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ABSTRACT

For Arctic marine and coastal structures, such as ships and platforms, besides the need to
withstand anticipated ice conditions, the ability to withstand the risk of low temperature is
equally important. The designs of ocean and coastal structures in the Arctic low temperature
region need to meet requirements of engineering design criteria and standards. The long-term
time series of historical temperature is needed to satisfy requirements of these criteria and
standards. In the past, estimating the minimum design temperature distributions in large-scale
areas by only using the historical temperature data of very few ground meteorological
stations in the corresponding areas was difficult to meet the accuracy requirements of ocean
engineering applications. Because these ground meteorological stations are mostly distributed
in the coastal land, the limitation of the station distribution and whether their temperature
data can reasonably reflect the sea surface temperature have brought many uncertainties.
Satellite observations are good means to obtain large-scale temporal and spatial
meteorological data in the Arctic Ocean. In this paper product data downloaded from the
NASA MERRA-2 reanalysis project are used to estimate the minimum design temperatures
in the Arctic Ocean. Then, the contour maps of these design temperatures is drawn and an
example is given to illustrate their practical application in engineering design. The influences
of the changing trend of historical minimum temperature data on determining design
temperatures are also discussed.

KEY WORDS: Arctic; Air temperatures; Design criteria and standards; Satellite data;
Contour maps.

INTRODUCTION

Since the 21st century, the Arctic has warmed twice as fast as the global average. This
phenomenon, widely known as the “Arctic Amplification Effect”, has led to the rapid melting
of Arctic sea ice (Screen and Simmonds, 2010; Gao, et al., 2015; Serreze and Meier, 2019).
Some research results predicted that there would be no ice in summer in the Arctic Ocean in
the middle of this century (Liu, et al., 2013; Koenigk, et al., 2013).



The rapid melting of Arctic sea ice has undoubtedly brought unprecedented opportunities for
Arctic shipping trade, resource development and polar scientific research. In particular, the
opening of the Arctic Passage will bring huge economic benefits to all countries in the world
(Ng, et al., 2018). In recent years, ocean engineering in the Arctic has become a hot topic of
discussion and research, especially after the launch of the Yamal project. On July 19, 2018,
the Yamal project supplied LNG to China via the Northeast Passage through the Bering Strait
for the first time. Starting from the Russian port of Sabetta, this course travels east through
the Kara Sea, the Laptev Sea, the East Siberian Sea, the Chukchi Sea to the Bering Strait, and
then travels south to China via the Pacific Ocean, covering a distance of about 10,700
kilometers, saving about 13,400 kilometers compared with the conventional route through the
Suez Canal, taking about 18 days on average, saving more than half a month compared with
the traditional route through the Suez Canal, as shown in Fig. 1.
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Figurel. Yamal project LNG transportation routes

Based on the above backgrounds, the necessity of Arctic ocean engineering research is self-
evident (Sulistiyono, et al., 2014). For Arctic ocean and coastal structures, such as ships and
platform structures, besides the need to withstand the expected ice conditions, the ability to
withstand low temperature risks is equally important. Low temperature environment will
increase the operational difficulty of structures, weakening the performance of structures and
pose a threat to the stability and safety of structures (Bridges, et al., 2018). Therefore, in
order to ensure the efficient operation of structures, economic property safety and human life
safety, the impact of low temperature environment can not be ignored.

The designs of marine and coastal structures in the Arctic low temperature region need to
meet the requirements of engineering design criteria and standards. The determinations of
design temperatures will affect the operation limitation, the selection of construction
materials, the overall performance, the selection of auxiliary equipment and the
implementation of emergency measures of polar ships and offshore platforms. Under these
engineering design standards and criteria, the determinations of design temperatures should
be based on the continuous time series of historical temperature data. In the past, it was
difficult to satisfy the spatial accuracy requirements of ocean engineering designs by using
only a few historical data of ground meteorological stations in the corresponding areas to
evaluate the design temperatures of large-scale areas. Because these ground meteorological
stations are mostly distributed in the coastal land, there are many uncertainties in the
limitation of the station distribution and whether their temperature data can reasonably reflect
the sea surface temperature. Satellite observations are effective means to obtain large-scale
temporal and spatial meteorological data in the Arctic Ocean. In this paper, satellite product
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data are used to obtain the Arctic Ocean design temperature distributions. Then, the contour
maps are drawn and an example analysis is provided to illustrate how the design temperature
distributions are applied to engineering designs in the Arctic Ocean. Finally, the historical
minimum temperature data of a location on the Northeast Passage are analyzed, and the
influences of the changing trend on determining the design temperatures are discussed.

