values were distributed 
broadly over the Sea of Okhotsk (Fig. 6a). Thus, SICs 
over the whole sea ice region decreased with the delay 
of the sea ice start dates in the downstream region along 
the Okhotsk coast of Hokkaido. In April, positive SIC 
anomalies spread over most of the Sea of Okhotsk, 
whereas negative values were seen in the northwestern 
shelf region along the Siberian coast (Fig. 6b). 

We next examined large-scale atmospheric fields 
(from JRA-55) in relation to the start and end dates. 
The regressions of the January SLPs to the start date 
(Fig. 7a) exhibited a weakening of the Aleutian Low 
(positive anomalies). This distribution is generally 
consistent with the result presented by Tachibana et al. 
(1996; for January–February). In association with these 

SLP anomalies, southerly wind anomalies were seen 
over the Sea of Okhotsk (Fig. 7a), which means a 
weakening of the northerly winds that are important to 
the sea ice advance (Kimura and Wakatsuchi, 1999; 
Shevchenko et al., 2004). At the 850 hPa height, warm 
anomalies (>1°C) existed around Japan including the 
Okhotsk coast (Fig. 7b). At the surface, there were 
warm anomalies in the sea ice formation region along 
the Siberian coast, in addition to anomalies similar to 
those at the 850 hPa height (Fig. 7c). The surface 
turbulent heat flux regressions showed positive 
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   Fig. 7 Regression distribution of the January 

atmospheric fields (JRA-55) to the sea ice start 
date variations at Abashiri. (a) SLP (shading) 
and surface wind (arrows). (b) 850 hPa 
temperature. (c) Surface air temperature. (d) 
Surface turbulent (sensible plus latent) heat flux 
(positive upward). Only significant values at a 
95% confidence level are shaded. 
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   Fig. 6 (a) Regression distribution of the January grid 

SICs to the sea ice start date variations at 
Abashiri. (b) Same as (a) but with regression of 
the April grid SICs to the end date variations. 
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(upward) flux anomalies along the Siberian coast, 
which work to enhance the ice formation (partly 
recovering the shortage), and negative (downward) heat 
flux anomalies in the southern Sea of Okhotsk, which 
work to delay the start date by reducing the cooling at 
the ice–water surface. These results suggested that both 
the weakening of the northerly winds (due to the 
weakening of the Aleutian Low) and relatively warm 
temperatures around Japan (possibly affected by the 
weakening of the westerly jet) contributed to the delay 
of the start date and basin-scale smaller SICs in January 
(Fig. 6a). 

As pointed out (but not analyzed) by Aota et al. 
(1988) and Yamazaki (2000), the oceanic conditions 
might affect the advance of the sea ice extent in the 
downstream region. Figure 8 shows the relationship 
between the start dates and SSTs in December, 
generally before the sea ice appearance. On the grid 
nearest to Abashiri, a weak but significant (95% 
confidence level) correlation of the start dates was 
obtained with the mean SSTs in December (red dots in 
Fig. 8a), whereas the correlation with the November 
SSTs (blue) was rather low. In addition, the relatively 
high correlation with the December SSTs was 
distributed along the Hokkaido coast through the Soya 
Strait (Fig. 8b). This might suggest the influence of the 
Soya warm current, which on average weakens greatly 
from November to January (Ohshima et al., 2017) and 
requires further investigation in the future. 

On average (climatology), the Aleutian Low weakens 
and shrinks to the north in April relative to January. 
Thus, the negative SLP regressions to the end date in 
April as shown in Fig. 9a indicate that when the end 
date is delayed, the relatively strong Aleutian Low is 
maintained, leading to the northerly wind anomalies 
over the Sea of Okhotsk. 

The air temperature anomalies over the Sea of 
Okhotsk were rather small at the 850 hPa height (Fig. 
9b), whereas cold anomalies were remarkable at the 
surface (Fig. 9c). Little influence of the sea ice 

existence on the 850 hPa temperature relative to the 
near-surface temperature is consistent with previous 
studies (see Honda, 2007). The heat flux anomalies 
were negative (Fig. 9d), reducing the upward heat 
release (e.g., Ohshima et al., 2003). Hence, the positive 
SIC anomalies (Fig. 6b) cooled the surface air (Fig. 9c). 
This is particularly seen in the northern Sea of Okhotsk 
with relatively large SIC anomalies (Fig. 6b). Note that 
the negative heat flux anomalies were more largely 
distributed to the south although they were not 
significant (not shown). Thus, the candidate cause of 
the delay of the end date was the northerly wind 
anomalies due to the relatively strong Aleutian Low for 
April, particularly in the western part. In addition, these 
wind anomalies generated relatively low SICs along the 
Siberian coast and relatively high SICs just to the south 
(Fig. 6b). 
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   Fig. 9 Same as Fig. 7 but with regression of the April 

atmospheric fields to the end day variations. 
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   Fig. 8 (a) Scatter plots of the start days and monthly 

mean SSTs for November (blue) and December 
(red) on the Abashiri grid. (b) Distribution of 
correlation coefficients between the start day at 
Abashiri and the December mean SSTs. 
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4. Conclusion 
We analyzed the sea ice observation data at the JMA 

meteorological observatories along the Okhotsk coast 
of Hokkaido. On a time scale longer than a few days, 
the observations at the Abashiri Local Meteorological 
Observatory largely explained the variations at other 
sites along the coast (Kitami-Esashi, Omu, Mombetsu, 
and Nemuro). This was also supported by correlations 
of the above data with the grid SICs. The daily (5 days) 
grid SIC data also indicated that the annual maximum 
sea ice area in the whole and southern Okhotsk Sea 
mostly covaried with each other, including the abrupt 
reduction in 1989/1990 (Tachibana et al., 1996) and the 
recent peak in 2001. In addition, these interannual 
variations were reflected in the yearly accumulated SIC 
(Aota et al., 1988) and sea ice duration variations along 
the Okhotsk coast of Hokkaido. The long-term sea ice 
duration time series suggested that the decadal-scale 
relationships of the above sea ice indices to the indices 
for the North Pacific climate mode variabilities varied 
with time. Among several climate indices, the NPI is a 
robust indicator of recent (after the 1980s) sea ice 
variations in the Sea of Okhotsk. We also examined the 
differences between the start and end date variations, 
which determine the durations. Variations in the start 
date at the Okhotsk coast sites resulted from the 
variations in the Aleutian Low strength, the air 
temperature around Japan in January, and partly the 
SST along the Soya warm current in December. 
Variations in the end date resulted from the Aleutian 
Low variations; the sea ice cover variations affected the 
air temperatures over the Sea of Okhotsk in April, in 
contrast to the sea ice cover variations in January 
resulting from the air temperature variations. 

Although further investigation is necessary (such as 
for quantitative evaluation of the causal factors, and 
dependencies among them), our results highlighted the 
interactive linkage between variations in the sea ice 
along the Okhotsk coast of Hokkaido and large-scale 
fields, which will help improve our understanding of 
the sea ice extent and retreat variability in the Sea of 
Okhotsk. This study implies that the long-term 
observation data at the JMA meteorological 
observatories are highly valuable for climate study, 
especially on the decadal and longer time scale climate 
variability in the North Pacific. We hope this study 
provides interdisciplinary feedback to the operational 
monitoring of the sea ice. In addition, reproduction of 
the sea ice along the Okhotsk coast of Hokkaido is one 
of the issues to be improved in the operational 
forecasting system of the JMA (Hirose et al., 2019). 
The results of this study might help specify the 
processes that are necessary for improvement in this 
region and the data can be a beneficial source for 
initializing the forecast system. This study is a first step 
toward accomplishing these objectives. 
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Abstract  
As part of the 62nd Japanese Antarctic Research Expedition (JARE), we deployed an X-band 

Doppler radar at Syowa Station in February 2021 to study various types of snowfall events. The 
tentative results of the snowfall detectability experiments show that this radar system can observe 
heavy snowfall events during periods of strong wind caused by synoptic-scale disturbances. In 
addition, by combining the data from this radar with those of a previously installed ceilometer and 
disdrometer, we will be able to observe almost all snowfall events at Syowa Station. 

 
Keywords: Antarctic snowfall, X-band Doppler radar, Syowa Station, JARE 

 
1. Introduction 
   Changes in the mass of the Antarctic ice sheet are a 
major concern in studies on global warming. The IPCC 
(Intergovernmental Panel on Climate Change) Special 
Report (Meredith et al. 2019; The IMBIE (Ice sheet 
Mass Balance Inter-comparison Exercise) Team 2018) 
states that while the mass of the entire Antarctic ice 
sheet has been decreasing since the 1990s, the mass of 
the ice sheets in the western region of East Antarctica, 
which includes the Japanese sphere of activities, has 
increased from the mid-2000s to the present. 
   The mass of the Antarctic ice sheet increases due to 
snowfall and decreases due to coastal iceberg runoff 
and melting. In order to accurately forecast changes in 
the mass of the Antarctic ice sheet, being able to 
accurately measure the amount of snowfall is becoming 
increasingly important. However, the absence of any 
long-term precipitation observations in Antarctica 
makes it difficult to directly examine the relationship 
between global warming and climate change. 
   Measuring precipitation with high reliability is still 
challenging, especially in Antarctica where strong 
winds decrease the catch rate of snow particles by snow 
gauges (WMO 2018). For example, Hirasawa et al. 
(2018) reported that a gauge-type instrument, RT3 (the 
primary instrument used to measure snowfall by the 
Japan Meteorological Agency (JMA)), underestimated 
the total snowfall amounts by up to 60%. Heavy 
precipitation events associated with synoptic-scale 

disturbances are often accompanied by blizzards. Based 
on estimates by the climate model RACMO2 (Lenaerts 
et al. 2013; Marshall et al. 2017), Turner et al. (2019) 
showed that the most extreme precipitation events (i.e., 
events with precipitation intensities in the top 10%) are 
responsible for approximately 50% of the annual 
precipitation in Antarctica. It is therefore crucially 
important to be able to measure snowfall amounts 
under the strong wind conditions that are associated 
with synoptic-scale disturbances. 
   Under strong wind conditions, snow particles are 
liberated from the snow surface and are resuspended in 
the atmosphere. As a result, measurements inevitably 
contain a mixture of normal snowfall and such drifting 
snow. Although the proportion of drifting snow is 
relatively higher near the surface (e.g., Kobayashi 
1978; Takahashi 1985; Mann et al. 2000; Nishimura 
and Nemoto 2005), it can reach heights of up to 1000 m 
above the Antarctic ice sheet (Palm et al. 2011). Since 
observing drifting snow directly is difficult, the mixing 
of drifting snow and snowfall need to be considered in 
order to obtain an accurate picture of snowfall. 
   The second reason why measuring precipitation 
with high reliability in Antarctica is difficult is because 
the snowfalls in Antarctica are extremely weak and 
occur over a long period. Especially in inland areas, 
such weak snowfalls (also referred to as clear sky 
precipitation or diamond dust) occur during about 80% 
of the year (e.g., Kuhn et al. 1975; Schwerdtfeger 1984; 
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King and Turner 1997). For example, at Dome Fuji, the 
annual snowfall accumulation is approximately 30 mm; 
if half of that, 15 mm, is due to the weak snowfalls that 
occur over 292 days (80% of 365 days), then the daily 
snowfall amount is about 0.05 mm (approximately 
0.0003 mm/min.). Since measuring such weak snowfall 
by mass is impractical, another method is required. 
   Over the last decade, estimates of snowfall have 
been conducted at several stations in Antarctica, either 
by direct mass observations or by remote sensors, such 
as lidar and radar (Fig. 1). For example, an X-band 
polarimetric radar, a micro rain radar, a weighing gauge, 
and a multi-angle snowflake camera have been used for 
this purpose at the French Dumont d'Urville Station 
since November 2015 (Grazioli et al. 2017). Micro rain 
radars have also been installed at the Belgian Princess 
Elisabeth Station (Duran-Alarcon et al. 2019) and the 
Italian Mario Zucchelli Station (Souverijns et al. 2018). 
Intercomparison studies of data collected at these 
stations and satellite and climate reanalysis data have 
been undertaken. At Syowa Station, X-band radar 
observations have been conducted from 1989 to 1990. 
The findings of that project showed that precipitation 
occurred on 130 days per year, the total precipitation 
amount was about 200 mm per year, and the frequency 
of precipitation events appeared to be higher in spring 
and autumn (Konishi and Endo 1997; Konishi et al. 
1998). 
 