MERRA-2 AIR TEMPERATURE DATA

The Arctic Ocean temperature distribution dataset used in this paper is obtained from the
temperature products of the National Aeronautics and Space Administration (NASA)
MERRA-2 reanalysis project (Global Modeling and Assimilation Office (GMAO) (2015),
MERRA-2 statD 2d slv Nx: 2d, Daily, Aggregated Statistics, Single-Level, Assimilation,
Single-Level Diagnostics V5.12.4, Greenbelt, MD, USA, Goddard Earth Sciences Data and
Information Services Center (GES DISCO), Accessed: [2018-12-15],
doi:10.5067/9SCIVNTWGWYV3). MERRA-2 is a NASA atmospheric reanalysis for the
satellite era using the Goddard Earth Observing System Model, Version 5 (GEOS-5) with its
Atmospheric Data Assimilation System (ADAS), version 5.12.4 (Gelaro, et al., 2017).
MERRA-2 reanalysis is widely used in Arctic research(Smith, et al., 2017; Rozenhaimer, et
al., 2018). Although surface observations are rare in many parts of the Arctic, polar orbiting
satellites cover this area widely, which has great advantages in obtaining large-scale surface
temperature in the Arctic. Temperature products are one of the most reliable products in
reanalysis products. The estimated surface air temperature obtained from the reanalysis was
compared with the air temperature measured by ground stations (such as GISS-TEMP), and
the result was satisfactory (Chung, et al., 2013).

MERRA-2 data files are provided in netCDF-4 format. The original dataset of temperature
products adopts cubic spherical grids. For users convenience, the distributed dataset has been
interpolated into the conventional longitude and latitude grid through bilinear space, and the
spatial resolution is 0.625°x0.5° (Strobach, et al., 2018). The variables of air temperature
products mainly include daily maximum air temperature, daily average air temperature and
daily minimum air temperature at 2m above the surface. The products adopt thermodynamic
temperature scale in the unit of K. The MERRA-2 data file provides user-defined downloads
and are available from Jan. Ist, 1980 to the present (Shikwambana, 2019). The time span of
product data used in this paper is from Dec. 1st, 1998 to Nov. 30th, 2018, totaling 20 years.
The spatial scope of the product data downloaded covers the range of longitude -180° to
180°, latitude 60° to 90°.

DESIGN TEMPERATURE DEFINITIONS AND STATISTICAL METHODS

Before discussing the design temperature, we need to understand the following definitions of
temperatures (Bridges, et al., 2018):

Mean Daily High Temperature, MDHT

Mean Daily Average Temperature, MDAT

Mean Daily Low Temperature, MDLT

Absolute Daily Minimum Temperature, ABSmin
Lowest Mean Daily Low Temperature, LMDLT
Lowest Mean Daily Average Temperature, LMDAT
Absolute Minimum Temperature, ABSMIN

Assuming that the time span of historical temperature series is N years (N>10), these
temperatures are expressed in the form of Tjj, which represents the temperatures of the ith day
in the jth year and the subscripts min, max and mean are used to represent different statistical
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temperature values in one day:

MDHT; = ’1’5?]& Tmaxij (1)

MDAT;=mean Tyeqn. - (2)
1<j<N Y

MDLT; = rlrgg%l Tminij 3)

ABSini = 172]2'11\’ Tminij ( 4)

Accordingly, there are:

LMDAT = min MDAT; = un rlr;ejzglcz Tmeanij ®))

LMDLT = min MDLT; = min mean Ty, (6)
1<i<366 1<i<366 1<j<N Y

ABSMIN = min ABSmin;= min min Ty;,.. (7)

1<i<366 1<i<366 1<j<N Y

On the base of these, a variety of design criteria and standards for marine engineering in the
Arctic region give many different design temperature definitions. It is clear that different
methods are considered when determining the design temperatures. This paper mainly
considers three design temperatures defined by IMO Polar Code (IMO, 2014), IACS UR S6
(IACS, 2018) and ISO 19906 (ISO, 2010).

IMO Polar Code is mainly applied to the polar ship. IMO Polar Code (Part I-A, 1.2.9)
stipulates that the time span of historical temperature series used for statistical calculation of
MDLT should not be less than 10 years. IMO Polar Code (Part I-A, 1.2.11-12) points out that
the ships intending to operate in a low temperature environment means that the LMDLT of
the area to be sailed or passed will be lower than -10°C, and for the expected operating area
and season, the ship's Polar Service Temperature (PST) should be defined as at least 10°C
lower than LMDLT. IACS UR S6 is mainly applied to the polar ships. IACS UR S6.3 also
stipulates that the time span of the historical temperature series used for statistics should not
be less than 10 years, and defines that the design temperature tp is equal to the LMDAT of the
ship's operation area and should not be more than 13°C higher than PST. ISO 19906 is mainly
applied to offshore oil and gas structures in the Arctic. ISO 19906 (3.48) defines Lowest
Anticipated Service Temperature (LAST) as minimum hourly average extreme level (EL)
(annual probability of exceedance not greater than 1072) air temperature.

The datasets of daily maximum, average and minimum air temperatures were extracted from
the downloaded MERRA-2 historical temperature products. After subtracting 273.15 from all
the grid data values, the data were transformed into centigrade scale, and the unit was
changed to °C. The datasets of daily maximum, average and minimum air temperature of 2m
above the surface were processed separately. All grid data of the distribution datasets of the
same date in different years were averaged the number of years, and the series of 366-day
MDHT, MDAT and MDLT distribution datasets in the Arctic Ocean were obtained. The
datasets of daily minimum temperature of 2m above the surface were processed, minimizing
each grid data with the same date for different years, and the series of 366-day ABSmin
distribution datasets in the Arctic Ocean were obtained. Taking the grid data at Lat 70°N, Lon
180° as an example, taking the data at the position in the four distribution datasets series of
MDHT, MDAT, MDLT, and ABSmin to form the process lines of these four variables for 366
days, and on this basis, the minimum values of the above four variables are taken as LMDHT,
LMDAT, LMDLT, and ABSMIN, as shown in Fig. 2.

The LAST, an extreme level value with an annual probability of exceedance not greater than
102, is applied to offshore oil and gas platforms, which can be estimated by probability
distribution. In this paper, the P-1II probability distribution commonly used in engineering is
used to estimate LAST (Wu, et al., 2017). The minimum daily air temperature distribution
datasets of 2m above the surface were processed, obtaining the annual absolute minimum



value of each grid and then the 20-year annual ABSMIN distribution datasets series in the
Arctic Ocean is obtained.
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Figure 2. Time series diagram of different statistical daily temperatures results at Lat 70°N,
Lon 180°

The P-III probability density curve is an asymmetric single peak and positive skew curve
with one end finite and one end infinite. It is mathematically called gamma distribution. Its
probability density function is as follows:

fG0) = £ (x — ag)*tePle-an ®)

In eq. (8), I'(a) is a Gamma function, « > 0, 8 > 0.
The design value xp of the corresponding frequency P can be determined by Eq. (9):
xp = KpX 9)
X is the sample mean in eq. (9).
The frequency factor @ and modular ratio coefficient Kp can be determined by Eq. (10) and
Eq. (11):

Cs 2
Pp = tp — C_s (10)
Kp = ®pC,+ 1 (11)

In Eq. (10) and (11), C, is the sample coefficient of deviation and C; is the sample coefficient
of skewness.

The value of the standard Gamma distribution quantile tp can be calculated by Excel's built-
in function GAMMAIN:

tp = GAMMAINV (1 —P,a,1) (12)

By plugging tp into Eq. (10), the frequency factor @p can be obtained, and then the modulus
ratio coefficient Kp and the corresponding design value xp can be obtained.

However, in the actual calculation process, it is found that the annual ABSMIN data series
often presents negative skewness, in other words, its skewness coefficient C;<0. At this time,



the traditional P-III positive skewness equation has a large deviation in calculation.
Therefore, the P-III negative skewness equation should be used instead.

If the probability density function of positive skewness distribution is f(x) and the probability
density function of negative skewness distribution is g(x), according to the principle that the
two probability density curves are symmetrical about the line through the mean value, when
mean, deviation coefficient are equal and the skewness coefficient is opposite to each other,
f(x) and g(x) are symmetrical about x = X, i.e. g(x) = f(2X — x), then:

Xp = 2% — GAMMAINV (P, a, %) — a, (13)
in which § = FTATN and ay = x(1 — %). See Li and Zheng (2010) for details.

Therefore, in the statistical process of annual ABSMIN data series, different equations should
be selected according to the different situations of Cj.