 
   Fig. 1 Locations of Syowa and other Antarctic 

stations where micro rain radar systems have 
been deployed. PE: Princess Elisabeth Station, 
DDU: Dumont d’Urville Station, MZ: Mario 
Zucchelli station. 

 
   Since March 2021, a new project by the 62nd 
Japanese Antarctic Research Expedition, JARE-62) was 
initiated at Syowa Station. The project involved 
deploying a new X-band (9.4 GHz) radar and a 
ceilometer, which are being operated in conjunction 
with a disdrometer that was installed previously. The 
main aims of the project are to measure the annual 
snowfall amount, including snowfalls during strong 
winds, and very weak snowfall. The X-band radar can 
also obtain the Doppler velocity and Doppler spectrum 

width at high temporal (several seconds) and spatial 
(several meters) resolutions. Therefore, when combined 
with the atmospheric radar, PANSY (Program of the 
Antarctic Syowa MST/IS Radar) (Sato et al. 2014), this 
radar will be able to accurately clarify the atmospheric 
structure and conditions (wind speed and turbulence) 
under blizzard conditions. Furthermore, in response to 
the Special Observation Period (SOP) of the Year of 
Polar Prediction in the Southern Hemisphere 
(YOPP-SH) (Bromwich et al. 2020), which is planned 
for April to July 2022, the accuracy of the numerical 
weather prediction models will be verified with the 
obtained datasets.  
   From the observations conducted to date (approx. 6 
months), snowfall intensity and Doppler velocity have 
been observed within a range of 2-3 km around the 
radar site during strong winds associated with 
synoptic-scale disturbances (Hirasawa et al. 2021). 
However, shallow snow clouds composed of small ice 
particles were not observed due to their low 
backscattering intensity. This project aims to capture all 
of the snowfall at Syowa Station using a combination 
of the radar, the ceilometer, and the disdrometer. 
Therefore, this study will examine the detection of 
snowfall by this radar at Syowa Station.  
 
2. Syowa Station and observations 

2.1 X-band Doppler radar 
   Syowa Station (39°35'E, 69°00'S) is located on East 
Ongul Island, approximately 4 km off the coast of the 
Antarctic ice sheet (Figs. 1 and 2a). The station faces a 
bay (Lutzow-Holm Bay) that cuts to the south, and the 
coast runs north-south. The katabatic wind that 
descends on the slope of the ice sheet reflects the 
terrain and blows from the northeast of Syowa Station; 
this wind is the prevailing wind at Syowa Station. 
When a relatively strong northerly wind is associated 
with synoptic-scale disturbances, the orographic 
blocking of the ice sheet generates a low-level jet along 
the coast, which is also a northeasterly wind (Yamada 
and Hirasawa 2018).  

The radar, manufactured by JRC Ltd., Japan, was 
setup within a radome on a hill at an elevation of 21 m 
above sea level (asl) (Fig. 2b). The antenna rotates 
vertically 50° to the east of north. The continental coast 
is within a radius of 10 km (Fig. 2a). 

The transmission frequency of the radar is 9.4 GHz. 
The azimuth sampling interval is about 0.33°, and the 
sampling interval is about 3.75 m. The rotation speed is 
24 rpm. These attributes mean that the system is 
capable of detecting fast-moving and fine structures 
within snowfall fields. 
 
2.2 Other measurements 
   A ceilometer (CT25K, Vaisala, Finland) and a 
disdrometer (LPM, Thies Clima, Germany) are used to 
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cross-check the radar data and to capture weak snowfall 
phenomena. The surface wind speed data are obtained 
from the JMA website. 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
   Fig. 2 Scanning direction of the X-band Doppler 

radar (a), and a picture of the radome (b).  
 

3. Radar reflection intensity (RRI) 

3.1 Overview of the RRI 
   The radar equation for this system is: 
 

  (1),  
 

where 10logZ is the backscattering coefficient for the 
radio waves, X(L) is the signal of the received electric 
power from distance L. α is a constant that is specific to 
the instrument, but which has not yet been determined.  
   The first term on the right side of the equation 
indicates the received electric power (10logPr) from a 
distance L. The second term is for correction of the 
distance. In this paper, the first and second terms are 
applied, and the distance-corrected 10logPr (referred to 
as radar reflection intensity: RRI) is used for the 
analysis. 
 
3.2 Characteristics of the RRI for a typical snowfall 

event 
   Figure 3 shows a vertical section of the RRI at 18LT, 
24 October 2021. The RRI is discontinuous around 2 
km because the observation specifications differ for 
areas within and beyond a 2 km radius. Although the 
radar echoes are less intense within a 2 km radius, 
relatively intense radar echoes appear at 500 to 1500 m 
just above the radar site (r=0). This relatively intense 
layer connects to one outside the 2 km radius (on the 
right-hand side of the panel).  

   It is preferable to use the RRI near the surface to 
evaluate the snowfall intensity. However, the radar echo 
within a radius of 300 m is noisy. Therefore, we set a 
reference area for the RRIs at 400 m to 600 m, as 
shown by a rectangle above the radar in Fig. 3. 
 
3.3 Determining the threshold of the RRI for the 

reference area for detecting snowfall 
   We calculated the deviation in the average RRI in 
the reference area (RRI-index). Figure 4a shows the 
temporal change in the RRI-index at 3-hour intervals in 
October 2021. The RRI-index is typically around 0.1 
and lower than 0.2. The radar image shown in Fig. 3 is 
the top sixth highest value of the RRI-index (12.9) in 
the period. 