RESULTS AND DISCUSSIONS

The yearly minimum temperature data should be used as the basic data for determining the
design temperatures for polar ships expected to sail in low temperature environment of the
Arctic Ocean all year round. Distribution datasets of LMDAT (tp), PST and ABSMIN in the
Arctic Ocean can be obtained according to the above definitions and methods. Using these
datasets, contour maps of the three yearly design temperatures in the Arctic Ocean can be
drawn, respectively, as shown in Fig. 3. For polar ships expected to sail in the Arctic Ocean
only in the time of higher temperature and lighter ice condition, if the yearly minimum
temperature is used to make statistics, it will cause unnecessary waste in the selection of
materials and auxiliary equipment in the process of ship design and construction. Therefore,
the design temperature can be estimated by monthly temperature data, and for seasonally
restricted service according to IACS UR S6 (IACS, 2018, Section S6.3), the design
temperature tp should be the lowest recorded value during operation (ABSMIN in the
corresponding period). The distribution datasets and contour maps of PST and ABSMIN (tp)
in the Arctic Ocean corresponding to 12 months can be obtained respectively, as shown in Fig
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Figure 3. Contour maps of the three yearly design temperatures in the Arctic Ocean (a-
LMDAT(tp), b- PST, c- ABSMIN)



As can be seen from Fig. 3, for the yearly design temperatures, the lowest design temperature
is distributed in the central parts of the Arctic Ocean on the northern side of Greenland and
the Canadian Arctic Archipelago and in the narrow waters of Russia's Siberian coast, the
highest design temperature is distributed in the Norwegian Sea, and the temperature gradient
from the central parts to the Atlantic side of the Arctic Ocean is much larger than the
temperature gradient to the Pacific side. This is roughly consistent with the distribution of
Arctic sea ice thickness. The low design temperature in the Russian Siberian coastal waters is
mainly due to its proximity to the Siberian inland, which has been occupied by the Siberian
cold high pressure for a long time in winter, making this area a cold pole in the northern
hemisphere.
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Figure 4. Contour maps of the two monthly design temperatures in the Arctic Ocean (a- PST,
b- ABSMIN(tp), 1- 12 represents January- December)

As can be seen from Fig. 4, for the 12-month design temperatures, the design temperatures of
the Arctic Ocean reach the lowest level in February. In July, the design temperatures in the
central Arctic Ocean reach the highest level in the whole year, and in August, the design
temperatures in the marginal Arctic Ocean reach the highest level in the whole year. Overall,
the Norwegian Sea maintains the highest design temperature throughout the year, and its
yearly temperature difference of each design temperature is very small.



Frequency has abstract mathematical meaning. If the occurrence of an event can not be
predicted, only through a large number of measured data, the probability of occurrence can be
estimated by mathematical statistics method. This probability is called empirical frequency.
Frequency is often replaced by return period in engineering. The return period is the average
interval between occurrences of a situation that the design value greater than or equal to a
specified value, using year (a) as the unit. The return period is inversely proportional to the
frequency, i.e. T=1/P. Therefore, the return period corresponding to the extreme level value of
LAST which represents an annual exceedance probability of no greater than 10?2 is 100 years.
20-year time sequence values of each grid are statistically analyzed by P-III probability
distribution, and probability distribution curves of ABSMIN can be obtained, from which
ABSMIN with a return period of 100 years, i.e. LAST can be extracted. In this way, the
LAST distribution dataset can be obtained and contour map of the Arctic Ocean can be
drawn, as shown in Fig. 5. It should be pointed out here that the data used for statistical
calculation of LAST is the daily minimum temperature dataset rather than the hourly average
temperature dataset, so LAST obtained here will be lower, but for marine engineering, the
applications of this result in design will be safer.
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Figure 5. Contour map of LAST in the Arctic Ocean

The following is an example to illustrate the applications of design temperature contour maps
in engineering. Assuming that the LNG vessel of the Yamal Project sails from Sabetta to the
Bering Strait along the Northeast Passage and then sails southward into the Pacific Ocean,
part of its route north of 60°N is shown in the red line in Fig. 6. Considering the ice condition
of this route, assuming that this route only opens from July to October every year, the lowest
design temperatures in the area of this route during July to October can be selected as the key
design parameters in the design stages of the ship. According to Fig. 6, the lowest ABSMIN
(tp)in this route area during July- October is between —25°C and 30°C. According to the
safety design principle of “Choosing low value instead of high value” in anti-low temperature
designs, the design temperature tp of the ship is determined to be -30°C. The method of IACS
UR S6 estimating tp in material application has been accepted by many industries
(Sulistiyono, et al., 2014 & 2015). According to IACS UR S6, steel grades for different
classes of structural materials can be determined, as shown in Table 1.