 
   Fig. 3 A vertical section of the RRI during a 

snowfall event at 18LT, 24 October 2021. The 
RRI-index values are shown by the color bar 
below the vertical section. The bold white 
arrow at center bottom indicates the location of 
the radar. The white rectangle shows the 
approximate area used to evaluate the snowfall 
intensity using RRI-index values. 

 
   Figure 4b shows temporal changes in precipitation 
intensity (mm/hr) measured by LPM. Comparing Fig. 
4a with Fig. 4b, heavy precipitation events on 7, 23, 24, 
25, 28, 29, and 30 October were detected by the X-band 
radar. However, the RRI-index values ranged from 0 to 
0.2, even when the LPM did not detect any 
precipitation.  
   The scatter plot in Fig. 5 clearly shows the 
relationship between the RRI-index and the 
precipitation intensity. Green circles indicate RRI-index 
values greater than 1, which is when high-intensity 
precipitation events occurred. A positive correlation 
was observed between the RRI-index and the 
precipitation intensity, but the degree of the scatter was 
not small, likely due to the low-level sublimation of 
snowfall particles (e.g., Grazioli et al., 2017) and the 
mixture of the drifting snow. 
   On the other hand, some plots had RRI-index values 
of 0.2-1.0 and precipitation intensities of about 0.01 
mm/hr or less, indicating that the radar was capable of 
detecting weak precipitation in some cases; these 
findings are discussed in the next section. 

(a)
a) 

(b) 



 
 
 

Okhotsk Sea and Polar Oceans Research 

39 

 

 
 

   Fig. 4 (a) Time series of the RRI-index at 3-hour 
intervals for October 2021. Note that the 
intervals on the vertical axis are different at the 
top, middle, and bottom. (b) Time series of 
precipitation intensity (mm/hr) in October 2021 
measured by LPM. 

 

 
   Fig. 5 Scatter plot of precipitation intensity 

measured by LPM and RRI-index values in 
October 2021. Green circles indicate 
RRI-index values greater than 1, which is when 
high-intensity precipitation events occurred. 
Red circles for 18 October indicate 
precipitation events of lower intensity. 

 
4. Threshold performance 

4.1 Weak snowfall events 
   As stated above, an RRI-index value of 0.2 could 
potentially be used as a threshold for identifying weak 
snowfall events. Here, we discuss the possibility of 
using this threshold for weak snowfall events.  

Figure 6a shows a time series of RRI-index values 
from 17 to 19 October. Values greater than 0.2 appear at 
03 and 09LST on 18 October and at 00 and 15LST on 
19 October. On the other hand, the disdrometer, LPM, 
detected weak snowfall from 03LST on 18 October to 
15LST on 19 October (Fig. 6b). Figure 6c shows a 
time-height cross-section of the backscatter coefficient 
for the ceilometer, CT25K, on 18 October 2021. The 
higher backscattering ratios below 1 km at 03, 06, 18LT 

indicate snowfall, corroborating findings obtained by 
the disdrometer. However, the six red circles in Fig. 5 
does not indicate clear correlation between the 
RRI-index and the LPM precipitation intensity. 
Therefore, determining an appropriate relationship 
between the RRI-index and the LPM precipitation 
intensity will require additional examination.  

 

 
   Fig. 6 Time series of RRI-index values derived from 

(a) the radar, (b) precipitation intensity (mm/s) 
from the disdrometer, LPM, for 17-19 October 
2021, and (c) time-height section of backscatter 
coefficient measured by the ceilometer, CT25K 
on 18 October 2021.  

 
4.2 A strong wind event 
   A synoptic-scale disturbance occurred over Syowa 
Station from 23 to 25 October, causing strong winds 
and relatively heavy snowfall, as shown in Figs. 5 and 
7.  

Here, we focus on the 25 October event. The 
surface wind speed throughout the day was higher than 
15 m/s. The RRI-index values were greater than 10 on 
24 October, but decreased to a maximum of around 0.2 
during the day (Fig. 4). On the other hand, disdrometer 
measurements indicated very intense precipitation 
during the day (Fig. 5). Compared with the X-band 
radar data, we can safely conclude that most of the 
snowfall measured by the disdrometer was not due to 
precipitation particles, but due to blowing snow.  

In addition, measuring snowfall with the ceilometer 
during such strong winds is difficult because the 
blowing snow causes very low visibility above the 
surface layer (data not shown). 

Based on these findings, we conclude that the 
X-band radar is capable of detecting snowfall during 
strong wind events with relatively weak snowfall. 
However, we can capture weak snowfalls more 

(a) 

(b) 
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accurately by combining the radar with the ceilometer 
and the disdrometer. 

 
   Fig. 7 Time series of surface wind speed (m/s) at 

Syowa Station in October 2021.  
 
4.3 Application to more extended time series after 

May 2021 
   At Syowa Station, synoptic-scale disturbances are 
typically associated with strong winds exceeding 20 
m/s. As the blowing snow masks snowfall, measuring 
the snowfall intensity and confirming the presence or 
absence of snowfall from the surface is difficult. 
   Figure 8 shows representative time series data for 
surface wind speed at Syowa Station, with precipitation 
assessed using two kinds of thresholds, i.e., RRI-index 
values of 1.0 and 0.2. The figure shows that the intense 
snowfall associated with RRI-index values greater than 
1.0 does not always occur at wind speeds greater than 
20 m/s, as seen in mid-July and mid-August. On the 
other hand, weak snowfall events with RRI-index 
values greater than 0.2 occurred relatively frequently 
throughout this period. It can therefore be inferred that 
the lower threshold of 0.2 is better suited to extracting 
some of the clear-sky precipitation events, which means 
that we will be able to accurately evaluate almost all 
snowfall events at Syowa Station throughout the year. 
 

 
   Fig. 8 Time series of surface wind speed (m/s) at 

Syowa Station from May to October 2021 (top 
panel) and detected snowfall events for 
RRI-index values of 0.2 (blue crosses) and 1.0 
(red crosses) (bottom panel).   

 
 

5. Conclusion 
   An X-band Doppler radar was deployed at 

Syowa Station in February 2021 as part of the 62nd 
Japanese Antarctic Research Expedition (JARE), which 
sought to observe snowfall and study the microphysical 
processes associated with precipitating cloud systems. 

After gradually optimizing the radar parameters for 
snowfall at Syowa Station over a six-month period, the 

operational parameters were finalized in mid-May. 
Since then, we have examined the observation 
capabilities of the radar for investigating snowfall 
events at Syowa Station and have found the following: 
(1) The radar was capable of observing heavy snowfall 
events under the most severe wind conditions that have 
been recorded at Syowa Station to date.  
(2) The snowfall intensities during the events 
mentioned above were not always strong, but 
sometimes there was almost no snowfall.  
(3) Even when the radar did not detect snowfall, the 
ceilometer and the disdrometer detected snowfall. 
Therefore, we will observe almost all snowfall events at 
Syowa Station by combining the data from this radar 
with those obtained from these instruments. 
   Finally, when estimating the amount of snowfall at 
Syowa Station with these data, we also confirmed the 
need to consider low-level sublimation of snowfall 
particles as well as the mixture of drifting snow and 
snowfall. 
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和文要約 

南極昭和基地に設置された 

X-band ドップラーレーダーの降雪現象の検出特性 
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南極氷床の質量は降雪によって涵養され，沿岸での

氷山流出や融解によって消耗する．温暖化の進行に伴

って南極氷床全体の質量は減少し，その水は海水準の

増加に向かい始めた．今後の南極氷床の質量の変化を

知るために，降雪量を精度よく把握することがますます重

要になっている．しかしながら，南極域の降雪量の観測

や知見が未だ不十分である．昭和基地では，第 62 次南

極観測隊の中で，2021 年 2 月に X-band ドップラーレー

ダーを導入し，昭和基地の現在の降水量の把握や降水

形成過程の解明を目指している．これまでの約半年間で

昭和基地の降雪に適した観測の仕方を試行錯誤し，5 月

半ばにそれを確定した．本論文では，昭和基地の降雪

イベントについて，当レーダーの観測限界について考

察した。以下は現時点での結論である． 
①これまで昭和基地で観測ができなかった総観規模

擾乱に影響された強風期間の降雪量の観測が可能

である． 
②上記の強風現象期間中の降雪強度は常に強いわけ

ではなく，無降雪に近い期間がある． 
③シーロメータで検出されている微弱な降雪には，当

レーダーで検出できない現象がある． 
これらの結果から，当レーダーとシーロメータやデ

ィスドロメータは相補的であり，これらの測器を組み

合わせることで，昭和基地におけるほぼ全ての降雪イ

ベントに対応できると考えている．  
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Abstract  
Pack ice observations using Unmanned Aerial Vehicles System (UAVs) and Sentinel-2 Satellite were 
conducted. The possibilities of detecting pack ice conditions were examined using RGB and 
Normalized Moisture index (NDMI). A low-cost fixed wing UAV for conducting the pack ice 
observation carrying a visible camera was developed. To establish Beyond Visual Line of Sight 
(BVLOS) flight, telecommunication system based on Low Power Wide Area Network (LPWA) and 
the method to correlate UAV data with satellite acquired data for sea surface acquisitions are 
proposed. 

 
Key words: Pack ice, NDMI, UAV, Sentinel-2 

 
1. Introduction 

The advantage of using Unmanned Aerial Vehicle 
(UAV) is that imagery can be obtained according to the 
required data necessities. The cost-effective Sentinel-2 
Satellite images of 12 days repeat cycle are widely used 
and can be complimented by UAV. An appropriate use of 
these two monitoring methods is very useful for 
completing analysis and interpretation. The authors 
proposed of developing a hand-made low-cost fixed 
wing UAV. A fixed wing UAV consumes less energy and 
can cover much wider area over 100ha in a single flight. 
Sentinel-2 Satellite image acquisition system with easy-
to-use Graphical User Interface (GUI) for satellite image 
applications was modified and applied for pack ice 
observation. The ground sampling distance (GSD) or 
resolution of Sentinel-2 Satellite system is 10 meters 
meanwhile UAV aerial photos is at 0.15 meter. The 
authors conducted the experiments at Mombetsu and 
Yubetsu along Sea of Okhotsk in February,2021 (Fig. 1). 
 
 

 

Fig 1. Port and Observatory locations on GoogleMap 
 

A research team comprised of foreign graduate 
students from Hokkaido University accompanied by 
the author conducted series of pack ice observations 
from Feb 11th to 15th at Yubetsu. The wind direction 
recorded was from west to east which caused the pack 
ice moved away from the coast. No pack ice was 
detected during the observation period. 
 
2. UAV data acquisition 

World first commercialized fixed wing UAV is “Parrot 
Disco” and its modified version with multispectral 
camera is “Parrot Disco AG”. It can cover 80ha coverage 
at 120 meters altitude for maximum 30-minute flight and 
communication range of 2km (2021, Parrot AG). One of 
the authors is experienced using Parrot Disco for 
Agricultural fields. However, in this experiment the 
small size and short wing span Parrot Disco is vulnerable 
to high winds as roll, yaw and pitch affecting the scene 
of aerial photo. He has experience in development of a 
self-made fixed wing UAV and conducted surveys over 
oil palm plantations and forest in Malaysia. He proposed 
a data collection using a self-made fixed wing UAVs to 
cover much larger area. The advantage of a self-made 
UAV is its cost effectiveness compared to commercial 
ones which spare parts such as flight battery are 
sometimes difficult to replace it with generic on the 
market ones. The airframe and components of the self-
made UAV are also easily applicable to accommodate 
different sensors type and flight mission requirements. 
We obtained insurance policy for the self-made UAV as 
regulations requisite for the flight experiments. 

In this experiment we chose FX-61 fixed wing UAV 
airframe powered by electric motor propulsion system 
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sourced to hobby-grade parts. The flight mission was 

controlled using open-source autopilot system and open-

source mission planning software (Mission Planner, 

2019). A quick comparison of Parrot Disco and FX-61 

UAV as in Table 1 below. 
 