Temperature data at Lat 70°N, Lon 180° are still used as analysis objects. See Fig. 6 for the
location. From 1999 to 2018, LAST of each period is estimated in turn every continuous 10
years. The results are shown in Fig. 7. The corresponding annual ABSMIN of 1999- 2018 is
also shown in Fig. 7. As can be seen from Fig. 7, ABSMIN at this location have increased in
the past 20 years, correspondingly, LAST shows the same trend, which is consistent with the
current trend of global warming. The estimation of LAST is mainly influenced by the annual
lowest temperature ABSMIN. It can be seen that with the increase of annual ABSMIN, LAST
enlarges the trend of this increase, and the rate of rise of LAST is more than twice that of
ABSMIN. Because the annual mean of ABSMIN is used in LAST estimation, the upward
trend is more stable. The above shows that under the background of global warming, the
design temperatures estimated from the historical daily temperature data would be higher.
Assuming that global warming continues to develop, the statistical results of design
temperatures will also maintain this upward trend, which will lower many requirements and
limits in the design and construction of ships expected to sail in the Arctic Ocean.
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Figure 6. Contour map of ABSMIN in July to October in the area around the assumed route

Table 1. Steel Grade Requirements for Material Classes I, II and III at -30°C in IACS UR S6

Plateh‘ihrlrfrlzness, Material Class 1 Material Class II Material Class III
t<<10 B D D

10<t<15 D
15<t<20 D D E
20<t<25 D E E
25<t<30 D E
30<t<35 D E Not applicable
35<t<40 E Not applicable
40<t<45 Not applicable .
45<t<50 E Not applicable Not applicable
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Figure 7. Changes of ABSMIN and LAST in 1999-2018 at Lat 70°N, Lon 180°
CONCLUSIONS

It is very important to know the design temperature distributions of the Arctic Ocean for ships
and offshore platform structures expected to operate in the Arctic Ocean. For the anti-low
temperature designs of polar ships and offshore platform structures, the engineering design
criteria require using the long-term historical temperature data series. The daily temperature
products of the MERRA-2 reanalysis project were downloaded from NASA from Dec. Ist,
1998 to Nov. 30th, 2018, from which the daily maximum, average and minimum temperature
data in the Arctic Ocean were extracted.

According to the design temperature definitions of IMO Polar Code, IACS UR S6 and ISO
19906, the distribution datasets of LMDAT(tp), PST and ABSMIN in the Arctic Ocean were
obtained. Correspondingly, using these datasets, the contour maps of the three yearly design
temperatures in the Arctic Ocean were drawn. Considering polar ships only expected to
navigate seasonally in the low-temperature regions of Arctic Ocean, using monthly
temperature data, the distribution datasets of PST and ABSMINN (tp) in the Arctic Ocean
corresponding to 12 months were obtained and the contour maps were drawn. The LAST
distribution dataset of the Arctic Ocean was obtained and the contour map of LAST in the
Arctic Ocean is drawn by using the P-III probability distribution which is commonly used in
engineering. An example analysis is provided to illustrate how the Arctic Ocean design
temperature distributions are applied to engineering design.

For the yearly design temperatures, the lowest design temperatures are located in the central
Arctic Ocean on the northern side of Greenland and the Canadian Arctic Islands and in the
narrow waters along the Siberian coast of Russia, the highest design temperature is located in
the Arctic Ocean near the Atlantic Ocean. The temperature gradient from the central Arctic
Ocean to the Atlantic Ocean is larger than that to the Pacific Ocean. For the monthly design
temperatures in the Arctic Ocean, they reached the lowest level in February. In July, the
design temperatures in the central sea area of the Arctic Ocean reached the highest level, and
in August, the design temperatures in the marginal sea area of the Arctic Ocean reached the
highest level. Overall, the Arctic Ocean near the Atlantic side maintains the highest design
temperature throughout the year, and its annual temperature difference of each design
temperature is small.

Taking the data at Lat 70°N, Lon 180° as the object of analysis. From 1999 to 2018, LAST of
each period is estimated in turn every 10 continuous years and its change trend is compared
with that of ABSMIN in 1999- 2018. The results show that under the background of global
warming, the design temperatures calculated from historical daily temperature data would be
higher.
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