Table 1. Parrot Disco and FX-61 UAV comparison 

specifications 

 Wingspan 

(mm) 

Take-off 

Weight (g) 

Coverage 

(ha) 

Flight time 

(min) 

Parrot 
Disco 

1,150 940 80 30 

   FX-61 1,550 1,300
 

100
 

40  

 
Prior to the planned flight, we conducted a manual test 

flight to ensure all the system of working properly as in 

Fig. 2. 
 
 
 
 
 
 
 
 
 

Fig 2. Flight pass on Pix4D mapper 
 
Flight plan was set in Mission Planner software prior 

to the data collection flights. The UAV conducted auto 

pilot flight according to a pre-defined flight plan (Fig. 3). 

An action camera, GoPro5 with built-in Global 

Navigation Sentinel-2 Satellite System (GNSS) was 

programmed to shoot aerial photos at every 2 seconds. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. (a) Checking Center of Gravity (CoG),  

(b) Takeoff and (c) Flight plan in Mission Planner. 

The fixed wing UAV was capable of tracing a pre-

planned flight path as shown in Fig. 3c. The aerial photos 

were processed using Pix4D mapper Structure from 

Motion (SfM) software (Fig. 4a) and an Orthomosaic 

rectified aerial photo was produced (Fig. 4b). 
 

 
Fig 4. (a) Flight path of each aerial photo on Pix4D 

mapper software and (b) Orthomosaic rectified image. 
 
Unfortunately, during the experiment in Yubetsu no 

pack ice was detected. Only the UAV operational 

capability for precise monitoring of pack ice was 

checked and confirmed. 
 

3. Satellite and UAV data processing 
The 10m resolution bi-weekly Sentinel-2 generated 

Normalized Difference Vegetation Index (NDVI), 

Normalized Difference Moisture Index (NDMI) and 

visible RGB data was provided by collaboration with 

AgriForetell company. The Sentinel-2 is a wide-swath 

Multispectral, high-resolution imaging mission, 

supporting the Copernicus Land Monitoring studies 

including the monitoring of vegetation, soil and water 

cover (Restec, 2020). The author has supported the 

farmers to visualize the condition of farmland and also 

providing UAV obtained image during summer using 

UAV and data provided by AgriForetell company. The 

(a) 

(b) 

(a) (b) 

(c) 
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area along the sea of Okhotsk is suffered from long and 

severe winter. To achieve an effective utilization of 

equipment, it is an urgent matter to establish observation 

system which can run both summer and winter time. The 

possibilities of applying data provided by “AgriForetell” 

for pack ice observations were examined. NDVI is 

calculated from the visible and near-infrared light 

reflected by vegetation (2020, NASA) meanwhile 

NDMI is used to measure the water stress level in 

vegetation. The formula for NDVI and NDMI are as 

follows. 
 
NDVI=(NIR-VIS)/(NIR+VIS) 

 NDMI= (NIR-SWIR)/(NIR+SWIR) 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. A photo over the ice-breaker (a,b), Orthorectified 

pictures around the ice-breaker ship (c) and its 

location relative to Mombetsu (d). 

 
where VIS is Visible light, NIR is Near infrared, 

835.1nm (S2A) and 833nm (S2B) and SWIR is Short 

wave infrared, 1613.7nm (S2A) / 1610.4nm (S2B). Pack 

ice observation using Multirotor UAVs, DJI Phantom 4 

series, was conducted on Feb the 5th 2021 at coast of 

Mombetsu. The Okhotsk Garinkotower Co. Ltd. 

provided an ice breaker rental service to Kitami Institute 

of Technology (KIT) for conducting experiment for 

students where the author had an opportunity to joined 

(Fig. 5a, b). 
We collected aerial photos at 7 km off coast of 

Mombetsu port where it is free from aerial traffic 

regulations (Fig. 5 a, b & c). Series of aerial photos were 

processed using Structure from Motion (SfM) (Inoue 

and others, 2014) for producing Digital Elevation Model 

(DEM) to visualize the Orthomosaic image. Visible 

Atmospherically Resistant Index (VARI) was applied to 

the RGB Orthomosaic. The formula for VARI is as 

follows (2021, Esri Japan). 
 
VARI = (Green – Red) / (Green + Red – Blue) 
 
The “AgriForetell” system provided NDVI, NDMI 

and Visible images (Fig. 6 a, b & c) on January the 22nd, 

February the 26th and March the 5th, 2021. In each 

figure, NDVI (Left), NDMI (Middle) and Visible image 

(Right). 
The RGB images show cloud portion. NDMI was 

calculated from infrared short wave, and it might be able 

to detect pack ice portion.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6. NDVI, NDMI and Visible images on January 22 

(a), February 26 (b), and March 5 (c) 
 

(c) 

(d) 

(b) 

(a) 

(a) 

(b) 

(c) 
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Red colored portion shows relatively low humidity 
portion, and the portion corresponds to the pack ice. Blue 
colored portion corresponds to water body. Shape file 
format of NDMI can be downloaded for further analysis. 

UAV observed data was obtained on Feb the 5th, 2021. 
If the UAV and Satellite datasets simultaneously or on 
the same day at least, boundary values of pack ice can be 
defined and confirmed (Matsumura and Avtar, 2020). 
The proposed method workflows of combining Satellite 
and UAV based pack ice observation is as follows: 

 

 

Fig 7. Method workflow to define pack ice. 
 
 

4. Conclusion and Future Prospects 
The validity of the observation system, using both of 

Sentinel-2 remote-sensing data and a fixed wing UAV 
for pack ice observation data, was examined. The 
definite validity proof of this method needs periodical 
case studies. To deal with invisible UAV flight for 
operators, the authors adopted and are developing a Low 
Power Wide-Area-Network (LPWA) based on Long 
Range Drone Communication System. Through this 
system the operators can easily control UAVs in various 
ways. For the flight of insured UAVs, a legislative 
structure of flight permission regulation will hopefully 
be changed. 
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和文要約 

UAV と衛星による流氷観測 
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オホーツク海に面した紋別と湧別にて UAV と人工

衛星を組み合わせた流氷の観測を行った。低コストの

自作固定翼機材を製作して、その有効性を確認した。

また任意の 地 域 を 対 象 と し て  Sentinel-2 衛 星

に よる NDMI, NDVI,RGB を体感的に取得できるシ

ステムを構築し、流氷観測への可能性が示された。 
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Abstract  
The paper describes the development and modernization of sensor systems for the assessment of wave 

characteristics in the coastal zone, the measuring equipment, and data transmission system. Step by step 
improvements of the wave platform are described. The test results were analyzed, which were carried 
out during research expeditions of the LMNAD (Laboratory of Modeling of Natural and Anthropogenic 
Disasters) to Sakhalin Island within the framework of the study of the Okhotsk Sea coastal zone near 
Cape Svobodny in 2017-2019. The paper mentions the operations of the sensor-recorder of shallow 
water waves at each stage of the development. The conceptual design of the next generation wave 
platform is briefly presented. 

 
Key words: coastal zone, monitoring, wave characteristics, data collection 

 
1. Introduction 

There have been a variety of methods for 
measuring sea waves developed and used. Among 
these the more popular or frequently used methods are: 

1. Pressure gages 
2. Step gages (resistance type 
3. Step gages (relay-activated type) 
4. Wire gages (resistance type) 
5. Wire gages (capacitance type) 
6. Altimeter 
7. Accelerometer buoy 
8. Ultrasonic (above water type) 
9. Ultrasonic (submerged type) 

The authors had examined which methods would be 
appropriate to our self-made observation system for 
waves in shallow water, taking account of natural 
conditions of wave measurement sites, costs and 
availability of the basic devices and elements, necessary 
for the system. 

As to the natural conditions of wave observation sites, 
the coastal region of south-eastern Sakhalin Island in the 
Sea of Okhotsk has beach with gently declining slope 
(Fig. 1). The sea is covered by sea ice in winter while in 
other seasons sea waves prevail. Recently the activities 
of energy industries and fisheries in the regions are 
increasing, information of natural conditions such as 
wind, sea waves, sea ice, and their databases have been 
crucial for such activities. The existence of sea ice, 
particularly pack ice, in winter hardly allows us to apply 
floating type methods, except for expensive solidly built 
buoys. 

After try and error experiences, in 2017, the authors 
had firstly adopted the wire gage of capacitance type 
mounted on the container of the platform. As the water 

moves up and down, total wire capacitance changes. On 
the prototype platform, single wire gage was quipped. If 
the platform has a slightly bigger surface enough to 
mount two wire gages vertically a short distance apart, 
the difference in recording between the two is a measure 
of water slope.  

The recording of capacitance versus time, equivalent 
to wave-height and tidal motion versus time, is 
transmitted to a radio receiver onshore.  

The authors designed and assembled a prototype 
platform themselves from parts, and completed a unique 
platform, equipped with the sensor and other devices, 
which could creep slowly on the land and the sea bottom 
to the observation sites offshore, bearing up under the 
external loads. Since then, the authors have begun to 
modify the major portions of the platform step by step, 
to improve the platform movements and to increase its 
reliability on the cost effectiveness principle (Kurkin and 
others, Zaytsev and others 2017). Wave measurement 
tests were carried out with each version of the platform. 
Each test data was utilized to design its next version. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1 South-eastern Sakhalin Island and  
the Sea of Okhotsk 
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2. Creeping Wave Platform: Prototype 
The prototype of Creeping Wave Platform (CWP) 

was consisted of a main structure, a watertight container 
of measuring units, a stepping motor, driving wheels, 
supporting wheel, arms to adjust the posture of the 
platform, and a wire-sensor. The movement and the 
posture of the platform was remotely controlled (Kuzin 
and others, 2018).  

The CWP and its chassis are shown in Figs. 2 and 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 2 Creeping Wave Platform 

(1) main structure, (2) watertight container, 
(3) arms to arms to adjust the posture of CWP, 
(4) stepping motor, (5) wire sensor,  
(6) driving wheels, (7) supporting wheel. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Chassis of CWP 

(1) hub assembly, (2) wheel, (3) stepping motors, 
(4) bare gear box, (5) pivoting assembly 

 
Using a small rigid pillar of 60cm long, the wire gage 

was stretched in a straight line along the pillar. A video 
camera was installed in the watertight container made of 
polymethylmethacrylate, which gave a clear window to 
the camera. 

Li-Po battery provided electric power of 48V and 
12.5A provided electric power to the platform. This 

battery and other devices such as stepping motor driver 
OMD-88 and control unit (minicomputer Raspberry Pi2) 
were installed in the container. The stepping motors 
FL86STH118-4208 with rating torque of 8.7Nm drove 
the wheels of the platform. They could shift into reverse 
via the planetary gear box PX86 with gear ratio 1:10, for 
increasing the torque. 

A laptop computer with patch cord for management 
of communication controlled the platform, where. 
observation data were automatically saved in a storage 
card. 

The arms were composed with steel pipes, which 
weight was tried to be as light as possible, while the arms 
held the strength to endure the external forces. The 
lengths of the arms govern the sufficient strength of the 
platform and its stability, seaworthiness, and resilience 
as well. The authors chose the maximum length of the 
arms of 920mm and the minimum one of 770mm, after 
computations. 

In this case, the overall length of the platform could 
vary by changing angle at the connected points of the 
arms from 40 to 120 degree. The angle will be able to 
vary as accurate as ±1 degree, since the platform should 
have suitable configuration for stability and movability. 
The means of adjustability of the angles are crucial for it, 
at the time when different measuring units need to install 
in the container. 

On the design of the watertight container, the position 
of its center of gravity was carefully examined and 
adjusted. When the wave platform creeps on the land and 
gently declined sea bottom, the position of the center of 
gravity of the container, as well as the configuration of 
the arms, is one of the important issues for stable and 
smooth movement of the wave platform.  

The prototype platform was tested at the SCB SAMI 
FEB RAS “Cape Svobodny” Station site from July 7 to 
July 9 in 2017.  

The test site and overall circumstances of the test are 
shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Test sites in 2017 
 
When the wave platform firstly went into water, an 

accident happened. It casually moved into a seaweed bed 
area and its propulsor got entangled with seaweed. By 
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good fortune, the platform could move ahead to the area 
of 45-50m offshore and it fully submerged in water. The 
platform stayed there for 40 minutes, for performing 
observations and recordings, and then moved back 
ashore. 

The authors continued the tests with this prototype 
platform in July 2017 at different sites around Cape 
Svobodny of the coast of the Sea of Okhotsk on Sakhalin 
Island, where the sea is shallow and 2-4m deep in the 
area several hundred meters away from the shore. 
Among the test sites, one site case was touched upon. 
The remotely controlled wave platform was set at the 
location 50m away from the shore and 2m deep. The 
measured wave data were remotely transmitted to the 
data center on shore. 

As for the verification of observed data were carried 
out after the slight modifications made on the prototype, 
by utilizing a land/submergible mobile robot system 
(Rodin and others, 2016). 

A typical example of data obtained by the wire sensor 
is shown in Fig. 5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 An example of breaking waves recorded  
by the wire sensor 

 
3. Towards an autonomous system 

The remotely operated wave platform could creep 
well on slope beaches by stepping motors far from shore, 
about 100m offshore under remote control.  However, 
accumulating considerable experience, the sensor 
system was found to need to replace to improve accuracy 
of measurements, getting rid of the surface tension of the 
water. In 2018, the wire sensor of capacitance type was 
replaced by two pressure sensors and an atmospheric 
pressure sensor was added to the sensor system. The 
watertight container, in which contains various units for 
measurements, was redesigned to the one made of thick 
acryl glass. The new container designed to have the 
flexibility to exchange measuring and recording units in 
the container. 

The measuring system was polished up: installation 
of a laptop computer to control and manage every unit 
and saved data of up to 20Hz sampling frequency. 

The new platform, equipped with two hydro-pressure 
sensors, was able to measure waves in two directions: 
parallel to the shoreline and at the right angles to it. 

The data transmission system fully changed to the wi-
fi mode, mounting an 8dB antenna adjacent to an 
atmospheric pressure sensor, with which an operator was 
able to move the wave platform into water by remote 
control. 

Trial tests were carried out in Lake Tunaycha, the 
largest body of fresh water on the island locates 45km 
south-east of Yuzhno-Sakhalinsk. 

The modified wave platform at Lake Tunaycha is 
shown in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 The modified wave platform at trial test site, 

Lake Tunaycha (2018) 
 
 

4. Further Improvement: Unmovable wave 

platform 
The accumulated experience suggested other 

modifications of the wave platform. In accordance with 
expansion of wave measurement sites, accident risk in 
creeping movements of the wave platform in seaweed 
bed area increased and it took much time for an operator 
to set and remove it, even with engineering difficulties.  

The authors had given up the movable wave platform 
reluctantly and decided to set and remove it manually.   

Detaching mechanical parts for movement, the wave 
platform was fully redesigned again. Its major part was 
a container made of thick acrylic, which was fixed on the 
welded frame structure. 

An atmospheric pressure sensor was fixed on a thin 
pillar, 3m above the hydro-pressure sensors.  

Overall size of the modified unmovable wave 
platform was reduced to one fifth of the former one. 

Transport measure of unmovable wave platform was 
simple by a boat. Hovercraft might be used for its 
transport, but it would be rather inconvenient to set up 
and remove the platform.   

The unmovable wave platform is shown in Fig. 7. 
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Fig. 7 Unmovable wave platform at  
Cape Svobodny (2019) 

 
Utilizing compact and low power units, the power 

requirement of the system was relatively low. Recorded 
data were transmitted by cables and/or via wi-fi mode. 

Maximum service life of the unmovable wave 
platform was 7 days. When the wi-fi mode was used, 
some additional sealing treatment was required.  

The trial test of the total system, hardware and 
software, of the unmovable wave platform was 
performed at the coastal zone in Mordvinov Bay, Cape 
Svobodny in 2019 (Kurkin and others, 2020), and in 
Gorki Reservoir (near Nizhny Novgorod) as well. Gorki 
Reservoir is a fresh water reservoir in the River Volga, 
constructed by the Nizhny Novgorod Hydroelectric 
Power Station. 
 
5. Further Improvement: Container material 

The activities of the wave platforms are both in fresh 
water and sea water. Considering this chemical/physical 
conditions of the activities, the container should be much 
more tolerable to the environment. 

The acrylic container is to be replaced by PVC 
cylinders. The hardware such as battery charge controller, 
integrated status display, power relay related to reed 
switch or RFID key will be installed, which confirm the 
watertightness of the core system, to avoid complex 
connections of units and drilling unnecessary holes onto 
the container.  

The design concept is shown in Fig. 8 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Concept of the core portion of a future wave 
platform. 

 
The above-mentioned core portion of a future wave 

platform will be made by 3D printing.  
The atmospheric pressure sensor will be equipped on 

a float buoy, made by 3D printer. The float buoy will 
install wi-fi transmitter with an antenna.  

The wave recorder on shore will not be interrupted 
by the actions such as removing the wave platform.  

For the moment, its final concept is being elaborated. 
 

6. Conclusion 
Step by step developments of wave platforms under 

the self-made principle has been described in short.  
The extremely shallow natural conditions of wave 

measurement sites and lack of finance support have 
hampered its rapid development.  

The first model had begun with creeping wave 
platform, which would be considered suitable for the 
shallow and declined slope beach. However, the 
existence of seaweed beds stood in the way of 
development of this type of wave platform.  After 
abandonment of the movable type, the authors replaced 
the sensors of wave measurements from the wire gauges 
to the pressure gauges to improve the accuracy in wave 
record, together with changing the core units. The data 
transmission system between the wave platform and the 
data center on shore has gradually been modified up to 
the present. 

The outline of the conceptual design of the next 
generation wave platform is presented. 

As the wave spectrum in shallow water zones has 
regional differences. The authors do hope the next 
generation wave platform will provide ample and 
accurate wave data and will be able to step forward to 
present the wave data base and propose the reginal wave 
spectrum soon. 
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